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Abstract 

 

The Fourth Thermal Ecology and Regulation Workshop—held 
September 15–16, 2015, at Alliant Energy in Cedar Rapids, Iowa—
addressed new developments concerning technical, regulatory, and 
legal perspectives on Section 316(a) of the Clean Water Act (CWA). 
Section 316(a) regulates thermal effluents (typically referred to as 
“once-through non-contact cooling water”) and provides for a 
variance from both technology-based limits and water quality 
standards if it can be demonstrated that the thermal discharge “will 
assure the protection and propagation of a balanced, indigenous 
population of shellfish, fish, and wildlife in and on that body of 
water.” At the workshop, more than 30 presentations emphasized 
topics related to recent progress toward an ecologically and 
scientifically supported basis for regulating thermal discharges. 
Topics focused on recent developments in regulations and guidance, 
the regulatory perspective on 316(a) studies, new advances in thermal 
effects research, case studies on 316(a) variance demonstrations and 
retrospective analyses, and modeling. This was the fourth in a series 
of workshops to provide a forum of information exchange related to 
thermal ecology and regulation. 
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Section 1: Introduction 
“Are we there yet?” was the question posed by the Keynote Speaker, Chuck 
Coutant, at the Fourth Thermal Ecology and Regulation Workshop on 
September 15-16, 2015. The workshop, held at Alliant Energy in Cedar Rapids, 
Iowa, was sponsored by the Electric Power Research Institute (EPRI) to discuss 
new developments concerning technical, regulatory, and legal perspectives on 
Section 316(a) of the Clean Water Act (CWA). This section of the CWA 
regulates thermal effluents (typically referred to as “once-through non-contact 
cooling water”) and provides for a variance from both technology-based limits 
and water quality standards if it can be demonstrated that the thermal discharge 
“will assure the protection and propagation of a balanced, indigenous population 
of shellfish, fish, and wildlife in and on that body of water.” Dr. Coutant’s 
question pertained to having arrived at an ecologically and scientifically 
supported basis for regulating thermal discharges. Dr. Coutant went on to assert 
that there are conceptual advances in basic ecological research at the community 
and ecosystem levels that have yet to be incorporated into environmental policy. 
Furthermore, studies done for regulatory purposes (such as 316(a) variances) lack 
guidance and a clear definition of what constitutes success. Following Dr. 
Coutant were 30 presentations on topics related to progress toward an affirmative 
response to the question, including recent developments in regulations and 
guidance, the regulatory perspective on 316(a) studies, new advances in thermal 
effects research, case studies on 316(a) variance demonstrations and retrospective 
analyses, and modeling.  

One focus of the workshop was recent regulatory activity that may affect the 
thermal discharge community. Although Section 316(a) of the CWA itself has 
not changed, several key federal regulations have the potential to impact power 
plant thermal discharge compliance and regulation. Most recently, the “Waters 
of the U.S.” rule was promulgated that broadly defines waterbodies considered 
waters of the U.S. In her presentation, Kristy Bulleit of Hunton and Williams 
discussed the implications of this new rule on power plant facilities that have 
dedicated water bodies used for cooling purposes. The rule may change how 
some plants’ cooling ponds or other dedicated waters are treated. The rule 
contains exemptions for waste treatment systems that are “manmade bodies of 
water which neither were originally created in waters of the United States (such 
as disposal area in wetlands) nor resulted from the impoundment of waters of the 
United States” and permitted cooling ponds constructed before passage of the 
Clean Water Act. However, other water bodies that have historically been used 
for cooling purposes may now have to meet state thermal criteria. Also, the 
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316(b) rule, which took effect in 2014, has the potential to affect regulation of 
thermal discharges; the possible implications of this were described by Mark 
Gerath of Environmental Consulting and Technology. While the 316(b) rule 
does not directly address thermal discharges, it does require consideration of 
thermal effects in the context of determining the Best Technology Available 
(BTA) for entrainment, though this process has not been clearly defined. Harriet 
Nash of the National Marine Fisheries Service also conveyed how discharge 
effects on federally listed species and designated critical habitat are within the 
scope of the 316(b) rule and consultation. Jeremiah Haas of Exelon Generation 
further elaborated on the intersection between thermal discharges and federally 
listed species in his presentation on how Exelon developed a Habitat 
Conservation Plan and was successful in receiving an Incidental Take Permit for 
endangered mussel species at their Quad Cities Station. 

 In the past few years, a few states have addressed revisions to their thermal 
standards (Illinois, Oregon, and Texas). Christine Lew of Tetra Tech presented 
an overview of regulatory activity at the state level, which shows that states 
continue to move slowly in this area, with less than half of the states having 
updated their thermal guidance since the 1970s. With respect to thermal 
discharge guidance and regulations, states in EPA Region 5 have been 
particularly active in the past few years. Sean Ramach of EPA Region 5 
presented their efforts to work with the states on improving the 316(a) process. 
Illinois adopted new regulations on the 316(a) process and Indiana published a 
guidance document on conducting 316(a) demonstration studies, which many 
states are looking to as a template for creating their own guidance or in assessing 
316(a) demonstration studies. 

Case studies continue to be emphasized by the 316(a) community as they provide 
the opportunity to learn from the successes and failures of other facilities. They 
can also alert facilities to issues they may face when conducting their own studies 
and presenting them to the regulatory authority. Conveying lessons learned from 
316(a) variance demonstration studies was the focus of two of the presentations 
at the workshop. Thomas Englert of HDR Engineering presented the process 
used in performing a 316(a) variance demonstration study for the Quad Cities 
Nuclear Station. The Illinois Pollution Control Board granted the Quad Cities 
variance in July 2015 and plans to use the demonstration study as the template 
for future demonstration studies in the state. Greg Howick of Burns and 
McDonnell discussed the lessons learned in performing the demonstration study 
for the M.L. Kapp Generating Station, with one revelation being the 
questionable usefulness of year-round sampling. Case studies can also provide 
supporting data for 316(a) demonstrations, as described by Ron King of EA 
Engineering, Science, and Technology in his presentation on the Ohio River 
Ecological Research Program. The Program provides data on thermal effects on 
the Ohio River fish community to support 316(a) demonstration studies being 
conducted by participating plants. The Ohio River study demonstrated that there 
is little likelihood of adverse effects from thermal discharges in the Ohio River 
and a zone of passage is available to fish at most times to avoid potentially 
adverse temperatures. 
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Due to the increasing number of power plants being shut down in recent years, a 
new twist on case studies was introduced at the workshop, retrospective analyses. 
Greg Seegert of EA Engineering, Science, and Technology revisited the fish 
community of the Wabash River 20 years after a power plant was retired. 
Dr. Seegert determined that there was no major improvement in the fish 
community since the plant was retired, indicating that the power plant did not 
have a significant effect on the fish community in the river while it was 
operating. Joyce Coombs of the University of Tennessee presented the Pigeon 
River Recovery Project, which aims to re-establish fish populations in the Pigeon 
River after significant decline due to discharges from a paper mill that resulted in 
significant pollution in the river. Modernization of mill processes in the 1990s 
drastically reduced the waste effluent such that the river was able to partially 
recover, but many fish species were still absent; their re-introduction was the 
target of this project. As illustrated by these examples, retrospective analyses 
provide a unique opportunity to learn from successes and failures of the past. 

Laboratory research remains important in expanding the knowledge base on 
thermal effects on fish and other aquatic organisms. Two recent laboratory 
studies were presented at the conference, including the effect of intermittent 
elevated temperatures on fish and the importance of repair mechanisms 
(presented by Willy Eldridge of the Stroud Water Research Center) and 
development of thermal benchmarks for Round Whitefish eggs in the early 
stages of development, including delta T thresholds (presented by Paul Patrick of 
ARCADIS). Several presentations also stressed the necessity of field studies in 
furthering the thermal effects knowledge beyond laboratory findings. David 
Coulter and Nathan Badgett both presented field studies that evaluated responses 
of aquatic organisms at the population level to thermal discharges from power 
plants. Both concluded that the effects of the thermal discharge were minor for 
two fish species (Coulter) and mussels (Badgett). Mark Bevelhimer of Oak Ridge 
National Laboratory presented an integrated approach that used telemetry and 
hydroacoustics to determine abundance and distribution of fish in a thermal 
plume and to calibrate a thermal stress model to better understand accumulated 
stress and recovery of fish to elevated temperatures. Dr. Bevelhimer explained the 
value of research in his statement, “Regulatory standards that are based on a 
combination of laboratory experimentation, field observation, and the latest 
analytical techniques are more likely to strike an even balance between 
environmental protection and the need to efficiently produce affordable energy.” 

In accordance with Dr. Bevelhimer’s statement, numerous presentations at the 
workshop stressed the importance of modeling and similar advanced tools in 
studies related to thermal discharges and regulations. Computer models continue 
to improve in features, capabilities, and speed, resulting in more applications. 
Two of the modeling-focused presentations at the workshop concentrated on 
forecast modeling for real-time decision support. Thomas Weems of Alabama 
Power Company presented a thermal hydrodynamic model coupled with a 
forecast model that allows Alabama Power Company to make operational 
decisions for three power plants (one coal-fired plant with one hydropower plant 
upstream and one downstream) so that they meet both the generation needs as 
well as compliance with their water quality standards. Multiple scenarios can be 
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run for up to 7 days in the future to examine what would happen in the reservoir 
if certain management actions are taken for a particular weather forecast. Paul 
Wolff of WolffWare, Ltd. presented a thermal forecast system developed for 
Atco Power that includes a hydrothermal model of the reservoir, a plant model 
with turbine cycle heat rate curves, and a cooling tower model. The system 
predicts reservoir temperatures at compliance points as well as provides 
information on how to manage plant loads to meet the thermal criteria. A 
numerical model approach for quantification of forced evaporation in complex 
systems such as once-through cooling water systems for rivers and lakes and for 
cooling ponds was the subject of the presentation by Paul Craig of Dynamic 
Solutions-International, LLC. This approach was compared to other common 
methods for calculating forced evaporation to show that the estimate can vary 
widely depending on the method and parameters selected. Other modeling topics 
presented at the workshop included hydraulic design of intake/outfall system, 
diffuser modeling in support of a thermal variance mixing zone request, and 
hydrothermal modeling to simulate temperature distribution in a pool 
downstream of a power plant in support of a biological assessment for a permit.  

One theme that was prevalent throughout the conference was the climate, and 
how it currently and in the future has the potential to impact thermal discharges 
and regulations. This is of particular importance to the 316(a) regulations 
because it tends to be more site-specific and event-driven than other similar 
regulations, such as the 316(b) regulation. Meeting thermal discharge compliance 
is often challenged during short-term weather events, and many regulations are 
based upon historical observations, which may no longer be representative of 
current and future conditions. This was illustrated in a presentation by Rob 
Reash of American Electric Power, who discussed an unprecedented concurrence 
of extreme low flows and high water temperatures in 1988 at the Muskingum 
River plant. At that time, their 316(a) demonstration study included an analysis 
of extreme events based on historical data, but conditions in the 1988 event were 
unanticipated. This study provided important information about response of 
biota to such extreme events, such as their avoidance of the high-temperature 
zones was greater than predicted. Numerous other presentations included the 
need for climate resiliency planning, recognizing that the temperatures, 
hydrology, and chemistry of the present and future are not necessarily the same as 
in the past. 

So “Are we there yet?” Have we arrived at an ecologically and scientifically 
supported basis for regulating thermal discharges? The Fourth Thermal Ecology 
and Regulation Workshop illustrates that there continues to be progress toward 
that goal along with interest and need for continued research. Perhaps there is no 
endpoint, as continually new issues (such as climate resiliency, macroinvertebrate 
effects, and endangered species) arise, new information and technologies become 
available, and new studies are performed. This conference provides a way to share 
and discuss these new developments, learn from successes and failures of the past, 
and advance an ecologically, scientifically supported basis for regulating thermal 
discharges.  
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Abstract 

Have we arrived at a scientifically supported basis for regulating thermal 
discharges? At the last Workshop I emphasized the realities of current 
temperature standards and the Clean Water Act Section 316(a) with its 
implementing regulations (Subpart H) and ways state Directors and Regional 
EPA offices have enforced them. I noted problematic thermal topics that needed 
attention. What still needs attention? There are two types of information: (1) 
basic information on thermal effects on aquatic organisms, communities, and 
ecosystems, and (2) thermal-effects information specifically related to 
temperature standards and §316(a) demonstrations. Scientists will continue to 
learn more about ecological effects of temperature changes. But more scientific 
studies do not necessarily answer the questions raised by thermal standards or 
§316(a). Many states have water temperature standards (or application) that do 
not conform to current scientific understanding. Failure to meet the standards 
prompts a §316(a) Demonstration. For this, the ecological concepts of 
indigenous, diversity, dominance, sustainability, food-chain dynamics, 
irreversibility of change and cumulative effects come into play. Have we arrived at 
sufficient understanding of each of these concepts to unequivocally state whether 
a thermal discharge “will assure the protection and propagation of a balanced 
indigenous population [i.e., community] of shellfish, fish and wildlife in and on 
that body of water?” These concepts are often so vague that there is wide latitude 
for interpretation from non-scientific bases. To answer the question of whether 
we are there yet, the destination needs to be better defined and agreed upon by 
both the scientists and the regulators.  

Introduction 

It is a question that every parent knows well: from the back seat of the car comes 
the plaintive question, “Are we there yet?” The same question can be asked of 
this Workshop and the three that preceded it in the series: Have we arrived at a 



 2-2  

scientifically supported basis for regulating thermal discharges? Are we at a time 
when state water temperature standards or a §316(a) Demonstration under 
current implementing regulations (the discharger’s options) are clearly applicable 
and straightforward regulatory tools for the discharger’s thermal discharge? Are 
we there yet? 

At the last workshop in this EPRI series I emphasized the practical realities of 
(1) current water temperature standards in state regulations (2) the Clean Water 
Act Section 316(a) with its implementing regulations (40 CFR Part 125.70-
125.73: “Subpart H—Criteria for Determining Alternative Effluent Limitations 
Under Section 316(a) of the Act” and (3) the ways in which the state Directors 
and Regional EPA offices have been enforcing the Section [Coutant, 2012]. I 
briefly noted problematic thermal topics that needed attention. Has anything 
changed? Can we say we have arrived at sufficient understanding of ecological 
concepts to unequivocally state, after extensive site-specific field studies and 
literature summaries, whether a thermal discharge “will assure the protection and 
propagation of a balanced indigenous population [i.e., community] of shellfish, 
fish and wildlife in and on that body of water?” Are we there yet? What still 
needs attention before we are at our destination? 

Two Types of Information 

We need to recognize that there are two types of relevant thermal-effects 
information: basic thermal effects on aquatic organisms, communities and 
ecosystems; and thermal-effects specifically related to regulating thermal 
discharges, which includes both the basis for water temperature standards 
(usually at the state level) and §316(a) Demonstrations of a balanced, indigenous 
community.  

Basic Thermal Effects 

Scientists and students will continue to study effects of environmental 
temperature and its changes on more species and life stages, largely out of 
scientific curiosity and general interest in changing environmental temperatures. 
Interest in climate change is spurring some of this research. These studies may 
have relevance for regulating thermal discharges but are not driven by that 
application. Presently, there is an increasing emphasis on integrative ecology at 
community and ecosystem levels. Conceptual and computerized models are 
increasingly being developed, including post-hoc mechanistic and statistical 
models with predictive value. Two important concepts are emerging: 
nonstationarity in ecological relationships (ecosystems are always changing) and 
the importance of uncertainty in models and their predictions.  

Thermal Effects Specific to Standards and Demonstrations 

More basic scientific studies do not necessarily directly inform the issues raised 
by temperature standards or §316(a) Demonstrations. The focus of studies 
specific to applications in temperature standards and demonstrations needs to be 
on making intended policy decisions concerning the several aspects of the Clean 
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Water Act and relevant EPA regulations. The studies need to be of a quantity, 
quality, and detail sufficient for such policy decisions and be capable of holding 
up under scrutiny in a court of law. The onus is, however, not just on those 
planning or conducting the scientific studies. Makers of policy, regulations, and 
site-specific permits must be cognizant of existing scientific information as well 
as requiring the acquisition of new data.  

Nonstationarity and Uncertainty are two recent emergent properties of 
ecosystems that have yet to be incorporated in policy, including that related to 
thermal discharges. The concept of nonstationarity recognizes that ecosystems 
are always changing regardless of specific human influences. There are essentially 
no “indigenous” species or communities now such as those envisioned by writers 
of the Clean Water Act. Non-indigenous species (i.e., those not present at a site 
when Europeans settled North America) have been introduced or have changed 
their geographic ranges and are now part of functioning ecosystems. We 
recognize that relative population abundances in an aquatic community fluctuate 
over time normally (e.g., well known predator-prey cycles). Reference sites 
selected for geophysical similarity will never be identical in species composition 
or relative abundances because of their unique histories.  

Uncertainty is now recognized as a feature of any aspect of our understanding of 
the environment. All information has a level of uncertainty. The amount of 
uncertainty of field samples is related to sample size, abundance of the thing 
being sampled, processing errors, tabulation errors, etc. Sampling something rare 
such as an endangered species has a very high uncertainty (and subject to the 
error of trying to prove a negative). Complex mechanistic models compound the 
uncertainties of the individual component mechanisms. Statistical models can 
quantify mathematical uncertainty, but do they reflect ecological uncertainty?  

These conceptual advances in basic ecological research at community and 
ecosystem levels need to be incorporated into environmental policy thinking and 
decisions. This needs to occur for both high level and site-specific decisions. In 
this case, the answer to the question about being there yet is that we have hardly 
started.  

Temperature Standards 

Many state temperature standards are deficient for their intended task. 
Temperature standards were often written in the late 1950s or 1960s under 
previous federal water pollution control acts and have remained in place since 
then. At that time, thermal discharges were almost exclusively into rivers. The 
model for regulating them was to compare water temperatures upstream and 
downstream of the discharge, assuming a unidirectional river flow. Typically, this 
delta-T (ΔT) approach stipulated a certain allowable temperature increase above 
the upstream “ambient” temperature (often 5 °F).  

What’s wrong with this picture today? Much thermal-effects research has been 
carried out since the mid 1960s. Laboratory studies and field research at actual 
discharges have added greatly to knowledge relevant to thermal discharge effects. 
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Many §316(a) Demonstrations (which are ecological analyses from the 
perspective of Subpart H) have informed site-specific considerations and 
provided attributes relevant across most thermal discharges. In 1972, the U.S. 
National Academies prepared Water Quality Criteria 1972 [U.S. National 
Academy of Science and National Academy of Engineering, 1973], which 
provided much more relevant, biologically based temperature criteria than the ΔT 
approach; EPA subsequently adopted the Academies’ recommended approach in 
their guidance for setting temperature standards. Thermal discharges have 
occurred in many different types of water body where strict upstream-
downstream ΔT approach is totally inappropriate (e.g., cooling lakes, Great 
Lakes). In sum, many states have temperature standards that simply do not 
conform to current scientific understanding.  

Nevertheless, some states are enforcing ΔT rules that make no scientific sense for 
the particular water body and ignore scientific information that sometimes was 
common scientific knowledge in the early 1900s, such as the seasonal heat 
budgets of lakes. On the positive side, several states have updated their 
temperature standards to match current scientific understanding of 
biological/ecological requirements of aquatic life.  

Section 316(a) Demonstrations 

Failure to meet temperature standards at a thermal discharge site causes the 
discharger to demonstrate that the discharge “will assure the protection and 
propagation of a balanced indigenous population [i.e., community] of shellfish, 
fish and wildlife in and on that body of water” [Clean Water Act §316(a)]. For 
this demonstration, several ecological attributes come into play as mandated by 
EPA’s implementing regulations (Subpart H), including indigenous, diversity, 
dominance, sustainability, food chain dynamics, reversibility of change, and 
cumulative effects with other pollutants.  

It is not clear that we have sufficient understanding of all of these attributes to 
apply them in a clear and concise manner to regulating thermal discharges. Do 
we understand the relevant science behind them? Do we have practical ways to 
demonstrate them? Do we have agreed-upon endpoints to clearly state whether 
the warmed environment in the water body receiving the discharge will meet the 
§316(a) criterion? The attributes often seem quantitatively vague and leave much 
room for differing interpretations, both between regulators and industry, and 
among scientists. Attributes like sustainability and reversibility of changes require 
multiple studies over several years. In the analogy of a road trip, do we have good 
roadmaps and an agreed-upon destination to demonstrate each of these 
ecological features? 

Despite the community/ecosystem interpretation of the law, stakeholders tend to 
focus on species of interest, especially recreationally or commercially important 
species. Since every species of “shellfish, fish and wildlife” cannot be examined 
for its “protection and propagation,” representative and important species (RIS) 
are usually a focus. The RIS list usually includes federal ESA and state listed 
species as well as those species thought to be of human interest or ecologically 
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important. The assumption is that protection of these species will ensure 
protection of all others. Focus on these (often common) species is convenient 
because temperature requirements for these species and their life stages tend to be 
the most available in the scientific literature. Convenient, yes, but the notion that 
protecting a few will protect the others is not universally accepted (a social issue). 
Having enough biological and ecological thermal-effects information for enough 
RIS is also questioned (a biological issue). Most thorough §316(a) 
demonstrations include both ecological and RIS approaches to “cover all bases.” 

Thermal-discharge studies for §316(a) regulatory purposes need good 
“roadmaps” (agency guidance) and agreed-upon destinations (what constitutes 
success). The existing §316(a) guidance manual from EPA is way out of date 
[U.S. National Academy of Science and National Academy of Engineering, 
1973]. It, too, suffers from lack of including the results of nearly 40 years of 
additional studies at power plants. Dischargers and their consultants seeking 
guidance look to recent EPA rulings (e.g., Brayton Point: [Environmental 
Appeals Board, 2006] or the Merrimack Station: [EPA New England, 2011]). 
They also look toward other consultants who have produced recently successful 
demonstrations. Altogether too often, what constitutes success remains vague 
(the old “bring me a rock” syndrome). Agencies often criticize studies and 
demonstrations without having read the documents (a clear example was when a 
nearly identical letter with only the site and company changed was sent to several 
dischargers announcing failure of their demonstrations despite widely different 
situations). Protracted decision-making is common, and indicates a lack of 
substantive pre-study consultation between state regulator (and/or EPA) and the 
regulated discharger. Pre-study consultation is the opportunity to develop mutual 
understanding of the “destination” or what constitutes success. Destinations may 
differ among discharges, regions, water body types or other particular 
circumstances, but they can be better defined for benefit of both regulated and 
regulator.  

Conclusion 

Are we there yet? No. Can we improve chances of getting there? Yes. Water 
temperature standards need to be updated in many states to solidify their 
scientific basis for the types of thermal receiving waters encountered there. As 
standards state social as well as biological choices, these standards need to be 
scientifically robust in the face of our main social arbiter: the courts. Guidance for 
§316(a) Demonstrations needs to be updated with better definition of measures 
of success. One feature of the old §316(a) guidance that has not changed is the 
recommendation that regulator and regulated plan together for what studies are 
to be done and what should be the measures of success. If we don’t make progress 
on these fronts, the kid in the back seat of the car may be standing next to us in a 
22nd century electronic body transporter still saying, “Are we there yet?” 
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Abstract 

In previous workshops [EPRI, 2009; Lew, 2012], we discussed how the 316(a) 
regulation and temperature standards are evolving at the international, national, 
regional, and state levels; what research is being done to better understand and 
address impacts of thermal discharges on aquatic species; and the potential 
current and future stressors on thermal discharge compliance. In this paper, 
updated information on federal and state actions related to 316(a) regulations, 
thermal standards, and related guidance is provided. In the past few years, the 
federal government has remained silent on 316(a) regulations and guidance but 
recent rulings have the potential to impact how these regulations are 
implemented. States continue to review and occasionally update their thermal 
standards and guidance; a national overview of state and regional activity in this 
area is presented along with details on the actions of the active states. This paper 
also focuses on potential current and future stressors on thermal discharge 
compliance. Previous papers have focused on climate variability, 316(b) 
regulations, Total Maximum Daily Loads (TMDLs) for temperature, rising 
water temperatures, reduction in water availability, and the potential for urban 
surface runoff to increase water temperatures. These stressors continue to be 
important and updates on research and information related to these stressors is 
provided, including a national view of power plant discharge and intake 
temperature trends. We also discuss emerging stressors such as thermal discharge 
impacts to threatened and endangered species.  
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Introduction 

Section 316(a) of the Clean Water Act (CWA) regulates thermal effluents and 
provides for a variance from both technology-based limits and water quality 
standards if it can be demonstrated that the thermal discharge “will assure the 
protection and propagation of a balanced, indigenous population of shellfish, 
fish, and wildlife in and on that body of water.” In 2009 [EPRI, 2009] and again 
in 2012 [Lew, 2012], EPRI published papers on 316(a) issues that discussed how 
the 316(a) regulation and temperature standards are evolving at the national, 
regional, and state levels and the current and potential future stressors on thermal 
discharge compliance. This paper updates the information since the 2012 paper.  

Activities at the federal, regional, and state level have the potential to influence 
the implementation of Section 316(a) regulations. In the past few years, there has 
been no federal action specifically on the 316(a) regulation, but several federal 
activities have the potential to influence thermal discharge compliance and 
regulation. These include the Clean Water Rule and the 316(b) regulation; their 
potential impacts are discussed in this paper. Recent state activity with respect to 
thermal standards is also presented. Since 2011, a few states have completed 
amendments to their thermal standards, a few others are considering 
modifications, and some states have published guidance documents on 
conducting 316(a) demonstration studies or on implementing thermal standards.  

Finally, current and future potential stressors on thermal discharge compliance 
are discussed. Recent literature on two stressors that continue to be important—
reduced water availability and rising water temperatures—is reviewed, and an 
analysis of recent temperature trends in power plant intake and outlet 
temperatures is described. Also, protection of threatened and endangered species 
as a stressor to plants with thermal discharges is discussed, including the 
potential impact of recent litigation that requires listing decisions on hundreds of 
species within the next few years.  

Regulations 

Management of thermal discharges involves meeting temperature criteria in the 
receiving water body. Activities at the federal and state level with respect to 
development and application of temperature criteria have a significant impact on 
thermal discharge compliance by power plants. This section describes these 
activities in the past four years and their potential impact.  

Federal 

Federal regulations and guidance with respect to CWA Section 316(a) have not 
been updated since the 1980s. While the federal government remains silent on 
the Section 316(a) regulation itself, several recent rules have been promulgated 
that have the potential to affect thermal discharges. In August of 2015, the 
Environmental Protection Agency (EPA) and U.S. Army Corps of Engineers 
(Corps) published the Clean Water Rule [EPA, 2015a] that defines the scope of 
waters protected under the CWA. The Rule broadly defines waterbodies 
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considered waters of the U.S. to include isolated ponds, puddles, ditches and 
other areas that only rarely have water, which would now be subject to federal 
regulation. The rule contains exemptions for manmade waste treatment systems 
as long as they do not involve waters of the U.S. (i.e., are created in or impound 
such water) and for permitted cooling ponds constructed before passage of the 
Clean Water Act. However, other water bodies that have historically been used 
for cooling purposes may now have to meet state thermal criteria. Also, the 
Section 316(b) Final Regulations [EPA, 2015b], which took effect in 2014, have 
the potential to affect regulation of thermal discharges. While the 316(b) rule 
does not directly address thermal discharges, it does require consideration of 
thermal effects in the context of determining the Best Technology Available 
(BTA) for entrainment, though this process has not been clearly defined.  

To review the oversight of regions’ and states’ compliance with CWA Section 
316(a) and (b) requirements, the EPA’s Office of Inspector General (OIG) 
published a report [EPA, 2013a] that evaluated National Pollution Discharge 
Elimination Permits (NPDES) program permits from EPA Regions 1, 5, and 6. 
OIG selected 29 permits from these regions to evaluate because they represent 
permits issued by states and regions, permits from locations with high 
thermoelectric power water withdrawal, and/or permits where there had been no 
prior EPA OIG audit coverage. Out of these 29 permits, eight contained a 
thermal variance regulated under Section 316(a), and all of them contained a 
CWIS that is regulated under Section 316(b). During the data collection phase, 
the OIG learned about the Office of Water’s regional permit quality reviews 
(PQRs), so they incorporated a review of those documents in to their evaluation. 
This included reviewing PQR reports from regions 2, 3, 5, 7, 9, and 10 along 
with a draft PQR from region 1 and a summary of draft findings for Region 4.  

The review of EPA’s PQR oversight process found that it has generally been 
effective in determining the quality of permits. Their review of permits and 
supporting documents found that 55 percent of the permit fact sheets did not 
contain an explanation of the state’s or EPA’s decision in the permit that 
facilities use the best technology available to minimize the environmental impact 
of the cooling water intake structures regulated under CWA Section 316(b). 
Conversely, they found that 75 percent of the permit fact sheets contained an 
explanation of the state’s or EPA’s decision to approve the facilities’ requests for 
Section 316(a) thermal variances. The review of public notices found that none of 
the ones reviewed contained all of the required statements describing the 
proposed Section 316(a) thermal variance. It was determined that EPA’s quality 
assurance reviews did not identify deficiencies in public notices. The eight 
permits and associated fact sheets containing Section 316(a) thermal variances 
that were reviewed were found to comply with Section 316(a) regulations and no 
oversight deficiencies were identified. OIG concluded that the EPA’s Office of 
Water has made strides in addressing CWA Section 316(a) and (b) permit 
deficiencies through its permit quality reviews and through recommendations for 
improved regional oversight, but there are still certain items that need to be 
improved. OIG recommended that the EPA’s Office of Water develop and 
implement oversight mechanisms that will help states and regions consistently 
comply with Section 316(a) public notice requirements. 
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State 

States continue to move slowly with respect to updating their thermal standards. 
Figure 3-1 shows the time period in which each state’s existing temperature 
standards were adopted for the 48 contiguous states. Nearly half of the states 
have not significantly revised their thermal standards since the 1970s. This 
information was obtained through a survey of state offices to get the latest 
information on activities related to thermal standards. The survey identified 
recent activities in four states: New Mexico, Illinois, Texas, and Oregon. The 
revisions to New Mexico’s standards became effective on June 5, 2013 and were 
detailed previously in Lew [2012]. The details on the updates to the thermal 
standards for the other three states are provided below.  

 

Figure 3-1 
Time period in which current temperature standards were adopted for the 48 
contiguous states 

Illinois 

In June of 2015, the Illinois Pollution Control Board (IPCB) adopted new 
temperature standards for Chicago-area waterways and the Lower Des Plaines 
River [Lydersen, 2015]. The standards are stricter than those currently in place, 
and necessitate that the waterways meet “general use” requirements. The new 
standards are twofold: thermal discharges from industrial facilities must not 
increase water temperatures more than five degrees above the natural 
temperatures and temperatures must vary seasonally to mimic natural 
temperature fluctuations, which are relied upon by fish and other organisms’ 
reproductive and life cycles. The plants were originally given an 18-month period 
for compliance, but IPCB extended the compliance period to three years based 
on objections from utility companies. NRG Energy, who operates a number of 
plants in Illinois, requested a 6-year period to conduct an aquatic life study and 
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make adjustments to the plants, but that request was denied. NRG Energy has 
expressed concerns that a number of their power plants will not be able to comply 
with the new temperature limits within three years and that some of these plants 
may be forced to shut down.  

Texas 

The Texas Commission on Environmental Quality (TCEQ) has been 
developing screening procedures for thermal discharges to ensure that Texas 
Pollutant Discharge Elimination System (TPDES) permitted industrial 
discharges comply with the Texas Surface Water Quality Standards (TSWQS) 
criteria [TCEQ 2014a, b, c]. The temperature screening procedure is being 
developed to address concerns by the EPA that a number of TPDES permits 
have temperature limits that average above segment temperature criteria. The 
temperature screening procedure will include a decision framework that starts 
with conservative approaches to evaluate thermal criteria compliance and 
progresses toward more complex and site-specific approaches, such as modeling. 
Until EPA approves the TCEQ’s thermal discharge evaluation procedures, it will 
accept the use of interim TPDES permit conditions, which require that an 
applicant develop a plan to characterize the thermal plume resulting from 
industrial wastewater discharges that have temperature as a contaminant of 
concern. Recent revisions to temperature criteria that were related to the 
development of a temperature screening procedure included adding a definition 
of “industrial cooling water areas” and clarification that sizes of mixing zones can 
be different for different parameters. 

Oregon 

In March 2004, EPA approved the State of Oregon’s new and revised water 
quality standards that included “Natural Conditions Criteria for Temperature” 
(NCC) and the statewide narrative “Natural Conditions” criteria (SNC). These 
natural standards criteria generally state that if a water body naturally has warmer 
temperatures than the numeric criteria, the natural temperature of the water body 
becomes the temperature goal for that water body. A lawsuit was filed in 2005 by 
Northwest Environmental Advocates (NWEA) that challenged the EPA’s 
approval of the NCC and SNC. The court issued an Opinion and Order on the 
2005 lawsuit that held that the NCC: 1) replaces the Biologically Based Numeric 
Criteria rather than supplementing it; 2) was based on a flawed assumption that 
historically protective water temperatures would protect salmonids now, given 
that other historical conditions are not now present, and 3) depends on historical 
temperatures that were estimated with considerable uncertainty. In April 2013, 
two federal court orders were issued that ordered the EPA to vacate and remand 
its previous approval of the NCC and SNC within 120 days of the ruling. The 
EPA issued a disapproval action [EPA, 2013b] on the NCC and SNC in 
Oregon’s Temperature Standard on August 8, 2013 to meet these court ordered 
requirements. The Oregon Department of Environmental Quality (DEQ) is no 
longer allowed to use the NCC and SNC in cases where natural temperatures of 
certain Oregon rivers and lakes exceed the numeric criteria listed in Oregon’s 
Temperature Standard.  



 3-6  

States with Minor Changes and Possible Future Revisions 

Seven states examined their temperature standards during their recent triennial 
review process. During Utah’s 2014 triennial review process, a revision of 
temperature criteria and assessment methodology was listed as a medium priority 
[Utah Division of Water Quality, 2010]. New temperature listings are not likely 
to occur, but allowances may be formed in regards to severe weather events. As 
part of West Virginia’s 2014 triennial review, the decision to remove river specific 
intermediate temperature zones was approved [West Virginia DEP, 2014] and 
went into effect June 21, 2014. Connecticut’s 2013-2014 triennial review stated 
that the department was conducting studies to improve thermal criteria, and 
revisions to thermal criteria are not being considered until sufficient information 
is available [Connecticut DEEP, 2014]. In 2009, Connecticut had proposed 
revisions to its temperature standards that were ultimately withdrawn because of 
the need to further document conditions specific to Connecticut and establish 
implementation protocols. Alaska’s 2015-2017 triennial review stated that due to 
a concern for the salmonids in the streams, there may be changes made to the 
temperature regulations such as considering 7-day rolling average or similar 
metric for measuring temperature [ADEC, 2015]. New Hampshire’s 2011 
triennial review includes reviewing their current temperature criteria [New 
Hampshire DES, 2011]. Updating their temperature criteria has been an 
ongoing issue for a number of years, and no date has been given as to when this 
action will occur. In July 2013, Pennsylvania revised their temperature standard 
to remove the regulation pertaining to rate of change of temperature. 
Pennsylvania continues to be interested in evaluating new science on rate of 
temperature change to protect aquatic organisms. South Dakota recently 
withdrew some proposed changes to their current water temperature standards. 
They are currently researching updating their temperature standards, but there 
are no immediate plans to change them in the near future.  

Additionally, four states reviewed their temperature standards regarding trout 
streams. In 2011, Georgia proposed new temperature criteria for the tailwater 
trout fishery in the Chattahoochee River below the Buford Dam [Georgia EPD, 
2011]. These changes have not been officially adopted into Georgia’s water 
quality standards as of August 2015. In 2014, Virginia proposed some minor 
changes to the temperature standards for seasonally stocked trout waters. 
Maryland is currently considering changing the Class IV standards for put and 
take trout streams. In 2012, Idaho proposed a maximum weekly temperature of 
thirteen degrees Celsius to protect fall chinook spawning and incubation that 
applies from October 23rd through April 15th in the Snake River from Hell’s 
Canyon Dam to the Salmon River [Idaho DEQ, 2012]. As of August 2015, 
Idaho is still awaiting EPA approval on this proposed temperature criteria. 

Guidance Documents 

Four states and Canada recently published guidance documents related to 
thermal discharge compliance. The Indiana Department of Environmental 
Management (IDEM) developed a guidance document for completing an 
application for alternative thermal effluent limitations [IDEM, 2015]. This 
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document provides information for NPDES dischargers requesting alternative 
thermal effluent limitations under CWA Section 316(a) to complete the required 
Type I, II, or III demonstration. It also provides guidance for sampling and 
monitoring that is consistent with standard operating procedures, which provide 
the necessary steps for conducting comprehensive monitoring programs for 
temperature in a waterbody and to delineate the thermal discharge plume in the 
receiving waterbody, and for conducting biological community assessments. The 
document also provides detailed information on the regulatory framework 
involved with making a request for alternative thermal effluent limitations. 

The State of Missouri developed a temperature limit guidance document 
[MDNR, 2013] to assist permit writers and the public understand temperature 
criteria and how they are applied in Missouri State Operating Permits. Missouri’s 
temperature criteria establish two main areas of compliance: 1) the rise of 
temperature in a stream (ΔT), and 2) the overall stream’s temperature cap. The 
guidance document provides detailed information on the calculations to 
determine compliance with the temperature criteria of ΔT, compliance 
determination with 90°F (temperature cap), and compliance determination with 
Mississippi River temperature cap criteria. It also provides a summary of the 
effluent limitations and monitoring requirements for an operating permit at a 
90°F facility and a Mississippi River facility. 

Washington and Wisconsin recently developed guidance documents to assist 
state staff and permit writers on how to implement their state water quality 
standards. The State of Washington’s Department of Ecology (Ecology) 
developed a document [WSDE, 2010] that provides guidance and 
recommendations for implementing the temperature standards for the protection 
of aquatic life uses (mainly salmonids) in both fresh and marine waters. The 
document includes information on the process that a permit writer should use to 
determine temperature effluent limits in permits, what to do when the 
determined numeric effluent limit is not attainable, and detailed information on 
the calculations used to determine whether reasonable potential exists to exceed 
temperature criteria in the receiving water. The guidance updates and 
supplements the state’s Water Quality Program Permit Writer’s Manual 
(Publication Number 92-109) regarding the application of the state’s temperature 
standards. In 2013, the Wisconsin Department of Natural Resources (WDNR) 
updated their 2010 guidance document [WDNR, 2010] for implementation of 
their state water quality standards by WDNR staff [WDNR, 2013]. In 2010, 
WDNR made updates to their thermal water quality standards which included 
regulations on how the water quality criteria will be used to establish water 
quality‐based effluent limitations for point source discharges subject to permits 
under the Wisconsin Pollution Discharge Elimination System (WPDES). The 
guidance document discusses the overall rule process and temperature 
monitoring, limit calculations, determining the need for temperature limits, 
alternatives and options for flexibility, and permit language and compliance 
determinations.  

Environment Canada prepared a guidance document [Environment Canada, 
2014] on freshwater thermal discharges from industrial facilities and power 
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plants. The document is designed to be used by Environment Canada staff 
involved in environmental assessment (EA) reviews and by those required to 
conduct an EA. The guidance document recommends that facilities with thermal 
discharges be regulated using numerical limits that are based on the site-specific 
aquatic environment and its biological community rather than using fixed, 
detailed numerical standards for broad areas, such as water quality standards for 
whole provinces. Site-specific factors include facility design and operation, 
thermal and limnological/hydrological regime of the intake and receiving water 
areas, thermal plume modelling results, information on aquatic species and their 
habitat, information on other biological resources and nearby water uses, and the 
thermal tolerance and resistance of specific endemic species.  

The guidance document includes:  

 Environmental quality guidelines for thermal effluents, based on federal and 
provincial legislation, policies and guidelines;  

 Environmental baseline and facility design/operation information 
requirements to undertake thermal plume modelling;  

 Guidance on the selection of the appropriate thermal plume modelling 
approach(es); 

 Guidance on thermal plume effects assessment;  

 Identification of common mitigative strategies/technologies for thermal 
discharges; and  

 Recommended follow-up monitoring approaches to confirm predicted 
thermal effects.  

The guidance document also provides a series of case studies to illustrate how the 
environmental assessment process takes site-specific factors into account from the 
spatial layout, thermal plume configurations, and biology of the area. It also 
recommends a number of mitigation measures to lessen negative effects of 
thermal discharges, including prudent power plant siting, intake and outfall 
design/location, use of quenching water, and reduction of power production. 

Recent Actions Concerning 316(a) and NPDES Permits 

Regulatory activity related to thermal discharge permits continues as these 
permits come up for renewal. In some cases, this results in controversy, such as 
for Dayton Power and Light’s Stuart Station in Ohio and Entergy’s Vermont 
Yankee Nuclear Power Station in Vermont. In 2010, EPA Region V rejected the 
thermal limits proposed for the Stuart Station on the Ohio River in Aberdeen, 
Ohio. One of the main points of contention is whether the lower portion of 
Little Three Mile Creek (LTC) represents the plant’s discharge canal and 
therefore the discharge point is where the creek meets the Ohio River or whether 
the discharge point is where the heated effluent first enters the creek. When the 
plant was built roughly 50 years ago, the lower mile of the creek was straightened 
and dredged for the purpose of conveying the discharge water to the river. Thus, 
Dayton Power and Light contends that this section of the creek always was and 
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continues to be a discharge canal and no balanced indigenous community can be 
expected to reside there. On September 28, 2011, EPA Region V reaffirmed 
their objection to the draft permit submitted by the Ohio Environmental 
Protection Agency (OEPA) [EPA, 2012]. OEPA submitted a revised draft 
permit to EPA Region V on October 27, 2011. Following a review of the revised 
draft permit and the public comments received on the revised draft permit, EPA 
Region V withdrew its objection and is allowing OEPA to issue the NPDES 
permit for the DP&L J.M. Stuart Station. 

The Vermont Yankee permit renewal was also the subject of controversy that 
lasted nearly ten years. In 2006, the Vermont Agency of Natural Resources 
(ANR) granted a discharge permit to Entergy Nuclear Vermont Yankee (ENVY) 
for discharges into the Connecticut River from the Vermont Yankee Nuclear 
Power Station in Vernon, Vermont. The permit allowed Entergy to increase the 
river temperature at Vernon an additional 1°F by bypassing the cooling tower 
system between June 16th and October 14th annually. In 2008, this decision was 
appealed and the dates were revised to be between July 8 and October 14 
[VANR, 2014]. In 2011, the Connecticut River Watershed Council (CRWC) 
filed a petition asking ANR to fully revisit Entergy's application for a renewed 
variance in an effort to have higher temperature standards imposed in the new 
permit than were allowed in the past [CRWC, 2011]. On October 13, 2014, the 
ANR announced that it would issue a new discharge permit to ENVY. The new 
permit shortens the amount of time the nuclear plant can discharge water to 85 
degrees, the highest temperature allowed during the warmest part of the year, 
from four to three months [Hallenbeck, 2014]. The ANR issued this new 
permit, which expires December 31, 2015, in part because ENVY announced the 
closing of the Vermont Yankee Nuclear Power Station. The plant closed in 
December 2104. 

Recently, for the first time ever, the Nuclear Regulatory Commission (NRC) has 
increased the licensing limit at a U.S. nuclear power plant located on marine 
waters [Benson, 2014]. On April 21, 2014 the NRC approved an increased 
temperature limit for Unit 2 at the Millstone Power Station in Waterford, 
Connecticut. The plant will now be able to use water up to 80 degrees 
Fahrenheit from the Long Island Sound. This new temperature limit will help to 
avoid future shutdowns like the 11-day shutdown that occurred in the summer of 
2012 due to the intake water temperature exceeding the old licensing limit of 75 
degrees Fahrenheit. The NRC is also reviewing an application to increase the 
temperature limit for Unit 3 at Millstone. These changes to the temperature limit 
will allow the plant the flexibility to use warmer water in the future if necessary. 
As a result of this increased limit, state officials have requested a study on the 
near-shore effects of Millstone’s discharge, which is typically 20 degrees above 
the intake water temperature [AP, 2014]. 

Power plants continue to seek and, in some cases, be granted Section 316(a) 
variances for their thermal discharges. Some examples of this include: 
 Exelon’s Quad Cities Nuclear Power Station in Cordova, Illinois, whose 

variance was granted in October, 2014 [Exelon, 2012]. The variance allows 
an increase in the number of excursion hours (i.e., the number of hours in a 
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year that threshold temperatures at the edge of the mixing zone can be 
exceeded).  

 Interstate Power and Light’s (IPL) Prairie Creek Generating Station (PCS) 
near Cedar Rapids, Iowa [IDNR, 2014; Alliant Energy, 2011; IPL, 2013]. 
Based on the wasteload allocations (WLAs) and the results of a thermal 
plume study conducted by the IDNR, the PCS will require a Section 316(a) 
variance to continue to operate as required in the months of March and 
August through January. The following changes to the existing permit 
include revised monthly average temperature limitations, replacement of the 
numeric limits for “temperature change” with a narrative requirement, and 
deletion of the schedule of compliance for temperature and temperature 
change. At present, IPL has completed the required actions to obtain a 
variance and the IDNR is proposing to revise the permit temperature limits 
based on this new information that was not available at the time the current 
permit was issued 

 IPL’s M.L. Kapp Generating Station on the Mississippi River in Iowa. The 
M.L. Kapp station cannot meet new temperature limits and is seeking 
alternative thermal effluent limits for all months. IPL has applied for a 
Section 316(a) variance and has completed the required demonstration study. 
[see Section 19:].  

 The Merrimack Station in Bow, New Hampshire, operated by Public Service 
of New Hampshire (PSNH). On September 30, 2011 the EPA issued a draft 
NPDES permit, which was revised in April 2014 [EPA, 2014a]. The plant 
has been operating on a permit that was issued in 1992 and expired 15 years 
ago. The 1992 permit includes thermal discharge limits based on a Section 
316(a) variance [CLF, 2012]. In the new draft permit, the EPA determined 
that the best available technology (BAT) for minimizing the mortality to fish 
eggs and larvae resulting from water withdrawals and reducing the effects of 
thermal discharges on aquatic organisms in the Merrimack River would be to 
convert the existing, open-cycle cooling system to a closed-cycle system. In 
February 2012, PSNH submitted a request for a renewal of their thermal 
variance along with the results of a modeling study on the plant’s thermal 
discharges to the Merrimack River to support their request. The request for a 
new thermal variance was rejected by the EPA due to significant deficiencies 
in the information provided by PSNH in support of its 316a variance renewal 
request [CLF, 2012]. 

Current and Future Stressors on Thermal Discharges 

Critical Incidents 

Water availability and elevated receiving water temperatures continue to cause 
hardships for power plants. This is illustrated by Figure 3-2, which shows recent 
critical situations at power plants that resulted in concern, reduction, or 
shutdown. There have been 27 incidents since 2000, some involving multiple 
power plants.  
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Focusing on more recent years, since 2012 the major cause of the critical 
situations was elevated intake water temperatures. Critical incidents identified 
during this time period occurred in the states of Illinois, Vermont, Connecticut, 
Massachusetts, and Florida. In Illinois, extreme heat waves during the summer of 
2012 caused rising water body temperatures in a number of waterbodies used for 
cooling purposes by power plants. As a result of increasing water temperatures, 
the Illinois Environmental Protection Agency granted Braidwood Nuclear Plant, 
four coal-fired plants, and four nuclear plants permission to continue operations 
despite water temperatures exceeding their permitted intake water temperature 
[Eilperin, 2012].  

During the summers of 2012 and 2013, three power plants along the coast of the 
Northeastern U.S. had to curtail or shut down power production because of 
extreme summer heat. The Millstone nuclear plant in Waterford, Connecticut 
and the Pilgrim nuclear plant in Plymouth, Massachusetts had to reduce power 
output because seawater used for cooling purposes was too warm. This was the 
first time in the Millstone plant's 37-year history that the water pulled from the 
Long Island Sound was too warm to use [Krier, 2012]. The Pilgrim nuclear plant 
also had to curtail production by 10% for 3-1/2 hours in August 2015 due to 
elevated seawater temperatures. This was the fourth time the plant had to curtail 
power production in the power plant’s 43-year history with the other three times 
occurring in the summer of 2013 [Abel, 2015]. The Vermont Yankee nuclear 
plant in Vernon, Vermont had to reduce power outputs four separate times 
during the summer of 2012, because of elevated water temperatures in the 
Connecticut River. One of these incidents required output from the Vermont 
Yankee plant to be reduced by 17% [Krier, 2012].  

In the summer of 2014, cooling canals at Florida Power & Light’s Turkey Point 
Nuclear Power Plant required millions more gallons of freshwater to keep the 
water in the canals cool enough to keep the plant operating. The canals were 
difficult to manage during the very hot summer and reached or exceeded their 
100-degree limit several times. The additional freshwater added to the canals did 
not drop the intake water temperature enough to meet permit requirements, so 
the NRC agreed to allow the plant to use cooling water above the 100 degree 
federal temperature limit, increased to 104 degrees, to avoid a shutdown of the 
reactors [Staletovich, 2014].  
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Sources: [Shaffer 2006; Jergensen 2004; NPPD 2004; Averyt et al. 2011; Professional Reactor 
Operational Society 2008; USCOE 2007; Amons 2007; Cheek and Evans 2008; Shelton 2007; 
Gas Daily 2008; TerraDaily 2007; Harrington 2007; NewsChannel5 2007; Weiss 2008; Catawba 
River Keeper 2007; Watts 2012; Tweed 2013; Wald 2012a,b; Rogers et al. 2013;Elperin 2012; 
Sathian 2013; Staletovich 2014; Abel 2015] 

Figure 3-2 
Examples of recent power plant critical incidents and situations 

Water Availability 

A reduction in water levels in waterbodies used for power plant cooling purposes 
continues to be a stressor for a number of power plants. Declines in water levels 
can impact a power plant’s ability to meet thermal discharge criteria. Numerous 
U.S. power plants may be at risk of having to curtail or shut down operations 
because of shallow intake depth and water levels dropping below a power plants 
submerged cooling water intake. A number of factors can lead to decreases in 
water levels including drought, climate variability, and competing uses for water, 
such as cities and municipalities, industrial water supply, irrigation, navigation, 
and maintenance of the ecological health of the water body. 

Since 1950, global population has steadily increased leading to a growing demand 
for water among all water use sectors: agricultural, domestic, municipal, energy, 
industrial, and environmental [Council for Agricultural Science and Technology 
(CAST) 2009 as cited in O’Neill and Dobrowolski 2011]. The demand for 
electricity is projected to increase by 24% by 2035, which has raised concerns as 
to the availability of water for this growing industry. Water consumption for 
thermoelectric power generation is projected to increase by 36–43% between 
1995 and 2035, with much of this development expected to occur in basins with 
rapidly growing demands in the non-thermoelectric sectors as well [Tidwell 
et al., 2012]. Therefore, future water levels and water availability in waterbodies 
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used for cooling purposes are likely to be influenced by water use from non-
thermoelectric water use sectors.  

Recent studies have been conducted on the vulnerability of the U.S. energy sector 
to drought and climate change. Van Vliet et al. [2012] predicted a summer 
average decrease in capacity of U.S. power plants of 4.4–16% depending on 
cooling system type and climate scenario for 2031–2060. Power plants with 
once-through or combination cooling systems will be the most strongly affected 
by future water temperature rises and reductions in summer flows, with summer 
average usable capacity projected to decrease by 12-16% by 2040. Their 
predictions were made using a physically based modeling framework that 
predicted changes in daily river flows and water temperature changes for two 
climate change scenarios. Argonne National Laboratory published a report 
[ANL, 2013] to determine the medium‐term (through the year 2030) impacts of 
future climate and drought scenarios on electricity generation by the Electric 
Reliability Council of Texas (ERCOT). The authors concluded that water will 
be available for existing ERCOT thermoelectric power plant operations out to 
2030. Water for new electric generating facilities will most likely need to come 
from sources other than unappropriated surface water. They also concluded that 
because of expected water temperature warming from climate change, certain 
power plants will have to curtail energy production in the summer due to 
exceedances of EPA limits for temperature of effluent discharges. Miara et al. 
[2013] modeled thermoelectric generation in the Northeastern U.S. for a number 
of varying conditions including climate change. The authors concluded that 
climate change is a cause for concern as it may lower power plant efficiencies. 
They found that projected climate conditions reduce river water available for 
efficient power plant operations and the river’s capacity to absorb waste heat, 
causing a loss of regional thermoelectric generation (RTG) of 2.5% in some 
summers. 

The U.S. Department of Energy (DOE) published a recent report U.S. Energy 
Sector Vulnerabilities to Climate Change and Extreme Weather [DOE, 2013], that 
compiled information from the above-mentioned studies and others on major 
climate trends that are relevant to the energy sector. Climate trends identified as 
impacting the energy sector included increasing air and water temperatures, 
decreasing water availability in some regions and seasons, and increasing intensity 
and frequency of storm events, flooding, and sea level rise. The DOE report 
evaluated all aspects of the energy sector, including oil and gas exploration and 
production, fuel transport, thermoelectric power generation, hydropower, 
bioenergy and biofuel production, wind and solar energy, electric grid, and 
energy demand. Focusing on plants with thermal discharges, decreasing water 
availability and increasing air and water temperatures reduces the efficiency of 
power plant cooling, which increases the likelihood of exceeding water thermal 
intake or effluent limits that protect aquatic organisms. It also increases the risk 
of partial or full shutdowns of generation facilities. Higher temperatures of 
ambient waters used for cooling is predicted to be a widespread issue occurring in 
all regions of the U.S. Furthermore, as entire watersheds warm up, the 
importance of cumulative impacts of higher water temperatures on a river system 
as a whole will increase.  
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The DOE concludes that the impacts of climate trends on the energy producing 
sector are going to increase in the future, which will likely require a transition to 
a more climate-resilient energy sector. For thermoelectric power generation, 
making this transition will require improved energy efficiency and reduced water 
intensity. Specifically, this will entail: 

 Developing and embracing new technologies such as innovative cooling 
technologies and improvement in desalination technologies 

 Use of non-traditional water supplies (e.g., municipal wastewater or brackish 
groundwater), and water capture and reuse 

 Improved design and placement of water intakes and discharges 

Progress toward climate resiliency will also need to involve: 

 Improvement of information and related tools and practices for assessment of 
the potential future changes in climate and its impacts 

 Policies that enable accelerated development and deployment of climate-
resilient technologies by both the public and private sector 

 Enhancement of communication between all stakeholders, including the 
federal, state, local, and tribal governments, industry, and non-governmental 
organizations, which will improve the understanding of the vulnerabilities, 
risks, and opportunities 

Tidwell et al. [2014] conducted a scoping level analysis to identify the technical 
tradeoffs and initial cost estimates for retrofitting existing thermoelectric 
generation to achieve zero freshwater withdrawal and reduce drought related 
vulnerabilities. Least cost alternatives were determined for all plants using 
freshwater for cooling; retrofits to dry cooling or a wet cooling system, and 
utilizing municipal wastewater or brackish groundwater were considered. The 
authors found that retrofitting to zero freshwater withdrawals could greatly 
reduce the vulnerability of thermometric power generation to drought, both in 
terms of water availability and thermal discharge limit exceedances. Also, many 
retrofits could be accomplished at levels that would add less than 10% to current 
power plant generation expenses.  

Trends in Thermal Discharges 

Recent literature on stream temperatures in the U.S. indicates an overall trend of 
increasing stream temperatures; this literature was summarized in Lew [2012]. A 
recent study by Madden et al. [2013] analyzed the intake and outlet temperatures 
of U.S. power plants using historical data collected by the U.S. Department of 
Energy’s Energy Information Administration (EIA) (form 767). The EIA 
collects power plant data annually on the operations, management, and 
ownership of power plants with nameplate capacities greater than 100 MW 
[EIA, 2013a,b]. This study analyzed data for 1996 through 2005 and found that 
for power plants with once-through cooling systems using freshwater the average 
maximum intake temperature was 81 °F and the average maximum discharge 
temperature was 99 °F, with an average maximum delta T of 18 °F. This study 
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also found that more than half of these plants reported maximum discharge 
temperatures that exceeded 90 °F, which is a typical regulatory threshold for 
protection of aquatic life. 

Using the most recent available data collected by the EIA (forms 860 and 923), 
we attempted to find trends in the intake and outlet temperatures at the plants 
contained in the database. The EIA database includes the intake and outlet 
temperatures of power plants across the United States from 2008 to 2012. For 
2008-2010, only maximum winter and summer intake and outlet temperatures 
were reported; in 2011 and 2012, maximum monthly temperatures are available. 
Cooling system data has not been collected since 2012. Overall maximum intake 
and outlet temperatures were extracted from the data for the period 2008 through 
2012. 

Between 2008 and 2012, there were 256 plants with a complete 5-year data set of 
maximum intake and outlet temperatures. These plants have been categorized by 
their type of cooling system: once-through freshwater (OF), once-through saline 
water (OS), once-through cooling pond(s) or canal(s) (OC), recirculating with 
cooling pond(s) or canal(s) (RC), recirculating with forced draft cooling tower(s) 
(RF), recirculating with induced draft cooling tower(s) (RI), and recirculating 
with natural draft cooling tower(s) (RN). Figure 3-3 shows how many of the 256 
plants are in each category. 

To see if a trend over the 5 year period could be identified in the intake 
temperatures, a hierarchical/multilevel linear regression of maximum intake 
temperature against year was performed for all plants with 5 years of data. 
Conceptually, it can be thought of as doing a best fit line for each plant, but the 
trend lines of all the plants within each state are pooled toward a state-level 
average trend. Similarly, the state-level averages are pooled toward an overall 
average trend. Thus, each plant and state have their own trend estimates, but 
they are pooled together to an extent supported by the data.  

This analysis was performed for the inlet temperature for all plants in the dataset, 
regardless of cooling system type. The results were grouped by state. Figure 3-4 
shows the estimate and uncertainty of the slope of the fitted line for each plant. 
The black dot represents the mean and the error bars go to the 25th and 75th (dark 
lines) and 10th and 90th percentiles (lighter lines). The number next to each line is 
the plant ID in the EIA database. The blue line is the mean of the distributions 
in the state and the red line is the mean of the common distribution (all plants) 
for the slopes mentioned above. Overall, the data broadly support the possibility 
of an increasing trend in intake temperature, as the average slope has a positive 
value. The short record lengths involved, however, limit the precision of the 
estimates, which is apparent in the uncertainty intervals, many of which include 0 
(i.e., no trend). 
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Figure 3-3 
Number of power plants with 5 years of intake and outlet temperature data by 
cooling water type 

Figure 3-5 was constructed from the state slopes in Figure 3-4 to show the 
overall trend by state. A slope of greater than or equal to 1 was considered 
increasing, a slope between 0.5 and 1 was considered slightly increasing, a slope 
between -0.5 and 0.5 was considered no change, and a slope less than -0.5 was 
considered decreasing. While most of the determinable states had an increasing 
trend between 2008 and 2012, the South was slightly increasing while the 
Midwest and the Northeast had a stronger increasing trend over the 5-year 
period. 

Focusing only on plants that use freshwater as their cooling water source, the 
hierarchical linear regression was repeated for both intake and outlet 
temperatures. For this analysis, pooling was not performed by state; however, the 
results are organized by state in Figure 3-6 (intake temperatures) and Figure 3-7 
(outlet temperatures). For freshwater intakes, the average temperature increase is 
1.6 °F per year, and for outlets, it is 1.3 °F per year. As these are above a one 
degree increase, there appears to be a significant rising freshwater temperature 
trend. Many of the plants using freshwater are located in the Midwest, so warmer 
freshwater bodies may be a result of a regional issue such as extreme heat waves 
and drought.  
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Figure 3-4 
Estimate and uncertainty in the slope of the trendline of intake temperature for all 
plants by plant grouped by state 
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Figure 3-5 
State trend in intake temperature, 2008-2012 
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Figure 3-6 
Estimate and uncertainty in the slope of the trendline of intake temperature for 
once-through cooled plants using freshwater by plant grouped by state 
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Figure 3-7 
Estimate and uncertainty in the slope of the trendline of outlet temperature for once-
through cooled plants using freshwater by plant grouped by state 
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Aquatic Threatened and Endangered Species and Thermal 
Discharges 

There are 544 power plants in the U.S. that use at least 2 million gallons of 
cooling water per day [EPA, 2014b]. A number of these facilities are located 
along waterbodies inhabited by aquatic species considered threatened or 
endangered under the Endangered Species Act (ESA). Thermal discharges from 
these facilities can have both negative and positive impacts on aquatic threatened 
and endangered species inhabiting the receiving waterbodies. Negative impacts 
include habitat alterations, reductions in biodiversity, creating an environment 
hospitable to invasive aquatic species, and increases in mortality. Positive impacts 
include creating more favorable feeding and breeding conditions for certain 
aquatic species, increases in the growth rates of some fish species, and providing 
warm-water refuges during the winter for some aquatic species. For example, 
Laist and Reynolds [2005] found that 60 percent of Florida manatees, a federally 
endangered species in the southern two-thirds of the state, use outfalls from 10 
power plants as warm-water refuges in the winter, which has been deemed 
essential for manatee survival. Turner-Tomaszewicz and Seminoff [2012] found 
that green sea turtles, a federally threatened species, concentrated during the 
winter in warm-water discharges from the South Bay Power Plant located on San 
Diego Bay; a reduction in turtle-capture success in the area was observed 
following a reduction in the generation capacity and warm-water discharges from 
the plant.  

While the ESA has been around since 1973, threatened and endangered species 
have come into focus recently in part due to the Multiple District Litigation 
(MDL) Settlement in 2011, in which the U.S. Fish and Wildlife Service (FWS) 
entered into agreements with several organizations that requires FWS to make a 
final listing decision on whether to add hundreds of species to the federal 
endangered species list by 2017. Most of these species have been on the 
candidate species list awaiting a listing decision for some time. The FWS will 
now need to decide whether these species are “warranted” for protection and 
move to a proposed rule to list the species, or “not warranted” and be removed 
from the candidate species list.  

FWS’s 2013-2018 Listing Workplan, developed to meet the MDL Settlement, 
includes the 2010 Candidate Notice of Review (CNOR) species list developed by 
the FWS. The 2010 CNOR species list includes a total of 458 candidate species; 
53 of these are aquatic species. For these 53 aquatic species, a review was 
conducted to determine what waterbodies these species inhabit, and if these 
waterbodies receive thermal discharges from a power plant. Based on this review, 
it is estimated that 22 of these aquatic candidate species inhabit waterbodies that 
could potentially be impacted by cooling water discharges from power plants 
(Table 3-1). 
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Table 3-1 
Aquatic candidate species that have the potential to be impacted by cooling water 
discharges 

Common Name Scientific Name 
States Within the 
Historical Range 

Chub, headwater Gila nigra AZ, NM 

Chub, roundtail 
(Lower Colorado 
River Basin DPS) 

Gila robusta AZ, CO, NM, UT, WY 

Darter, Arkansas Etheostoma cragini AR, CO, KS, MO, OK 

Darter, diamond Crystallaria cincotta KY, OH, TN, WV 

Darter, Pearl Percina aurora LA, MS 

Ebonyshell, round Fusconaia rotulata AL, FL 

Kidneyshell, fluted Ptychobranchus subtentum AL, KY, TN, VA 

Kidneyshell, southern Ptychobranchus jonesi AL, FL 

Mucket, Neosho Lampsilis rafinesqueana AR, KS, MO, OK 

Mudalia, black Elimia melanoides AL 

Mussel, sheepnose Plethobasus cyphyus 
AL, IA, IL, IN, KY, MN, 
MO, MS, OH, PA, TN, 

VA, WI, WV 

Pearlymussel, 
slabside 

Lexingtonia dolabelloides AL, KY, TN, VA 

Pigtoe, fuzzy Pleurobema strodeanum AL, FL 

Pigtoe, narrow Fusconaia escambia AL, FL 

Pigtoe, tapered Fusconaia (=Quincuncina) 
burkei 

AL, FL 

Rabbitsfoot Quadrula cylindrica cylindrica 
AL, AR, GA, IL, IN, KS, KY, 
LA, MO, MS, OH, OK, PA, 

TN 

Redhorse, sicklefin Moxostoma sp. GA, NC, TN 

Sandshell, southern Hamiota (=Lampsilis) australis AL, FL 

Shiner, sharpnose Notropis oxyrhynchus TX 

Shiner, smalleye Notropis buccula TX 

Spectaclecase Cumberlandia monodonta 
AL, IA, IL, IN, KS, KY, MN, 

MO, NE, OH, TN, VA, 
WI, WV 

Sucker, Zuni 
bluehead 

Catostomus discobolus 
yarrowi AZ, NM 
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An EPRI study [EPRI, 2015] identified 532 petitioned species, 101 candidate 
species, and 42 proposed species, as of September 2014, across the contiguous 
United States from a species database developed by NatureServe. Currently listed 
threatened and endangered species were not included in this study. Aquatic 
species made up a total of 54% of the petitioned species identified (Mollusks 
26%, Crustaceans 17%, and Fishes 11%), and 19% of the candidate and proposed 
species identified (Fishes 12% and Mollusks 7%). The study determined the 
distribution of these species across the U.S. Figure 3-8 shows that FWS’s Region 
4 has the highest number of candidate aquatics species (202) followed by Region 
8 (44). Figure 3-9 shows that FWS’s Region 2 has the highest number of 
candidate and proposed aquatic species (16) followed by Region 4 (7). 

In order to get a clearer geographical picture of the potential impacts of power 
plants to threatened and endangered aquatic species, the number of G1/G2 
(imperiled) species and ESA listed aquatic plant and animal species inhabiting 
United States Geological Survey’s (USGS) HUC-12 units (subwatersheds) 
receiving thermal discharges from power plants with once-through cooling 
systems was estimated using the EnviroAtlas [NatureServe, 2013] dataset 
compiled by NatureServe. The dataset, which is tabular in nature, was joined to a 
GIS feature class of HUC-12 units to visualize the number of imperiled species 
and listed species within each HUC-12 unit. This provided coverage for all 
HUC-12 units for which there are data (no information was available for 
watersheds in Delaware, Massachusetts, or Pennsylvania; in addition only plant 
species were available for Washington). The HUCs of interest for the purpose of 
this paper were those that contain a power plant currently operating with once 
through cooling using a surface water source that is not a cooling pond. The 
information on power plant type was obtained from the EIA’s 2013 EIA-860 
database [EIA, 2013b]. The plants with once through cooling were plotted, and 
the species information for the HUC-12 unit that was coincident with the plant 
was extracted and applied to the point locations of the plants.  

Figure 3-10 displays the results of this analysis. On the figure, a different color 
was used to show power plants with 0, 1, 2, 3, or 4-9 imperiled or ESA listed 
aquatic species inhabiting the power plant’s HUC-12 unit. A total of 335 power 
plants with once-through cooling meeting the criteria described above were 
plotted on the figure. Of these 335 power plants, there were 315 that had 
available data on imperiled or ESA listed aquatic species inhabiting their HUC-
12 unit. The results showed that 43% of the power plants had one or more 
imperiled or ESA listed species inhabiting their HUC-12 unit. Of these, 17% 
(53 plants) had one species, 15% (46 plants) had two species, 4% (14 plants) had 
three species, and 7% (23 plants) had greater than four species inhabiting their 
HUC-12 unit. The majority of power plants with the highest number of 
imperiled and ESA listed species are located in the Midwest and Southeast. 

A number of conservation policies have been developed to protect and improve 
the habitat of threatened and endangered species that provide power plants with 
ways to manage their threatened and endangered species concerns. These include 
Habitat Conservation Plans (HCPs), Safe Harbor Agreements (SFAs), 
Candidate Conservation Agreements (CCAs), and Candidate Conservation 



 3-24  

Agreements with Assurances (CCAAs). A HCP is a planning document 
required as part of an application for an incidental take permit. An incidental 
take permit is a permit issued under the ESA to private entities undertaking 
projects that might result in the destruction of an endangered or threatened 
species. As of July 2015, there have been 696 approved HCPs with 8 of these 
being developed for aquatic threatened and endangered species. One of the 
HCPs developed for aquatic species was related to the impacts of thermal 
discharges on two threatened and endangered mussel species from Exelon 
Corporation’s Quad Cities Nuclear Power Plant. 

 
Source: EPRI (2015) 

Figure 3-8 
Number of petitioned aquatic species by USFWS Region by major taxonomic 
group 

 
Source: EPRI (2015) 

Figure 3-9 
Number of candidate and proposed aquatic species by USFWS Region by major 
taxonomic group 
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Figure 3-10 
Number of G1/G2 and ESA listed aquatic species located in HUC-12 units that 
contain once-through cooled power plants  

SFAs are voluntary agreements between private or other non-Federal property 
owners and the FWS where the actions of the landowner contribute to the 
recovery of species listed as threatened or endangered under the ESA. FWS and 
the landowner work together to establish a baseline condition that provides a net 
conservation benefit for the species of concern. The agreement allows the 
landowner to incidentally take the species as long as baseline conditions are 
maintained. As of July 2015, there have been 86 approved SFAs with 17 of these 
developed for aquatic species. None of these agreements related to aquatic species 
involved electric utility companies. 

CCAs are a formal agreement between FWS and one or more parties to address 
the conservation needs of proposed or candidate species, or species likely to 
become candidates, before they become listed as endangered or threatened. The 
FWS works with these parties to identify threats to candidate species, plan the 
measures needed to address the threats and to conserve these species, and design 
and implement conservation measures and monitor their effectiveness. As of July 
2015, there have been 107 approved CCAs with 30 of these involving candidate 
or proposed aquatic species. None of these agreements related to aquatic species 
involved electric utility companies. 

CCAAs with assurances are a form of CCA where the landowner or parties 
involved may receive a number of benefits from these agreements. These benefits 
may include: 

 If the conservation measures established preclude listing, the landowner is 
not regulated by the ESA. 

 If the conservation measures taken are not sufficient enough to avoid listing 
the species, then the Agreement automatically becomes a permit that allows 
the landowner to incidentally take the species. 



 3-26  

 The Agreement provides an avenue to potential federal or state cost-share 
programs for landowners who want to conserve or manage habitat on their 
land for the species. 

As of July 2015, there have been 31 approved CCAAs with 11 involving 
candidate or proposed aquatic species. One of these agreements involved a 
hydroelectric plant operated by Georgia Power on the Ocmulgee River. This 
CCAA involved improving the river habitat for the robust redhorse, a federally 
endangered fish species. 

When there are aquatic threatened and endangered species inhabiting the 
downstream stretches of a receiving waterbody, an important tool that can be 
used manage day-to-day operations of a power plant to protect the species is 
forecast modeling. A recent study by Danner et al. [2012] presented a coupled 
modeling framework that links mesoscale weather and ecological models to 
generate inputs for a physically-based water temperature model for monitoring 
and forecasting river temperatures downstream from facilities. The integrated 
system produces river temperature estimates for every 1 km of river reach at 
15-minute intervals, and can forecast these parameters up to 72 hours. It is 
designed to forecast water temperatures downstream of two different types of 
facilities: 1) dams that selectively release water from thermally stratified 
reservoirs, and 2) power generating stations and industrial plants that use river 
water for once-through cooling. The model should help these facilities to stay 
within the downstream temperature limits imposed by regulatory agencies. The 
model can be applied to the thermal evaluation and management of the 
thousands of rivers impacted worldwide by temperature altering facilities.  

The modeling framework was applied to a water allocation decision support 
system (DSS) for the management of ESA listed salmon species in the 
Sacramento River in California below a hydroelectric dam (Keswick Dam). The 
Sacramento River supports four runs of thermally-sensitive Chinook salmon that 
require cold water for spawning, development, and growth. In the late summer 
and fall, water temperatures in the upper portions of the Sacramento River can 
exceed critical thresholds, which can lead to lethal and sublethal impacts on 
salmon eggs and juveniles. Model accuracy was assessed by comparing predicted 
and observed river temperatures at four gauged compliance points. The model 
accurately predicted water temperatures at these four compliance points on the 
Sacramento River across a wide range of discharge scenarios from Keswick Dam 
(5,000 to 20,000 cubic feet per second).  

Additionally, forecast modeling is the subject of two papers included in this 
proceedings document (see Section 26 and 28).  

Summary 

This paper summarized the developments since 2011 related to regulations and 
stressors on thermal discharge compliance. In the area of temperature regulations 
and guidance, several recent rulings have the potential to impact thermal 
discharge compliance. At the state level, nearly half of states’ thermal standards 
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date back to the 1970s. Two states (Illinios and Oregon) have revised their 
standards in the past few years and Texas standards are undergoing revision. Six 
more states recently reviewed their thermal standards during their triennial 
reviews. Additionally, three states published guidance documents on their 
temperature standards and how to implement them and one state, Indiana, 
published a guidance document on conducting a 316(a) demonstration study. 
Canada also published a guidance document on performing an environmental 
assessment in support of obtaining site-specific thermal standards. 

The power industry continues to encounter stressors on thermal discharge 
compliance. Continuing are water shortages and increasing water temperatures 
due to climate variability are straining the water bodies that receive heated 
effluent. Recent literature discusses these issues and how the power sector needs 
to become more climate resilient as water shortages and elevated water 
temperatures will continue to be a problem in the future. An analysis of trends in 
receiving water temperatures over a 5 year period for power plants using 
freshwater for cooling indicates an average increase of 1.6 °F per year at intakes 
and 1.3 °F per year at outlets. Due to recent litigation, threatened and 
endangered species protection has received more attention in recent years. This is 
a potential stressor for plants with thermal discharges, as our analysis indicates 
that 43 percent of plants have one or more imperiled or ESA listed species 
inhabiting their subwatershed, with 7 percent having greater than four species. 
There are a number of conservation policies available to help facilities manage 
this issue, and there has been some success by power plants using these options. 

Activities related to Clean Water Act Section 316(a) are and will continue to be 
of concern to power plants with thermal discharges. EPRI continues to support 
dissemination of information related to these activities through this and past 
papers [EPRI, 2009; Lew, 2012] which provide an overview of current activities 
related to regulations at the federal and state level and stressors on thermal 
discharge compliance. Further, EPRI also maintains and regularly updates a 
website, eTherm, on issues related to thermal discharges 
(http://www.epri.com/etherm). This site contains information on permits and 
variances, including examples of completed 316(a) studies; state thermal 
standards; thermal plume assessment and modeling; thermal TMDLs; and 
research and emerging issues related to 316(a) such as evaporative losses and 
climate variability. 
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Section 4: The State of Play on 
Section 316(a) 

Kristy A. N. Bulleit 

Hunton & Williams LLP, Washington, DC 

 

Abstract 

Abstract 316(a) variances remain essential to many power plants and other 
facilities that discharge heat. Although EPA’s general regulations governing 
section 316(a) have been in place since interesting legal, procedural, and practical 
continue to arise in specific cases. This presentation will explore issues raised by 
proceedings at a number of power stations, including Merrimack, Vermont 
Yankee, Indian Point, Stuart, and Indian River. 
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THE STATE OF PLAY ON 
§316(a)

What’s In Play

 Two ancillary but important rules (§ 316(b) and 
Waters of the United States)

 Permit renewals are occurring, only a few are far 
along enough to teach anything meaningful
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EPA’s § 316(b) Rule

 EPA’s Final § 316(b) Rule for Cooling Water Intake 
Structures at Existing Facilities and Amend 
Requirements at Phase I Facilities, 79 Fed. Reg. 
48300 (August 14, 2015), effective October 14, 2014

“Closed-cycle Recirculating System” Definition

§ 125.92 (c)
Closed-cycle recirculating system includes a facility 
with wet, dry, or hybrid cooling towers, a system of 
impoundments that are not waters of the United 
States, or any combination thereof ….
AND
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“Closed-cycle Recirculating System” Also 
Includes ….

(2)  Closed-cycle recirculating system also includes a system with 
impoundments of waters of the U.S. where the impoundment was 
constructed prior to October 14, 2014 and created for the purpose of 
serving as part of the cooling water system as documented in the 
project purpose statement for any required Clean Water Act section 
404 permit obtained to construct the impoundment. In the case of an 
impoundment whose construction pre-dated the CWA requirement to 
obtain a section 404 permit, documentation of the project’s purpose 
must be demonstrated to the satisfaction of the Director. This 
documentation could be some other license or permit obtained to 
lawfully construct the impoundment for the purposes of a cooling 
water system, or other such evidence as the Director finds necessary. 
For impoundments constructed in uplands or not in waters of the 
United States, no documentation of a section 404 or other permit is 
required.

Why the § 316(b) Rule’s  CCRS Definition Is 
Important 

 Clear acknowledgement by EPA that waste heat 
treatment systems lawfully created in or by impounding 
“waters of the United States” (“WOTUS”) can continue to 
serve their intended purpose.

 Suggests that impoundments serving as CCRS need not 
be the subject of otherwise applicable technology-based 
or water quality-based determinations, or § 316(a) 
variance demonstrations, because applying such 
requirements would be inconsistent with their use as 
treatment systems.

 Same principles underlying this rule apply to 
impoundments that are not part of a recirculating 
system, but that lawfully created in WOTUS for waste 
heat treatment. 
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Waters of the United States Definition

 EPA/Army Corps of Engineers “Clean Water Rule: 
Definition of “Waters of the United States”; Final 
Rule, 80 Fed. Reg. 37054 (July 29, 2015), effective 
August 28, 2015

 Extremely broad, multi-component definition, with 
limited, specified exceptions, including an exemption 
for certain “waste treatment systems

Waste Treatment System Exclusion from 
WOTUS

 “(2) The following are not ‘‘waters of the United 
States’’ even where they otherwise meet the terms of 
[the definition]. 

(i) Waste treatment systems, including 
treatment ponds or lagoons designed to meet the 
requirements of the Clean Water Act. This exclusion 
applies only to manmade bodies of water which 
neither were originally created in waters of the United 
States (such as disposal area in wetlands) nor resulted 
from the impoundment of waters of the United States. 
[See Note 1 of this section.]”
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WOTUS Preamble Reference to Cooling Ponds

“Cooling ponds created to serve as part of a cooling 
water system with a valid state permit constructed in 
waters of the United States prior to enactment of the 
Clean Water Act and currently excluded from 
jurisdiction remain excluded under the new rule.”
(80 Fed. Reg. 37099)

How CCRS/WOTUS Can Affect § 316(a)

 DP&L’s J. M. Stuart Station (Aberdeen, OH)

 Discharges via lengthy canal  known as “Little Threemile
Creek” to north bank of the Ohio

 Discharge canal built in creek with state permission prior to 
passage of CWA.  But creek  is named in state WQS and 
subject to designated uses

 Question:  Does the “discharge to WOTUS” occur at the 
outfall in the discharge canal or a the point where the canal 
meets the Ohio River?
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J. M. Stuart (contd.)

 EPA persuades state to treat discharge canal as WOTUS, 
threatening to object to a permit that continues status quo  
application at Ohio River discharge

 Company challenges draft permit on this issue, as well as 
application of thermal criteria for the protection of human 
health borrowed from ORSANCO but not adopted  by the state 
pursuant to required procedures.

 Company obtains favorable decision on human health criteria

 EPA withdraws objection to applying limits at Ohio River 

Waste Treatment System vs. WOTUS:  Example

 North Anna Nuclear Generating Station
 Purpose-built waste heat treatment system, constructed with 

state permission prior to passage of the CWA
 In 2008, the Blue Ridge Environmental Defense League, Inc. 

(BREDL) sued the Commonwealth for reissuing VPDES permit 
that failed to imposed thermal limits for discharges into the 
Waste Heat Treatment Facility, which discharges to the Lake 
Anna Reservoir

 In 2012, the Virginia Supreme Court agreed with the Court of 
Appeals, and the  State Water Control Board, that the Waste 
Heat Treatment Facility was not a surface water for which a 
discharge permit is required under state or federal law 
(BREDL v. Commonwealth of Virginia, Jan. 13, 2012) 
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Many Facilities Still Need § 316(a) Variances

 What other legal issues do current permit renewals 
involving variance requests raise?

 Few examples, because many variance issues are 
purely technical, and many permit renewals are still 
moving through the pipeline. 

One Recent Example: Merrimack Station

 PSNH Merrimack Station, Bow, New Hampshire; 
Two units (1960, 1968), 478 MW total

 Discharges to Hooksett Pool (shallow, short, slow 
moving, impounded)

 Draft Permit proposed April 2014
 Fact Sheet and supporting Determination Document 

reflects Region 1 practice of making BPJ technology-
based determination and setting water quality-based 
limit before turning to variance
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Merrimack Station (contd.)

 Draft concludes that burden of persuasion for 
§316(a) variance not met

 EPA produces its own analysis, which focuses on 
potential for thermal impacts, as well as decreases in 
abundance of several indigenous species, increases 
introduced species (e.g., bluegill sunfish) deemed 
more thermally tolerant 

 Rejects facility’s proposed decision criteria (failure to 
reject null hypothesis; no statistically significant 
difference in upstream/downstream populations in 
pool)

Merrimack (cont’d) 

 Some Issues Raised:
 What is the “BIP” or “BIC” for purposes of comparison (EPA 

insists on looking at species present at time station 
commenced operation)

 Does the absence of statistically significant differences 
between effects on organisms collected above and below the 
discharge point show that the discharge is not having any 
appreciable effect (i.e., when is the reference condition not a 
reference condition)

 Importance of changes in rank/relative abundance
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QUESTIONS?
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Cécile Delattre1, Yves Souchon2, Solène Larroudé, and Mathieu Floury, PhD 

1EDF R&D, France 
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Abstract 

The industrial cooling water effects on aquatic communities were in debate at the 
end of the seventies in France, as the present pool of thermal plants was being 
developed. This has generated a lot of research programs on aquatic ecology. In 
the same time, the Fish Water Directive (FWD, 1978) was defined by the 
European Union including thermal standards for freshwater. The recent warming 
period and especially the 2003 climate event have placed again the thermal 
biology at the front of the scene. 

A Working Group on “Thermal releases of power plants” was created in 2006 in 
France including the Ministry of Ecology, the Nuclear Safety Authority (ASN) 
and Electricité de France (EDF). The main objective is to better manage the 
consequences of the heat waves on the power production activity. In this context, 
a new research program in Thermal Ecology was established by EDF R&D and 
IRSTEA to determine the impact of a rise in temperature on aquatic life. 

The research program was based on 5 complementary fields of investigation, of 
increasing complexity:  

1. Updating existing knowledge of the thermal preferences and tolerances of the 
principal freshwater fish species of large western Europe rivers, 

2. Field research on the fish species behavior faced to thermal contrasts 
(behavioral ecology), 



 5-2  

3. Further study of the relationships in geographical distribution of aquatic 
species by means of targeted exploitation of large-scale monitoring data, 
paying particular attention to measured or modeled water temperature data, 

4. Continuation and in-depth data analysis of long-term time series, attempting 
to identify the physical/thermal/chemical-to-biology relationships, 

Further research on the metabolism of aquatic ecosystems, paying particular 
attention to the bacteria, alga and benthic compartments at the base of trophic 
levels.  

In the presentation, we will focus on the main results published of the research 
program in Thermal Ecology.  
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Section 6: Assessment of Thermal 
Discharges as Part of Section 
316(b) Implementation 

Mark Gerath1, and Radhika deSilva2, Ph.D., PE 

1Water Resources, Environmental Consulting & Technology, Inc., 
Boxborough, MA 
2HDR Engineering, Plymouth Meeting, PA 

 

Abstract 

For some facilities, the 316(b) existing facilities rule calls for “Discussion, with 
quantification and monetization, where possible” of any benefits expected from 
reduction in thermal impacts associated with entrainment technologies. The 
NPDES Director may consider this discussion when making a decision regarding 
entrainment BTA. Implementation of the rule may, therefore, increase scrutiny 
of potential thermal impacts and introduce elements of resource economics to 
their evaluation. This presentation will discuss potential risks and opportunities 
of the rule’s requirements within the context of different bases of thermal effluent 
limitations. Strategies for assessment of the impacts will be discussed. 
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Section 7: Implementing Thermal 
Limitations in NPDES Permits: A 
Review of the Past 5 Years 

Sean Ramach 

US EPA Region 5, Chicago, IL 

 

Abstract 

Over the past 5 years, Region 5 has been working with our States to assess 316(a) 
demonstrations in permits and this has led to many permit requirements to 
update the demonstrations. Some of the States in the Region have developed or 
updated regulations and guidance related to thermal discharges and 316(a) 
limitations. Topics to be covered in this presentation are an overview of our 
Regional efforts, discussion of state regulatory changes and guidance for thermal 
discharges within the Region and some examples of updated thermal studies and 
the outcomes at facilities within the Region. 
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Section 8: A Regional Perspective on 
316(b) and Heat Issues 

John Dunn 

U.S. EPA Region 7, Lenexa, KS 

 

Abstract 

The new 316(b) intake rules are getting national attention, but the consideration 
of heat is equally important. Heat limits and 316(a) variances are set on a site-by-
site basis and this doesn’t create the focus of a rulemaking. State standards for 
heat are based on old science and are difficult to implement. Warmer rivers and 
better data collection are documenting more exceedances of state numeric 
criteria. This is pushing the need to reconsider and update 316(a) variance 
demonstrations. We will discuss the factors involved in 316(a) decisions: science, 
engineering, biology, and the regulatory system. 

No slides were used in this presentation. 
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Section 9: North Carolina’s Experience 
with §316(a) Variances and 
Demonstrations 

Bryn H. Tracy 

North Carolina Division of Water Resources, Raleigh, NC  

 

Abstract 

North Carolina’s Division of Water Resources (DWR) is delegated by U.S. EPA 
to issue §316(a) variances to eight power generating facilities and one paper mill 
upon successful completion and defense of Balanced and Indigenous 
Communities (BIC) demonstrations. A majority of these facilities are situated on 
multi-purpose reservoirs where the fish assemblages have been intentionally 
manipulated and unintentionally altered over a period of many decades and 
where it is not always possible to conduct upstream-downstream impact studies. 
Every five years, permitees and DWR reviewers of the demonstrations (including 
NPDES permit writers and staff biologists) have been challenged to determine 
what exactly is a BIC. Closer scrutiny of the demonstrations by U.S. EPA and 
litigants have resulted in increased guidance provided to the permitees and more 
careful review of the BIC and thermal modeling documents by DWR staff. 
Examples of some of the protracted contentious and relatively “uncontentious” 
demonstrations and permit renewals will be given along with more recent 
guidance recommendations. 
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Section 10: Regulatory Effects of 316(b) 
on 316(a) Regarding 
Threatened and Endangered 
Species 

Harriet L. Nash1 and Patrice Ashfield2 

1NOAA’s National Marine Fisheries Service, Silver Spring, MD 
2U.S. Fish and Wildlife Service, Falls Church, VA  

 

Abstract 

The U.S Environmental Protection Agency (EPA) jointly consulted with the 
U.S. Fish and Wildlife Service and the National Marine Fisheries Service 
(Services) pursuant to Section 7 of the Endangered Species Act (ESA) during the 
Clean Water Act 316(b) rulemaking in 2014. On May 19, 2014, EPA finalized 
its rule and the Services issued the final Biological Opinion (Opinion). Both the 
rule and the Opinion state that effects of cooling water discharge on listed species 
and designated critical habitat are within the scope of the rulemaking action 
although the 316(b) rule does not alter the regulatory framework of 316(a). To 
facilitate compliance with the rule and the Opinion, the EPA Regional 
Administrator and/or State Director (Director) should engage in a technical 
assistance process with the Services to allow continued operation of a facility to 
be exempt from the section 9 take prohibitions. The technical assistance process 
allows the Services to review National Pollutant Discharge Elimination System 
(NPDES) permit applications and draft permits and to suggest control measures, 
including monitoring and reporting requirements, to help minimize adverse 
impacts associated with the facility. Although the technical assistance process is 
triggered by requirements in the 316(b) rule and associated Opinion, the review 
may address other aspects of the NPDES permit, including potential effects of 
cooling water discharge. Suggested control measures would be designed to help 
avoid or minimize adverse effects on listed species and designated critical habitat. 
Although the Director is not required to include suggested control measures in a 
NPDES permit, EPA has committed to ensuring implementation of control 



 10-2  

measures deemed necessary by the Services to help reduce impacts to listed 
species and designated critical habitat. The presentation will focus on 
implementation of the technical assistance process as it relates to potential effects 
of cooling water discharges on species and habitat protected by the ESA. 
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Section 11: Habitat Conservation Plan 
(HCP) for the Federally 
Endangered Higgins eye 
(Lampsilis higginsii) and 
Sheepnose (Plethobasus 
cyphyus) to Support Issuance of 
an Incidental Take Permit (ITP) 
Related to Operations of the 
Quad Cities Station (QCS) 

Jeremiah Haas1 and John Petro2 

1Exelon Generation  
2JRP Consulting 

 

Abstract 

On April 19, 2007, Exelon informed the U.S. Environmental Protection Agency 
(USEPA) of its plans to conduct additional fishery and mussel studies to support 
the QCS Alternative Thermal Standard (ATS) Project. The objective was to 
obtain additional fishery and mussel information that, when combined with the 
extensive data and information previously obtained, should be sufficient to assess 
whether alternate thermal limits are appropriate for QCS and, if so, what those 
limits should be. On June 7, 2007, USFWS provided its initial review comments 
on Exelon’s proposed monitoring plan, including comments regarding how 
alternate thermal limits potentially could adversely affect the federally listed 
mussel species.  
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To address USFWS comments, Exelon Generation (Applicant) prepared a 
Habitat Conservation Plan (HCP) to fulfill requirements of Section 10 (a)(1)(B) 
of the Endangered Species Act to address the potential incidental take of the 
Higgins eye and Sheepnose mussel. Directly downstream of the QCS discharge 
is a mussel bed, commonly referred to as the Cordova Mussel Bed, which has 
been designated as one of the essential habitats for the Higgins eye pearlymussel. 

The Habitat Conservation Plan (HCP) describes measures that will be 
implemented by the QCS to minimize and mitigate potential impacts of three 
activities: 1) implementation of an alternate thermal standard, 2) periodic 
maintenance dredging in front of the intake forebay, and 3) the removal of 
Edison Pier. The HCP also describes measures to ensure that elements of the 
HCP are properly implemented. Funding sources for implementation, actions to 
be taken for changed circumstances and unforeseen events, alternatives to the 
proposed project, and other measures required by USFWS were addressed in the 
HCP.  

The Incidental Take Permit (ITP) also authorizes intentional take of higgins eye 
and sheepnose mussels associated with implementation of minimization 
measures (i.e., mussel collection and relocation associated with pre-activity 
surveys, thermal tolerance studies) and mitigation measures. The permit was 
issued on August 16, 2010, and duration of the requested permit is 24 years. 
Many agencies, organizations and individuals were involved in reviewing and 
overseeing environmental matters related to thermal discharges from QCS since 
the plant began operating in 1972. The mussel monitoring program which began 
in 2004 led the USFWS to issue the Station an Incidental Take Permit (ITP) 
backed by a very detailed Habitat Conservation Plan (HCP) to protect 
endangered mussels. 



 11-3  

Slides 

 

 



 11-4  

 

 



 11-5  

 

 



 11-6  

 

 



 11-7  

 

 



 11-8  

 

 



 11-9  

 

 



 11-10  

 

 



 11-11  

 

 



 11-12  

 

 

 



 12-1  

 

Section 12: Development of Thermal 
Benchmarks for Round 
Whitefish Eggs 

P. H. Patrick1, E. Mason1, J. Powell1, J. Parks1, S. Poulton2, and C. L. Fietsch3 

1ARCADIS SENES Canada Inc., Richmond Hill, Ontario, Canada 
2Ontario Power Generation, Environmental Programs, Environmental Support 
and Services, Pickering, Ontario, Canada 

3Bruce Power, Environment Programs, Tiverton, Ontario, Canada 

 

Abstract 

In Canada, Section 34 of the Fisheries Act (R.S.C., 1985, c F-14) states that 
thermal discharges may be defined as a deleterious substance, which may 
constitute a contravention of Act under Section 36(3). Thermal discharges from 
power plants may adversely affect reproduction and growth of fish and other 
aquatic life and therefore studies to determine thermal discharge effects on fish 
and/or fish habitat need to consider both acute exposure and chronic exposure to 
all life stages of fish including embryonic development. 

Whitefish spawn near shore during the late fall and early winter and embryos 
may be susceptible to temperature increases from the discharges of power plants. 
Thus, egg incubation experiments on Round Whitefish (Prosopium 
cylindraceum) and Lake Whitefish (Coregonus clupeaformis) were carried out in 
2011-12 and 2012-13 to determine the effect of non-lethal, fixed and fluctuating 
temperatures on mortality and hatch success. The experiments were carried out 
in a unique lab designed specifically to evaluate temperature effects and using 
natural ambient water from Lake Ontario as a flow-through system. In 2011-12, 
experimental treatments included ambient baseline control conditions as well as 
fixed and fluctuating (variable) temperature increases of 1, 2, 3, and 5 °C above 
ambient baseline conditions. In 2012-13, the experimental treatments also 
included simulations of thermal plume conditions at three power plants. For both 
years of studies and both fish species, survival was high for each experimental 
treatment; however, survival tended to decrease with increased temperatures 
above ambient. Generally, the time window for hatching for all experimental 
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temperature treatments was variable for both species and hatch occurred earlier 
with higher incremental temperature increases, especially during the first year of 
study. Models to predict survival and hatch times for Round Whitefish and Lake 
Whitefish were also developed. 

New thermal benchmarks were developed to address both acute and chronic 
temperature exposure. We have estimated a thermal benchmark for temperature 
increase above ambient for Round Whitefish of 3.7 °C compared to an existing 
benchmark of 3.0 °C. More robust values have also been calculated for maximum 
weekly average temperature (MWAT) exposure which is a measure of the upper 
temperature limit for long-term or chronic exposure. The results for Lake 
Whitefish indicate that they were more tolerant of temperature increases 
compared to Round Whitefish, which is suggestive of a higher thermal 
benchmark. These results are being used to address regulator concerns of thermal 
impacts from discharges from several power plants in Ontario. 
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Section 13: Integrated Approach for 
Understanding Thermal Plume 
Usage by Fish at TVA’s 
Cumberland Fossil Plant: 
Hydroacoustics, Telemetry, and 
Stress Modeling 

Dr. Mark Bevelhimer1, Justin Spaulding2, Dr. Phil Bettoli2, 
Constantin Scherelis3, and Ryan Saylor3 

1Oak Ridge National Laboratory 
2Tennessee Technological University 
3University of Tennessee / Oak Ridge National Laboratory 
 

Abstract 

The primary objective of this study was to quantify plume usage by fish in a 
thermoelectric power plant discharge and use those results to evaluate potential 
health effects and better understand the thermal tolerance of fish in the wild. We 
completed three inter-related tasks to achieve this objective – hydroacoustics 
surveys, tracking of individual fish with temperature tags, and simulation 
modeling of thermal stress experienced by fish that use the plume. These studies 
were conducted at Tennessee Valley Authority’s Cumberland Fossil Plant. 
Hydroacoustics surveys of fish distributions were conducted at six sites in and 
around the plume during warm months when ambient water temperature was 
high and temperatures in the discharge canal exceeded 29 °C. Survey results 
revealed that fish densities were highest at the two sites most affected by the 
discharge plume even during summer months. Temperature-sensitive 
transmitters were surgically implanted or externally attached to 56 fish (20 
largemouth bass, 13 channel catfish, 4 striped bass, 18 smallmouth buffalo, and 1 
blue catfish), of which about 33 were tracked often enough to reveal plume usage 
behavior. Tagged fish of each species spent at least some time in the thermal 
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plume each season, though each species used the heated discharge differently. 
Temperature tolerance data gathered from the literature were used to group the 
25 most abundant species into four temperature guilds. A thermal stress model 
based on laboratory tolerance results used these guilds to predict the amount of 
thermal stress incurred by the species that inhabit the plume or use it 
intermittently. In simulations of exposure to different constant temperatures, 
indefinite exposure without thermal stress could be expected at temperatures up 
to 30 °C for the least tolerant group and up to 35 °C for the most tolerant. 
Simulations of intermittent exposure suggested that the maximum temperature 
tolerated by these species can be higher by 1-2 °C if exposure to the plume is 
limited to a few hours. Although laboratory studies provide a great deal of insight 
into the effects of high temperature on fish, ultimately a truer understanding of 
effects can be gained through the collection and analysis of data collected on wild 
fish in the field. Regulatory standards that are based on a combination of 
laboratory experimentation, field observation, and the latest analytical techniques 
are more likely to strike an even balance between environmental protection and 
the need to efficiently produce affordable energy. 
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Section 14: Population-Level Responses of 
Smallmouth Bass and Sauger to 
Power Plant Thermal 
Discharges: Modeling Spatial 
Distributions, Growth, and 
Survival 

David P. Coulter1, James E. Breck2,3, Cary D. Troy4, Maria S. Sepúlveda1,4, and 
Tomas O. Höök1 

1Department of Forestry and Natural Resources, Purdue University 
2Institute for Fisheries Research, Michigan Department of Natural Resources 
3School of Natural Resources and Environment, University of Michigan 
4Lyles School of Civil Engineering, Purdue University 

 

Abstract 

Thermal discharges are a common component of many waterways that create 
thermally dynamic environments across both space and time. Such thermal 
variability potentially has a strong influence on the physiology, ecological 
interactions, and population trajectories of fishes. While field surveys can provide 
information on spatial distributions and movement patterns of individual fish, 
they generally only provide snapshots of population characteristics, can be limited 
to examining few individuals, and may not be suited for examining growth and 
survival rates. Moreover, it can be difficult to draw conclusions regarding the 
effects of thermal discharges when comparing patterns between thermally 
affected sites and “reference” sites, as other habitat conditions naturally vary 
among locations. To this end, we designed a spatially-explicit, individual-based 
bioenergetics model to evaluate how spatial distributions, growth rates, and 
survival are affected by thermal effluents for two fish species with different 
thermal preferences: smallmouth bass and sauger. The model simulated 
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population-level characteristics for both species over a 5 km section of the Ohio 
River near the Tanners Creek power plant in 2011. We used observed water 
temperatures near the Tanners Creek thermal discharge to calibrate an existing 
thermal model (CORMIX) and predict the three-dimensional thermal plume 
downstream from the plant. Simulated fish made movement decisions by 
evaluating their surrounding habitat conditions and comparing these to recent 
experiences. Prey consumption and growth of each fish species were predicted 
using species-specific bioenergetics models. To evaluate the effects of thermal 
discharges on spatial distributions, growth rates, and survival in both species, we 
compared results from simulations modeling thermal discharge temperatures to 
simulations using ambient temperature. These model results will complement 
field studies that examine fish movements and will provide for a more 
comprehensive understanding of how thermal discharges potentially affect whole 
populations of fish species with differing thermal preferenda. 
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Section 15: Revisiting Avoidance, Sub-
Lethal Response and Field 
Surveys to Assess the Impacts 
of Thermal Discharge 

William H. Eldridge, Ph.D. 

Stroud Water Research Center, Avondale, PA 
Email: weldridge@stroudcenter.org 

 

Abstract 

Thermal discharge can modify the ecosystem in a way that can directly or 
indirectly affect the biological indigenous community, but the combination of 
organismal repair and compensatory mechanisms and ecosystem complexity and 
resilience makes it difficult to predict when harm will occur. Regulators should 
consider the ability of mobile organisms to limit impairment by avoiding the 
thermal plume, but recognize that avoidance behavior is likely to lead to a greater 
impact zone than predicted based upon standard water quality criteria derived 
from laboratory studies. Thermal regimes also need to be regulated to prevent 
reversible or irreversible sub-lethal responses that can affect survival, growth or 
reproduction. A reversible sub-lethal response is of particular concern because it 
signals that the organism has approached its thermal limit for life; that repair 
mechanisms have been overwhelmed; and increases susceptibility to predation 
and secondary stressors. One need going forward is a better understanding of 
behavioral thermoregulation in nature and how avoiding the thermal plume 
affects species and communities. There is also a need to better understand factors 
influencing recolonization of the indigenous biological community following a 
drop in temperature. Regulators should also revisit the use of field surveys of 
Representative Important Species (RIS) to detect if the biological indigenous 
community has been harmed. To provide an accurate impression, the RIS need 
to be selected carefully based upon relevant criteria and not rely too heavily on 
fish. It should also be recognized that dispersal will reduce the power to detect 
impairment when reference sites are connected, and that impairment and the 
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power to detect impairment are inversely related. Alternatives to the RIS 
approach, such as multimetric index of biotic integrity, should be considered. 
Thermal discharge also needs to be integrated into larger discussions of warming 
among surface waters because of the potential for ecosystems to become less 
resilient. 

Introduction 

At the 4th Thermal Ecology Workshop in Cedar Rapids, IA, a spirited 
discussion arose about the impacts of thermal discharge to the biological 
indigenous community. One issue was the importance of behavioral responses to 
elevated temperature, specifically avoidance. In nature, mobile organisms can 
avoid the elevated temperatures in a thermal plume by seeking out thermal 
refugia, but this mechanism for coping with thermal discharge is not explicitly 
considered by regulators during a 316(a) Demonstration or other assessment of 
thermal discharge. By not considering avoidance, the results from some 
laboratory experiments could present an overly conservative view of the risk to 
the indigenous biological community. A second issue was whether sub-lethal 
responses, such as reduced growth, should be considered when assessing thermal 
discharge. The presumption is that the connection between a sub-lethal response 
and the dynamics of the balanced indigenous community is tenuous.  

During the meeting, I responded to these comments by saying that regulators 
should carefully consider the implications of changing the endpoints they use to 
assess the impacts of thermal discharge. I see two main challenges with an 
assessment. Resilience among organisms and ecosystems makes it difficult to 
predict when a disruption to the normal thermal regime will harm the biological 
indigenous community. And even when the community is impacted it may be 
difficult to detect this impact using standard field surveys. I made the comparison 
with stealing a dollar from a bank. The operations at a bank will not be harmed if 
someone steals a dollar, but stealing a dollar is still illegal. The counterpoint was 
made that there is a cost to the bank of investigation and prosecution. A bank 
will not investigate a theft below a certain amount, for example $1000 for check 
fraud. On the other hand, I responded that a teller who steals $5 may be 
investigated reasoning that it is easier to detect and prosecute this theft. The 
parallel with thermal discharge is that disrupting the normal temperature regime 
changes the ecosystem in ways that can harm the community, but harm may not 
be detected by standard surveys. Regulators should take into account not only the 
ability to detect that harm has occurred, but should also consider disruptions that 
pave the way for greater harm to the biological indigenous community. 

Revisiting the type of information used to assess the impacts of thermal effluent 
is important because temperature is one of the critical abiotic factors that shapes 
aquatic communities [Jackson et al., 2001]. Here, I would like take a step back 
and recognize that one challenge inherent in this discussion is how to account for 
resilience. Organisms, species, and ecosystems contain mechanisms at every level 
of organization that buffer against disturbance [Schulte, 2014]. Avoidance is one 
of the initial responses employed by an organism to prevent or limit impairment 
by elevated temperature [Tuomainen and Candolin, 2011]. Reversible sub-lethal 
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responses relate to the temperature at which an organism’s repair and 
compensatory mechanisms are overwhelmed by thermal damage. Thus, 
compensatory mechanisms make it difficult to predict and detect precisely when 
harm to a species has occurred.  

Predictions become even more tenuous when we consider that the effect of 
disturbance on the biological indigenous community will also depend upon the 
conditions and resilience in the surrounding habitat [Gunderson, 2000; Mayer 
and Rietkerk, 2004]. There are growing concerns about warming of surface 
waters due to climate change [Isaak et al., 2012]. Streams, rivers and lakes are 
warming for a variety of other reasons, as well: less shading in the headwaters; 
more reservoirs that restrict flow and increase surface area; lower flow in summer 
due to less storage in snow pack, wetlands, and the groundwater [Hester and 
Doyle, 2011]. As a result, the cooling capacity of surface water is being reduced. 
Rising temperature will also reduce the ability of ecosystems to resist disturbance 
to the normal thermal regime, and more aquatic species may experience 
temperatures near or above their thermal limit. For example, summer fish kills in 
Maryland increase with a rise in temperature [Luckett, 2015]. Thermal discharge 
needs to be integrated into these larger discussions of warming among surface 
waters because of the potential for ecosystems to become less resilient 
[Coulter et al., 2014]. 

I believe that regulators should consider any additional information that could 
improve predictions of the impacts of the thermal discharge. To this end, there 
needs to be a clear understanding of the strengths and limitations of 
compensatory mechanisms that contribute to resilience among the biological 
indigenous community. This paper is not meant to present a comprehensive 
review of those strengths and limitations, rather my intention is to provide some 
additional insight into the framework regulators use to assess the impacts of 
thermal discharge. I also highlight concerns about using field surveys to detect 
when impairment has occurred. 

Should avoidance behavior be considered when assessing 
thermal discharge? 

Water quality criteria for temperature and assessments of thermal discharge have 
typically been based upon temperature limits for survival, growth and 
reproduction derived from laboratory experiments. But in nature, many species 
initially employ behavioral responses to prevent impairment at a temperature well 
below these laboratory derived thermal limits [Tuomainen and Candolin, 2011]. 
Avoidance is a response to elevated temperature in which an organism 
behaviorally thermoregulates by seeking out an alternative habitat. The 
implication is that laboratory derived temperature criteria present a conservative 
estimate of the risk of thermal discharge.  

There is precedence among regulators and managers for recognizing avoidance 
behavior as a mechanism to prevent or limit change to the indigenous biological 
community [Gift, 1977]. For example, non-physical barriers that take advantage 
of an organism’s behavioral response to adverse conditions have been employed 
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in terrestrial and aquatic settings to deter indigenous species from an impact zone 
or to restrict entry of undesirable species [Noatch and Suski, 2012]. Others are 
also coming to this realization. Behavioral responses such as avoidance are 
increasingly recognized as important for potentially limiting detrimental impacts 
of warming due to climate change [Huey and Tewksbury, 2009; Kearney et al., 
2009; Huey et al., 2012].  

There are many limitations to avoidance behavior as a coping strategy. Not all 
organisms will be able to avoid high temperature. Sessile and slow moving 
macroinvertebrates and fish species that are immobile or passively drift during 
the embryo or larval stage may get caught in the plume of a thermal discharge. 
The adults of nest guarding fish species may also be unable to avoid elevated 
temperature during spawning or rearing. For these species and life-stages it will 
be important to determine impacts to organisms that remain within the thermal 
discharge plume and regulate the magnitude and timing of temperature 
disturbance accordingly. 

For mobile species, unfortunately just because they can avoid a thermal discharge 
does not simply mean that there will be no harm. Only a restricted number of 
species exhibit behavioral adaptations that make them thrive in severely disturbed 
environments [Tuomainen and Candolin, 2011]. Therefore, it will be important 
to regulate the magnitude and timing of temperature disturbance to limit 
impairment of mobile species, as well.  

One consideration is the area that will be impacted. Avoidance of thermal 
discharge will alter the community in a subset of the environment. I will call this 
area the avoidance zone. The Clean Water Act already allows for an allocated 
impact zone for areas of non-compliance, also known as a mixing zone [U.S. 
EPA, 1977]. Currently, there are two considerations when delimiting the mixing 
zone, neither of which explicitly relates to avoidance. One is practical: discharge 
is unlikely to meet the criteria at the end of the pipe, therefore a mixing zone is 
unavoidable. The other is biological: based upon laboratory studies, literature 
reviews, modeling or other exercises, the impacts in the mixing zone will not 
appreciably harm the biological community so long as the criteria is met at the 
edge of the mixing zone. Regulators may want to set the boundaries of the 
mixing zone based upon the upper temperature at which avoidance behavior is 
elicited.  

It may be argued that the mixing zone and avoidance zone are separate entities - 
the boundaries of the mixing zone are fixed based upon laboratory derived 
temperature limits for life, whereas the avoidance zone is dynamic based upon a 
behavioral response to natural temporal fluctuations. But it is not clear to me that 
this two zone approach is consistent with existing policy. According to EPA 
(1977), “Receiving water temperatures outside any mixing zone will not be in 
excess of the upper temperature limits for survival, growth, and reproduction, as 
applicable, of any [representative indigenous species] occurring in the receiving 
water.” A temperature that elicits avoidance behavior will alter a species 
distribution; therefore, the avoidance temperature sets the limits for survival, 
growth, and reproduction in nature. In addition, there is a continuum of 
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organismal responses to repair and compensate for thermal disturbance, and 
which responses are active depends upon the temperature and duration of 
exposure [Schulte, 2014]. Laboratory derived temperature criteria relate to the 
temperature at which those repair and compensatory mechanisms are 
overwhelmed by thermal damage. At the other end of the continuum, behavioral 
thermoregulation represents the initial response to elevated temperature. It would 
be more realistic and more protective of the biological indigenous community to 
base upper water quality criteria and assess the impacts of thermal discharge on 
the lowest temperature at which the community is first affected.  

The upper avoidance temperature or thermal preferendum has been determined 
by field and laboratory observations for a number of fish species [Coutant, 1977]. 
For most aquatic species, there is good agreement between the temperature limit 
for life and the temperature that elicits avoidance behavior [Huff et al., 2005; 
Huey et al., 2012]. One concern is that fish occupy a narrower range of 
temperature in nature than predicted by temperature limits derived from 
traditional laboratory studies [Magnuson et al., 1979]. In addition, care should be 
taken when applying criteria across a species range. Behavioral responses depend 
upon the genetically determined reaction norm [Tuomainen and Candolin, 
2011], and within a species there are individual and population level differences 
in the temperature that elicits avoidance behavioral [Huff et al., 2005; Schulte, 
2014]. An individual’s avoidance temperature will also vary depending upon its 
recent thermal history. Care should be taken to ensure that aquatic organisms do 
not avoid a larger area than predicted. 

It will be important to establish that thermal refugia exist nearby for mobile 
organisms, that the adjacent habitat can support the species, and that access will 
be open for both emigration and immigration [Lake et al., 2007]. Other concerns 
that apply to mixing zones in general should also be addressed. For a given 
thermal discharge, a mixing zone based upon avoidance behavior is likely to be 
larger than one based upon laboratory derived temperature limits. It will be 
necessary to determine if the avoidance zone includes critical habitat that was 
previously considered outside of the mixing zone, or if avoidance behavior could 
lead to a breakage of upstream-downstream linkages in streams and rivers. It will 
also be important to assess the effect of reducing a species’ range. The mixing 
zone should be sized appropriately to prevent appreciable harm to the 
community. 

The need going forward will be a better understanding of behavioral 
thermoregulation in nature and how avoiding the thermal plume affects species 
and communities. While it is clear that species avoid temperature that greatly 
exceeds their preferendum [Landsman et al., 2011], at this point it is still an 
assumption that mobile organisms will avoid moderately elevated temperature in 
nature. Other non-physical barriers that take advantage of an organism’s 
behavioral response are not 100% effective [Noatch and Suski, 2012], and fish 
often remain in or enter a temperature that exceeds their preferendum 
[Landsman et al., 2011]. One reason may be that when there is a thermal 
disturbance, temperature becomes a resource for which individuals compete 
[Magnuson, 1991]. Therefore, the decision to avoid a thermal plume will depend 
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not only upon the temperature but also on balancing the benefits and risks of 
leaving a given habitat patch. For example, drifting macroinvertebrates would be 
more susceptible to predation [Brittain and Eikeland, 1988]. In addition, 
according to ideal free distribution theory, when individuals compete for 
resources they will distribute among habitat patches to maximize each 
individual’s benefit [Wildhaber and Lamberson, 2004]. In the absence of 
predation, fish are predicted to distribute among habitat patches that differ in 
temperature and food ability to maximize growth [Hughes and Grand, 2000]. 
But in the presence of predators fish may occupy a less favorable habitat patch in 
order to survive [Abrahams, 2005]. Predation does not appear to be an important 
driver of fish community structure in smaller streams, but it is in larger rivers and 
lakes [Jackson et al., 2001]. Therefore, even though aquatic organisms can avoid 
elevated temperature, they may not.  

There is also a need to better understand the community and ecosystem level 
repercussions of avoidance. Communities are complex entities that include many 
interactions, therefore it is difficult to predict with certainty what components of 
the biological indigenous community will be restored when previously limiting 
water quality conditions improve [Lake et al., 2007]. For example, restoration of 
the community is likely to be non-linear and may depend upon the magnitude 
and duration of thermal disturbance [Mayer and Rietkerk, 2004; Landsman et 
al., 2011]. To improve predictions it will be important to better understand 
factors that influence the timing and completeness of restoration [Sparks et al., 
1990; Paller et al., 2000].  

Human-induced disturbance often decreases the abundance of native species 
while facilitating the spread of invasive species [Rahel and Olden, 2008; van Riel 
et al., 2009]. There is a need to better understand the role of thermal discharge in 
facilitating the spread of invasive species. 

It would also be profitable to determine if aquatic organisms employ other 
behavioral responses to limit the impact of elevated temperature. For example, 
some terrestrial organisms alter the daily and seasonal timing of activity and 
reproduction to limit impacts of elevated temperature [Kearney et al., 2009]. It 
will also be interesting to explore evolution in response to disturbance of the 
normal temperature regime [Clusella-Trullas et al., 2011]. Some studies suggest 
that the capacity to evolve upper thermal limits in nature depends on the type of 
thermal stress experienced [Blackburn et al., 2014].  

Should thermal disturbance that results in a sub-lethal 
response be regulated? 

A sub-lethal response is a modification to normal development; metabolic, 
neurological, or physiological processes; or behavior of an individual that may 
affect reproduction or survival. A sub-lethal response may be positive or negative 
and can be reversible or irreversible. Because temperature is a master controller of 
life among aquatic organisms, modifications to almost any aspect of the 
temperature regime can result in a sub-lethal response. The type and severity of 
the response will depend upon the organism’s prior thermal experience and state 
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of acclimation, the modified temperature regime, and the life-stage, size, sex, 
reproductive status, and health of the organism.  

For this discussion it is important to recognize that the critical issue is not just 
the sub-lethal response but also the temperature regime that causes a sub-lethal 
response. By definition, a temperature regime that causes a negative sub-lethal 
response does not cause immediate mortality, and because the response may be 
temporary one might presume that a sub-lethal temperature disturbance would 
have a small negative effect on population dynamics or on the persistence of the 
biological indigenous community. Therefore, the question is should thermal 
disturbance that results in a sub-lethal response be regulated?  There are a 
number of reasons that temperature regimes should be regulated to avoid 
negative sub-lethal responses, not least of which is that the connection between 
sub-lethal response and survival or reproduction are largely unknown because 
whole life-cycle experiments are rarely if ever conducted. 

A reversible sub-lethal response signals that the organism has approached its 
thermal limit for life. Ecothermic organisms possess an optimum temperature for 
growth and performance, which is usually close to their upper thermal limit for 
life [Huey and Kingsolver, 1989]. At temperature above the optimum protein 
degredation, etc. [Schulte, 2014]. Small amounts of damage may not affect 
performance of the whole organism because fish and aquatic macroinvertebrates 
contain mechanisms to repair or compensate at every level of biological 
organization from the molecular to the whole organism [Schulte, 2014]. A 
moderately elevated temperature can elicit a stress response which is beneficial in 
the short term, and brief exposure to an extreme temperature can make 
individuals more tolerant of future temperature swings, a process called 
temperature hardening [Angilletta, 2009]. In fact, many fish will briefly enter an 
elevated temperature and suffer no appreciable reduction in performance. 
Because of repair and compensatory mechanisms, the thermal limits for life will 
depend upon the temperature and duration of exposure. 

A reversible sub-lethal response signals that repair mechanisms have been 
overwhelmed. Damage that overwhelms the compensatory mechanisms in 
aquatic ectotherms can give rise to reversible negative sub-lethal response 
including a stress response, and erratic movement. Ambient temperature directly 
influence physical ability to perform various activities, such as locomotion 
[Esterhuizen et al., 2014]. Organisms may tolerate temperatures above the 
optimum for some period of time, chronic temperature stress can interfere with 
the ability to osmoregulate or cause an imbalance between metabolic demand and 
oxygen availability [Pörtner and Farrell, 2008; Pörtner and Peck, 2011], but the 
growth rate slows. The sub-lethal response is reversible because returning to a 
cooler temperature restores homeostasis. But as the duration or exposure 
temperature increases the stress response increases and the resistance time before 
mortality occurs is reduced [Beitinger et al., 2000; Pérez-Casanova et al., 2008; 
Pörtner and Peck, 2011; Murchie et al., 2011]. Thus, a reversible sub-lethal 
response is a reliable indicator that the organism has approached its thermal limit 
for life.  
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In addition, a temperature that induces a sub-lethal affect in the laboratory may 
cause a lethal response in the wild. For one thing, a reversible sub-lethal response 
increases susceptibility to predation and secondary stressors. Organisms may 
suffer considerable short-term loss of function such as the ability to repair 
damage, which combined with secondary stressors, makes organisms more 
susceptible to elevated temperature in nature than in the laboratory [Heugens 
et al., 2001; Kassahn et al., 2009; Murchie et al., 2011]. For example, elevated 
temperature often makes contamination more toxic [Cairns et al., 1975; 
Holmstrup et al., 2010]. Fish that experience a warm thermal shock lose 
resistance to predation [Coutant, 1973; Yocom and Edsall, 1974; Tort, 2011]. 
Chronic elevated temperature can affect reproduction, immune response or 
predation resistance [Tort, 2011]. Exposure to high temperature within the 
species’ thermal preferendum can increase stress and mortality in caught and 
released fish [Gale et al., 2013], and increase rates of delayed mortality up to 30 
days after exposure [Davis and Olla, 2001]. Delayed mortality would make it 
difficult to link a death event in nature with the thermal event that was 
responsible.  

As a result of diel temperature fluctuations in nature, organisms may be exposed 
to stressful temperature for only part of the day but impairment can still occur. 
There will be a complex interplay of changing temperature, repair mechanisms 
and acclimation, which makes it difficult to predict precisely how species will be 
affected by disruption to the normal temperature regime. Temperature that is 
stressful or lethal under constant conditions may have little or no effect if 
organisms are exposed only intermittently each day [Dickerson and Vinyard, 
1999; Johnstone and Rahel, 2003; Carveth et al., 2007]. On the other hand, if 
repair mechanisms are not sufficient to completely offset thermal damage, 
intermittent exposure to elevated temperature may result in impairment. For 
example, I used the results of a laboratory study to predict that repair 
mechanisms in White Sucker (Catastomus commersonii) would not be sufficient 
to compensate for intermittent brief exposure to elevated temperature within 24 
hours, and over successive diel cycles impairment would eventually occur 
(Eldridge, personal observation). The number of cycles (resistance time) before 
mortality occurs is also reduced with an increase in the maximum temperature of 
a chronic diel thermal cycle [DeHart, 1974; Carveth et al., 2007]. Others have 
also observed that intermittent exposure to elevated temperature makes 
amphibious species more susceptible to disease [Narayan and Hero, 2014]. 
Therefore, even brief elevated temperature each day can harm the community.  

Prolonged disturbance to the normal temperature regime early in life can also 
give rise to irreversible sub-lethal responses among phenotypically plastic traits, 
which can affect survival or reproduction. Growth and development are 
particularly sensitive to alterations to almost any aspect of the temperature 
profile. Development at warmer temperature below the growth optimum 
temperature reduces size at maturity among most aquatic organisms [Atkinson, 
1995; Forster et al., 2012]. Temperature anomalies during development can also 
give rise to skeletal deformities and bilateral asymmetry [Turner et al., 2007]. 
Although, not a sub-lethal affect per se, modifying the temperature regime 
within the thermal preferenda can also affect species interactions [Hein et al., 



 15-9  

2014]. For example, raising the temperature speeds up predatory activity 
[Abrahams, 2005]. These irreversible responses involve temperatures within the 
thermal preferenda; therefore, organisms are unlikely to enter or remain within 
the thermal discharge and some impact on the community may be unavoidable.  

Detecting harm to the biological indigenous community 

Concerns about impacts of thermal discharge are not limited to just whether they 
will occur, but also whether they can be detected [e.g., Köhler and Triebskorn, 
2013]. The Clean Water Act allows for a variance from water quality criteria for 
existing facilities based upon a 316(a) Demonstration of “absence of prior 
appreciable harm.” When a discharger shows that the characteristics of a 
balanced indigenous community (i.e., diversity, the capacity to sustain itself 
through cyclic seasonal changes, presence of necessary food chain species, and a 
lack of domination by pollution tolerant species) exist. Stated another way, the 
existence of such characteristics prove that the aquatic community has not been 
appreciably harmed. The EPA (1977) recognized the difficulty of evaluating the 
entire community and thus established Representative Important Species (RIS). 
The assumption is that if the RIS are doing well, then the entire community 
should also be doing well.  

The RIS are essentially indicator species, which can be effective for monitoring 
ecosystem health but some important criteria need to be followed when selecting 
the species [Landres et al., 1988; Dufrêne and Legendre, 1997; Dale and Beyeler, 
2001]. The RIS are themselves an approximation of the community and thus 
some uncertainty exists between the response of the RIS and the response of the 
community [Landres et al., 1988]. RIS need to be selected for their ability to 
establish not only if certain conditions are maintained (e.g., recreationally and 
commercially important fish species), but also for their sensitivity to the 
disturbance [Landres et al., 1988]. Use of RIS that are not sensitive to change in 
temperature will prevent detection of impairment [Dale and Beyeler, 2001]. For 
example, many fish species are tolerant of disturbance [Pirhalla, 2004], and the 
fish community may be relatively insensitive to physical or chemical changes in 
the ecosystem or the macroinvertebrate community [Sweeney et al., 2004]. 
Relying too heavily on fish species may obscure impairment to other components 
of the biological indigenous community.  

Using RIS it may also be hard to detect harm at the population or community 
level [e.g., Köhler and Triebskorn, 2013]. Mortality or reduced reproductive 
output following a sub-lethal temperature disturbance may be harder to detect 
visually than a fish kill resulting from an acute thermal shock. Abundance 
(population size) is a poor measure of ecosystem health because it is difficult and 
costly to measure with precision, and naturally variable irrespective of human 
impacts [Karr and Chu, 1999].  

Using reference sites to assess RIS can perform poorly when the impacted and 
reference habitat units are connected because dispersal among habitat units can 
mask impairment. Figure 15-1 presents an extreme example – a simulation of the 
change in the relative abundance of two ideal species that are uniformly 
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distributed among 11 consecutive habitat patches at time but at each subsequent 
time step experience 50% mortality in only the middle unit (unit 6). Survival is 
100% in the other units. There is no reproduction and dispersal and mortality 
occur at each time step. The species on the left is more likely to disperse further 
than the species on the right. These idealized species highlight three important 
points. First, abundance of both species is maintained in unit 6 despite 
continuous rounds of 50% mortality. For the two species, the relative abundance 
in unit 6 after the 20th time step is 53% and 39% of the initial abundance, 
respectively. For comparison, for a species that did not migrate among habitat 
units, the relative abundance would be <0.0001%. Put another way, the 
abundance in the middle unit is up to 5x105 greater because of immigration. 

 

Figure 15-1. A demonstration of the challenge of using the reference site approach 
to detect impairment of two species that move among habitat units. In both figures 
50% mortality occurs at each time step in the middle (habitat unit 6) of 11 
consecutive habitat units that are identical at time 0. An individual’s probability of 
dispersal distance is a discretization of a normal distribution with a mean of 0 and 
standard deviation of 0.9 units for the high dispersal species (left) or 0.6 units for 
the low dispersal species (right). The edge habitat units absorb all emigrants and 
all immigration from the edge units was modified to occur in only one direction. 
Mortality and dispersal occur at each time step and there is no reproduction. 

Second, the abundance in the adjacent units decreases over time despite no 
mortality occurring in these units. For the high dispersing species relative 
abundance is reduced to 59% in the units immediately adjacent to the middle 
unit and 86% in the units on the edges. Dispersal leads to a reduction in 
abundance among the adjacent units because of an excess of emigration: at each 
time step there are more individuals leaving the adjacent units and entering the 
middle unit than leave the middle unit and entering the adjacent units. Because 
abundance decreases over time in all units, it will be difficult to detect 
impairment in the middle unit using the reference site approach when impacted 
and reference habitat units are connected. A higher dispersal rate will lead to 
lower power to detect impairment.  

Third, and most importantly, this simulation shows that detection and harm are 
inversely related. As noted before, the relative abundance in unit 6 was higher for 
the species more likely to disperse further (relative abundance was 53% versus 
39% after the 20th time step), but the relative abundance among all habitat units 
was lower (73.5% vs 78.5%). Higher dispersal led to a greater reduction in total 
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abundance because a larger fraction of the total population entered the middle 
habitat unit and where susceptible to mortality at each time step, but dispersal 
spread the impairment over more habitat units. Therefore, not only will dispersal 
result in less difference in the abundance between the impacted and adjacent 
units, it also will result in a greater reduction in the overall abundance of the 
species.  

With real populations it would be even harder to detect impairment using the 
reference site approach because of natural variability among habitat units and 
dispersal behavior [Karr and Chu, 1999). At a minimum, reference sites need to 
be sufficiently removed to not be compromised by spillover effects of the thermal 
effluent.  

Another limitation of the RIS approach is that the RIS may be insensitive to 
indirect effects of temperature. Disrupting the normal temperature regime may 
indirectly affect the community by modifying some other physical, chemical or 
biological aspect of the ecosystem [Walther et al., 2002]. Alternatives to the RIS 
approach should be considered to generate a more robust assessment of river 
health, for example, multimetric IBI that includes algae, macroinvertebrates and 
fishes [Karr and Chu, 1999; Kovacs et al., 2002].  
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Section 16: Freshwater Mussels as a 
Component of 316(a) 
Demonstrations: Community 
Response to Thermal Effluent 
and Recommendations for 
Future Study Design 

Nathan Badgett and Heidi L. Dunn 

Ecological Specialists, Inc., O’Fallon, MO 

 

Abstract 

Freshwater mussels (unionids) are one of the most imperiled taxa in North 
America. Pollution, modification of riverine systems, and the introduction of 
exotic species have resulted in the decline of many unionid species. As unionids 
gain the attention of state and federal regulatory agencies, they will increasingly 
be included in 316a demonstrations. However, sampling and data analysis 
technique guidelines have not been established, and unionid metric responses to 
thermal effluent are unknown.  

We examined data from 6 different 316a demonstrations we conducted on large 
and medium sized rivers over the past five years and compared community 
metrics (e.g., species richness, diversity, recruitment, mortality) and growth rates 
between reference and affected areas. Affected area communities commonly 
scored as well or better than reference area communities for several community 
metrics. In all 6 demonstrations, thermal effluent did not appear to have 
deleterious effects; however, scoring of affected area community metrics relative 
to reference area metrics was highly dependent upon selection of suitable 
reference areas. Analysis of growth rates was somewhat inconclusive, with no 
significant variation in growth rates observed in most studies. Factors influencing 
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detection of growth rate variation include proximity to the generating plant’s 
outfall, species examined, sample size, and age distribution. We will present 
guidelines for selection of suitable reference areas, sampling techniques to refine 
comparisons between reference and affected areas, and metrics to use in data 
analysis. 
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Section 17: A Retrospective Evaluation of 
Aquatic Life Response 
Predictions to Limiting 
Hydrothermal Conditions: AEP 
Muskingum River Plant 

Robin J. Reash 

American Electric Power, Water & Ecological Resource Section, 
Columbus, OH 

 

Abstract 

AEP’s Muskingum River Plant is located on the lower Muskingum River, 48 km 
upstream of the Ohio River confluence. Plant operation (four once-through 
cooled units with combined capacity 840 MW) began in 1955. The plant was 
retired in 2015 due to projected uneconomical compliance with the CAA MATS 
rulemaking. The original 316(a) variance demonstration was submitted in 1977, 
and Ohio EPA granted the variance in 1980 with no restrictions on unit output. 
In 1979, US EPA Region V remanded previously approved 316(a) variances for 
two once-through cooled facilities on the Wabash River due to inadequate 
discussion of maintenance of the balanced, indigenous community (BIC) during 
extreme low flow, high temperature conditions. Because of this, a supplemental 
316(a) variance document for Muskingum River Plant, focusing on aquatic life 
response during extreme hydrothermal conditions, was submitted to Ohio EPA 
in 1982. This report, using data from field surveys and literature-based thermal 
tolerance values, predicted that the BIC would be maintained considering 
historical flow and water temperature records downstream of the facility. Ohio 
EPA subsequently re-affirmed the approved variance. In 1988, however, extreme 
drought conditions occurred in Ohio and other Midwestern states during June 
through September. Due to high power demand, Muskingum River Plant 
operated all four units at or near capacity for much of the period. Coincidentally, 
Ohio EPA biologists were conducting a comprehensive biological study of the 
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entire Muskingum River. The agency’s results (and limited sampling conducted 
by AEP) indicated a significant, long-term disruption of the BIC due to thermal 
loading; multi-metric community index scores were well below promulgated 
ecoregion-specific biological criteria. The agency revoked the variance in 1990, 
but subsequent negotiations resulted in an approved variance in 1992 with 
thermal loading limitations during certain periods. Fisheries monitoring in 
subsequent low flow, high temperature summers (1993 and 1999) indicated 
attainment of the biological criteria at downstream reaches. Thus, AEP’s 
prediction that the BIC would be maintained during extreme conditions was 
somewhat inaccurate, due in part to the unforeseen duration and magnitude of 
the 1988 drought. In retrospect, voluntary load curtailments during a portion of 
each day should have been implemented to allow a recovery period for aquatic 
life. 
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Section 18: 316(a) Variance Granted: 
A Case Study 

Tom Englert1, Bruce Lippincott1, Jamie You1, Jeremiah Haas2, and John Petro3 

1HDR Engineering, Inc., Mahwah, NJ 
2Exelon  
3JRP Consulting 

Abstract 

The Quad Cities Nuclear Station (QCNS) on the Mississippi River has been 
operating on once-through cooling since 1983. The station discharges heated 
water to the river via a diffuser which enhances dilution and reduces the size of 
the thermal plume. As part of a request for a modification of thermal discharge 
standards at the facility, the owner contracted HDR to study the effects of the 
proposed alternate standard on the indigenous fish community. To perform this 
analysis, HDR developed an innovative biothermal modeling approach that links 
biological parameters (growth, avoidance, thermal mortality) to hydrothermal 
simulations of the plant’s thermal plume under different plant operating 
scenarios. Species-specific temperature tolerance polygons that incorporate 
information on the thermal tolerance regimes for the biological metrics as a 
function of acclimation temperature were developed for four target species 
(walleye, channel catfish, spotfin shiner and largemouth bass). Combining this 
information with hydrothermal modeling results detailing the spatial and 
temporal characteristics of the QCNS thermal plume, the biothermal model 
provides an estimate of effects of the thermal discharge in terms of percentage 
changes in the important biological metrics, thus providing a quantitative 
evaluation of the effect of a proposed alternate standard on the balanced 
indigenous fish community.  

A 316(a) Demonstration supporting the request for a variance that would allow 
an increase in the number of excursion hours (i.e., the number of hours in a year 
that threshold temperatures at the edge of the mixing zone can be exceeded) was 
submitted in 2012. In October 2014, the variance request was granted and the 
State of Illinois announced that they would require that all future 316(a) 
Demonstrations follow the same format and technical approach used in the Quad 
Cities 316(a) Demonstration. 
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Section 19: Section 316(a) Variance 
Demonstration Study for a 
Power Plant in Iowa on the 
Mississippi River 

Gregory L. Howick1 and William Skalitzky2 

1Burns & McDonnell Engineering, Inc., Kansas City, MO 
2Alliant Energy, Madison, WI 

 

Abstract 

The M.L. Kapp Generating Station (KAP) is located on a side channel of the 
Mississippi River south of Clinton, Iowa. Because the side channel conveys only 
25 percent of the river flow and ambient river temperatures now frequently 
approach or exceed the water quality criteria, some of the water quality-based 
effluent limits for temperature set to take effect for KAP in 2018 would be 
unachievable. A study was designed and implemented pursuant to Section 316(a) 
of the Clean Water Act to demonstrate that the operation of KAP to date has 
had no appreciable prior harm on the aquatic community and, therefore, that the 
pending effluent limits were more stringent than necessary to maintain a balance, 
indigenous community. The biological sampling consisted of electrofishing at 
times representative of the months that needed variances, and a one-time 
freshwater mussel survey. The primary study area extended from the outfall to 
3,000 feet downstream and was segmented to account for changes in temperature 
in the thermal discharge plume and the 2,000-foot maximum allowable mixing 
zone length. A 1,000-foot long reference area was located upstream of the outfall 
and on the opposite river bank. Seven metrics indicative of a balanced and 
indigenous community were calculated for each segment in the primary study 
area and scaled to be relative to the metrics in the reference area. A non-
parametric sign-rank test was used to determine if a segment in the primary study 
area was statistically different from the reference area. In addition to 
demonstrating no appreciable prior harm, the study revealed some unexpected 
biological trends in the thermal plume. 
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Section 20: Responses of Fish to Thermal 
Discharges to the Ohio River 

Ron King1, Joe Vondruska1, Elgin Perry1, and Doug Dixon2 

1EA Engineering, Science, and Technology, Inc., PBC, Deerfield, IL 
2Electric Power Research Institute, Palo Alto, CA 

 

Abstract 

Collaborative studies under the Ohio River Ecological Research Program 
(ORERP) of the potential effects of thermal discharges from power plants 
located along the Ohio River have been conducted over the past 40 years in 
response to passage of the §316(a). Long-term participation of several power 
plants in the ORERP since 1990 provides an opportunity to quantitatively assess 
the distribution of fishes in response to thermal discharges. For this presentation, 
we chose 10 plants that were sampled an average of 12 years from 1991 through 
2012 representing a total of 129 years of seasonal “snapshots” of the response of 
the fish community to thermal discharges. We examined upstream and 
downstream differences in electrofishing data from the upstream zones and 
downstream zones at each plant including “impact” and “recovery” zones using 
catch rates of 13 species/species groups and three community measures. This 
analysis demonstrated suitability of a large river like the Ohio River as receiving 
water for thermal discharges from once-through cooling systems. 



 20-2  

Slides 

 

 



 20-3  

 

 



 20-4  

 

 



 20-5  

 

 



 20-6  

 

 



 20-7  

 

 



 20-8  

 

 



 20-9 

 

 



 20-10  

 

 



 20-11  

 

 



 20-12  

 

 



 20-13  

 

 



 20-14  

 

 



 20-15  

 

 



 20-16  

 

 



 21-1  

 

Section 21: Bringing Back Aquatic 
Diversity: The Pigeon River 
Recovery Project 

Joyce Coombs1, J. Larry Wilson1, Jonathon Burr2, Larry Everett2, 
Steven J. Fraley3, and T. R. Russ3 

1University of Tennessee, Department of Forestry, Wildlife and Fisheries 
2Tennessee Department of Environment and Conservation, Water Pollution 
Control, Knoxville, Tennessee 
3North Carolina Wildlife Resources Commission, Division of Inland Fisheries 

 

Abstract 

Beginning in 2001, a cooperative effort was begun to restore aquatic diversity to 
the Pigeon River, once so polluted from chemical, thermal effects from a paper 
mill in Canton, NC, that all mollusks and many fish species were extirpated. In 
the early 1990’s, the mill modernized its processes, drastically improving its 
pollution abatement methods including reduced water usage and thermal 
discharge control. The resulting water quality improvements led to the return of 
some species of fish. Physical barriers reduced avenues for re-colonization and 
functional water quality improvement on biota can be difficult to measure, 
especially when there are multiple, interacting stressors. Volunteers from federal 
and state agencies, industry, and private organizations initiated the Pigeon River 
Recovery Project (PRRP) to begin re-introduction of missing native fish and 
other aquatic species. This decision was based both on the improved water 
quality and the prior success of mollusk re-introductions by the U.S. Geological 
Survey (USGS) and the Tennessee Wildlife Resources Agency (TWRA) into the 
Pigeon River near Newport, TN. Snails were re-introduced (1996, 1999) as a test 
to determine whether they would survive and re-colonize and, if successful, 
would set the stage for future restoration of aquatic species. Approximately two 
dozen species of indigenous fish were identified by the PRRP as potential target 
species to be re-introduced into the river. Initial efforts targeted three darter 
species for relocation in the Tennessee portion of the Pigeon River. Early 
successes in TN led to the expansion of the project upstream into western NC, 
closer to the mill. More than 37,000 individuals representing 21 species of fish 
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and 230,000 snails (six species) have been transplanted from elsewhere in the 
French Broad basin and the upper reaches of the Pigeon River to selected sites 
downstream from the mill in NC and TN. To assess survival of relocated species, 
fluorescent visible implant elastomer (VIE) was used to tag darter species. 
Reproduction was first documented in Gilt Darters in 2003, evidenced by the 
presence of untagged juveniles. Monitoring surveys over the past 10 years have 
documented that six fish species (gilt, bluebreast, and stripetail darters, mountain 
madtom, stargazing minnow and mountain brook lamprey) as well as snails have 
re-colonized 12 miles of the river in TN. As of 2014, the gilt Darter, stripetail 
darter and the mountain brook lamprey have established reproducing 
populations. Of nine transplanted fish species in NC, four shiners (mirror, 
telescope, Tennessee, and silver) and the gilt and banded darters have successfully 
re-established populations in an 18-mile reach of the Pigeon River in NC. 
During the past five years, six species of freshwater mussels have been re-
introduced into the TN reach, and the first freshwater mussel species (Lampsilis 
fasciola) has been re-introduced into the NC reach below the mill. The increase 
in fish diversity has produced an increase in the Index of Biotic Integrity score, a 
means to evaluate the ecological health of a stream. One of the products of this 
improvement has been an increase in the smallmouth bass population, which is 
developing into a trophy recreational fishery. 
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Section 22: Re-visiting the Wabash River 
Fish Community 20 Years after 
a Power Plant’s Retirement 

Greg Seegert1, Ken Cummings1, and Doug Dixon2 

1EA Engineering, Science, and Technology, Inc., PBC, Deerfield, IL 
2Electric Power Research Institute, Palo Alto, CA 

 

Abstract 

This study was conducted to determine how the fish community in the Wabash 
River has changed following the shutdown of the Breed Power Plant in the early 
1990’s. The fish community was sampled by electrofishing at five locations and 
seining at two locations. Three of the five electrofishing locations and one of the 
seining locations are downstream of the former plant site. These locations have 
been sampled periodically over the past 30 years, which allows a robust pre-
shutdown baseline against which we can evaluate the present fish community. 
Sampling was conducted monthly from July through October in 2011, 2012, and 
2013. These collections yielded 87 species with the composition generally being 
similar to before the plant was retired. However, there seems to be a reach-wide 
decline in the number and variety of darters and madtoms. The current dataset 
will be compared to data collected from the same locations during the period 
when the plant and its thermal discharge was operating. The following 
preliminary conclusions have been drawn: 

 In terms of species richness, the fish community has not changed 
appreciably. 

 Electrofishing species richness and catch rates generally have improved but 
this improvement has occurred throughout the study area not just in the 
former downstream area. 

 Conversely, seining species richness has generally declined both upstream 
and downstream of the former plant site. 

 In terms of catch rates and species richness, few locational differences were 
found either during plant operation or following its shutdown. 
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 Principal Component Analysis (PCA) is being conducted to determine 
whether differences in community composition have occurred. The results of 
the PCA will be presented at the Conference. 

Slides 

 



 22-3  

 

 



 22-4  

 

 



 22-5  

 

 



 22-6  

 

 



 22-7  

 

 



 22-8  

 

 



 22-9  

 

 



 22-10  

 

 



 22-11  

 

 



 22-12  

 

 



 22-13  

 

 



 22-14  

 

 



 22-15  

 

 



 22-16  

 

 



 22-17  

 

 



 22-18  

 

 



 22-19  

 

 



 22-20  

 

 

 



 23-1  

 

Section 23: Quantification of Zone of 
Passage for American Shad 
Migration in Conowingo Pond 

Dilip Mathur1, Douglas D. Royer1, Bryan Lees1, Ray A. Bleistine1, 
Chris Avalos1, Kimberly Long2, Robert M. Matty2, Shwet Prakash3, and Edward 
M. Buchak3 
1Normandeau Associates, Inc., Drumore, PA 
2Exelon Generation Company, LLC, Kennett Square, PA 
3Environmental Resources Management (ERM), Inc., Exton, PA 
 

Abstract 

Availability and magnitude of zone of passage for migration of American shad 
(pre-spawned, post-spawned, and juveniles), alosa sapidissima, were delineated 
relative to the thermal discharge of the once-through cooling Peach Bottom 
Atomic Power Station (PBAPS) (approximately 3,350 cfs) in Conowingo Pond 
on the Lower Susquehanna River. We integrated hydrothermal modeling 
outputs with the run timing of shad, avoidance temperature of adult and 
juveniles, and the joint probability of occurrence of these events. The designed 
condenser rise in ambient water temperature (∆T) is 22.0°F and assuming an 
avoidance temperature of ≥ 86°F for both adult and juvenile American Shad, any 
area in the Pond exceeding this temperature was considered an impedance to 
migration; thus, an ambient temperature ≥ 64°F could result in creating an area 
of avoidance. Peak upstream migration of pre-spawned American Shad upstream 
through Conowingo Pond occurs in mid-April to late May (water temperature 
50-70°F) and post-spawned shad emigrate downstream in late May through June 
(water temperature 65-80°F). Peak emigration of juvenile shad through 
Conowingo Pond occurs in October–November at water temperatures between 
50-60°F. The probability of migrating American shad encountering thermal 
plume temperature exceeding 86°F is 0% in April, < 0.1% in May, and 9.2% in 
June. The area of avoidance was calculated to be small. A vast area (water 
temperature < 86°F) exists for unimpeded passage and remains available both for 
upstream and downstream migrants. It was corroborated by results of radio 
telemetry studies; 80-91% of radio-tagged pre-spawned American shad 
successfully migrated past the PBAPS. Estimated travel speed of upstream 
migrants was similar to that reported for other waterbodies.  
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Section 24: Cheaper, Easier, Better Tools 
for Characterizing the Thermal 
Plume Environment 

Nate Jacobson, Jennifer Daley, and Doug Bradley 

LimnoTech, 501 Avis Dr., Ann Arbor, MI 
Email: dbradley@limno.com 

 

Abstract 

Early thermal discharge demonstrations at power plants relied on a range of 
simple to labor-intensive field studies and physical models to develop a case for 
establishing appropriate effluent limits for compliance with section 316(a) of the 
Clean Water Act. We now live in an age where data access, data sharing, and the 
availability of cheaper, easier, and better models, combined with real-time and 
automated monitoring technologies, are changing and advancing these 316(a) 
evaluations. These high-tech advances are improving the methods that can be 
used to evaluate, track, represent, and understand the influences of thermal 
discharges through space and time on receiving waters, their habitats, and 
representative biota. Within the Great Lakes region, many sources of high-
resolution data are free or cheaply available that are ideal for characterizing local 
physical and chemical environments for thermal plume depictions. Inexpensive 
tools can be used in and around the plume environment to quickly capture and 
validate electronically acquired data. Combining these resources into three-
dimensional models can allow examination of plumes in many dimensions and 
can support a more realistic demonstration of thermal discharges, both spatially 
and temporally. This paper will describe some of the available tools, how they are 
linked, their strengths and weaknesses, and data exchange sources and trends that 
could benefit facilities both within and outside the Great Lakes region. 
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Determining Thermal Plume Properties, Dynamics, and 
Potential Impacts 

Section 316(a) of the Clean Water Act permits variances from technology-based 
limits and state water quality standards if a power plant can demonstrate that its 
thermal discharge ensures the “protection and propagation of a balanced, 
indigenous population of shellfish, fish, and wildlife in and on that body of water 
into which the discharge is to be made” [U.S. EPA, 1977]. The State of Indiana 
(http://www.in.gov/idem/files/IWQC_Attachment_7a_316a.pdf) provides a 
helpful regulatory summary of the 316(a) requirements [State of Indiana, n.d.].  

To ensure the protection of the biological community within the receiving waters 
of a discharge, a complete thermal plume evaluation is necessary. Monitoring and 
modeling the thermal plume require extensive information on the plant operating 
conditions and a range of environmental conditions of the receiving water. 
Fortunately, the age of information has led to a proliferation of useful tools and 
data access to support dischargers in characterizing their thermal plume, which is 
a significant improvement over what was available when Section 316(a) was 
initially passed. These advancements have led to several important innovations in 
areas directly applicable to thermal plume characterization such as remote 
sensing, GIS, GPS, and physical modeling. As thermal and environmental 
technologies continue to evolve, dischargers should take advantage of these tools 
to support more cost-effective and robust characterizations of their thermal 
plume environments. Additionally, the increased expectations for transparency 
and public accountability will inevitably lead to dischargers needing to access the 
most up-to-date and sophisticated methods and tools. Accessing these tools will 
require dischargers to be aware of available technologies and be willing to think 
differently about data. While traditional approaches were often expensive and 
inconvenient, new tools and technologies are faster, readily available, and more 
efficient and precise. Taking advantage of these new data tools and 50+ years of 
thermal research allows dischargers to reduce the cost of their thermal plume 
studies while also providing higher-resolution characterizations. Here we will 
present a few of the numerous tools and data sources available to dischargers in 
the Great Lakes region for characterizing their thermal plume environment, 
many of which are also applicable to river and coastal ocean sites. 

Biological Data Sources 

This paper will mainly focus on the physical elements of receiving bodies of 
water; however, it is important to note that there are several tools available that 
could also help characterize the baseline biological community. As an example, 
extensive food web diagrams for the Great Lakes and Lake St. Clair, including 
both native and non-native species, are available through the National Oceanic 
and Atmospheric Administration’s (NOAA) Great Lakes Environmental 
Research Laboratory (GLERL). The diagrams identify several key species in the 
area and how they are connected via producer-consumer and predator-prey 
interactions (http://www.glerl.noaa.gov/res/projects/food_web/food_web.html) 
[GLERL, 2104]. Publications such as these could be useful when defining the 
balanced indigenous community (BIC), representative important species (RIS), 

http://www.in.gov/idem/files/IWQC_Attachment_7a_316a.pdf
http://www.glerl.noaa.gov/res/projects/food_web/food_web.html
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and principal associations of the different trophic levels, which are necessary 
when completing a 316(a) evaluation [U.S. EPA, 1977]. Thus, when discharging 
to the Great Lakes or nearby tributaries, peer-reviewed diagrams or publications 
prepared by neutral experts could be a cost-effective alternative for identifying the 
baseline community. While out of the scope of this discussion, this is just one 
example of the many innovative biological tools and data sources that could help 
to support dischargers in characterizing the biological communities of their 
receiving waters without the need for additional biological surveys.  

Complicating Factors 

As with most environmental studies, confounding factors have the potential to 
complicate 316(a) assessments. For example, both climate change and invasive 
species pose extraordinary ecological challenges to native communities. These 
changes to the native population can often compromise the comparability of past 
316(a) studies on a particular receiving body. If invasive species, such as zebra or 
quagga mussels, enter the target area after the initial 316(a) study was completed, 
the habitat and community structure could look vastly different in the updated 
evaluation. Demonstrating that the change in the community could be due to 
invasive species rather than impacts of the thermal discharge, or that the thermal 
discharge is actually acting to protect native species and exclude invasive species, 
is extremely important. Aquatic invasive species tracking databases that are 
available through organizations like NOAA and the U.S. Geological Survey 
(USGS) can be helpful tools. NOAA’s Great Lakes Aquatic Nonindigenous 
Species Information System (GLANSIS) and USGS’s Nonindigenous Aquatic 
Species (NAS) databases provide information on these species, including current 
status, collection information, point maps, fact sheets, scientific references, and 
animated maps that show their spread through time 
(http://www.glerl.noaa.gov/res/Programs/glansis/glansis.html; 
http://nas.er.usgs.gov/). Additionally, GLERL 
(http://www.glerl.noaa.gov/res/HABs_and_Hypoxia/) and the Great Lakes 
Observing System (GLOS; http://habs.glos.us/map/) provide daily harmful algal 
bloom (HAB) tracking maps and interactive maps of real-time data used to 
monitor conditions for HABs in Lake Erie. Many of these reports and data 
portals are continually updated and can be used along with up-to-date food webs 
to inform the list of RIS for 316(a) compliance.  

Changes in climate have already occurred, are expected to continue in the future, 
and will likely have major impacts on the characteristics of the receiving water 
environment. These changes have the potential to alter the thermal profile of an 
area, making historical records not necessarily representative of what is expected 
in the future. A 2010 EPRI technical report, titled “Water Resource Trends and 
Implications for the Electric Power Industry,” found that general trends of 
increasing water temperature have been observed on regional, state, and basin-
wide scales. These increasing trends have the potential to pose plant efficiency 
challenges and increase the difficulties electric utilities face in complying with 
thermal discharge limits by reducing the quantity and temperature of thermal  

  

http://www.glerl.noaa.gov/res/Programs/glansis/glansis.html
http://nas.er.usgs.gov/
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http://habs.glos.us/map/
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discharge that can be released without negatively impacting the receiving 
environment. The greatest rates of change in temperature and precipitation have 
occurred in the Southeast, Northwest, and Southwest, yet the Great Lakes are 
still very much at risk [EPRI, 2010]. Understanding and incorporating climate 
trends into thermal plume models and studies is one way of preventing the need 
for major and expensive revisions in the future. 

The largest near-term effects of climate change are predicted to be greater 
variability in air temperature and precipitation, which will influence hydrology, 
water temperature, and ultimately the biological community structure and species 
ranges. Future landscape changes can also alter surface and groundwater flow 
volume, timing, magnitude, and quality, leading to decreasing base flows and 
increasing stream temperatures. Fortunately, robust regional-scale climate models 
are becoming more readily available and may be useful when predicting future 
trends in relevant parameters, such as water temperature, precipitation, and water 
level. The most up-to-date information on future global climate predictions can 
be found in the IPCC (Intergovernmental Panel on Climate Change) Climate 
Change reports. IPCC’s 2014 “Synthesis Report” includes future predictions 
from the top climate models for water temperature, precipitation, and water level, 
among other variables (http://ar5-syr.ipcc.ch/) [IPCC, 2014]. NOAA’s Climate 
Prediction Center (http://www.cpc.ncep.noaa.gov/) is the best source for 
products, models, and information on shorter-term climate forecasts. Additional 
sources of information include NOAA’s National Climate Assessment reports 
(http://www.nesdis.noaa.gov/NCADAC/) and regional climate centers, such as 
the Midwestern Regional Climate Center (MRCC; 
http://mrcc.isws.illinois.edu/). These climate models and predictions can be 
valuable resources for planning for future thermal plume complications and 
evaluations. 

Utilizing Increased Data Access 

When characterizing a thermal plume, it is critical to understand the key physical 
components influencing the plume. These factors play a large role in the 
evolution of the plume and include information on local climate, water 
temperature, stratification, currents, depth, and water quality. These baseline 
data are necessary to obtain robust results from the modeling programs that will 
be discussed later (“Modeling Tools” section). Fortunately, there are massive 
amounts of physical data available that can be utilized to help characterize the 
thermal plume environment of many receiving waters. Recent technological 
advancements have led to more user-friendly interfaces, including the creation of 
new data clearinghouses, specifically through organizations like GLOS and its 
coastal ocean counterparts, NOAA, USGS, U.S. Environmental Protection 
Agency (EPA), and the Environmental Systems Research Institute (ESRI), that 
have compiled and organized data from different sources, making it easier to find 
and utilize. The volume and types of data available are increasing by the day due 
to the ease with which they can be uploaded and shared, and the growing 
capacity of data storage and handling devices. Receiving water parameters that  
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are important for characterizing the thermal plume and can be located through 
these sources include: 

 River discharge and water quality 

 Water temperature and thermal structure 

 Water current velocity and direction 

 Water quality, suspended sediment content, and light penetration 

 Ice formation history and properties 

 Wave height and period 

 Water depth (bathymetry) 

 Bottom configuration and roughness [Environment Canada, 2014] 

Below are a few potential sources of these types of environmental data that can 
benefit thermal plume characterizations. 

 GLOS provides a data portal (http://data.glos.us/portal/) of near real-time 
and archived point and satellite observations and model forecasts for the 
Great Lakes. Observations include lake conditions, water levels, wave 
heights, and air and water temperature, among others. GLOS pulls data 
from a variety of sources (Michigan Tech Research Institute, GLERL, etc.) 
and organizes the data into an easy-to-use and visually appealing format that 
is map- and chart-oriented. GLOS data are also available in other formats 
(such as Excel, CSV, TSV, and KML formats) so that they can be utilized in 
models and other programs.  

 The GLOS Point Query tool (http://glos.us/data-tools/point-query-tool-
glcfs) provides access to input data and model outputs for the Great Lakes 
Coastal Forecasting System (GLCFS) model, which calculates waves, 
currents, and temperatures throughout the Great Lakes.  

 The GLOS Data Catalog (http://data.glos.us/datacatalog/) provides a 
centralized location for locating and downloading real-time and historic data 
from GLOS and other data sources, including GLERL, LimnoTech, 
University of Michigan Marine Hydrodynamics Laboratory, National 
Weather Service, and Environment Canada, among others.  

 The Water Quality Portal (http://waterqualitydata.us/), cooperatively 
sponsored by the USGS, EPA, and National Water Quality Monitoring 
Council (NWQMC), integrates publicly available water quality data, 
including biological, chemical, and habitat data. These data come from 
multiple large sources, including the USGS National Water Information 
System (NWIS), EPA Storage and Retrieval (STORET) Data Warehouse, 
and U.S. Department of Agriculture (USDA) and Agricultural Research 
Service (ARS) Sustaining the Earth’s Watersheds Agricultural Research 
Database System (STEWARDS). The portal allows users to customize 
returned results based on location, site parameters, sampling parameters, and 
date. Data can be downloaded in multiple formats, and data can be easily 
uploaded to the portal using a spreadsheet template. The Water Quality 

http://data.glos.us/portal/
http://glos.us/data-tools/point-query-tool-glcfs
http://glos.us/data-tools/point-query-tool-glcfs
http://data.glos.us/datacatalog/
http://waterqualitydata.us/
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Portal also provides links to other portals, including the U.S. Integrated 
Ocean Observing System (IOOS) and regional observing systems 
(http://waterqualitydata.us/other_portal_links/). 

Key Tools and Applications 

In addition to the massive amounts of data that are freely available, many new 
and innovative technologies can be employed to characterize the thermal plume 
environment. These technologies include a variety of measuring, mapping, and 
modeling tools. 

Measuring and Mapping Tools 

Relevant data can be collected through many different methods, with remote 
sensing data being a particularly vital category. Remote sensing is the science of 
gathering data on a land or water surface or subsurface area without being in 
direct physical contact with it [NOAA, 2015a]. Remote sensing has the ability to 
provide surprisingly fine-scale spatial data that is increasingly useful for a 
multitude of water related studies. Relevant applications of remote sensing 
include measuring water surface temperature and mapping water currents. 
Equipment used to capture remote sensing data includes satellites, piloted 
aircraft, balloons, and drones. It should be noted that it can be fairly challenging 
to develop reliable algorithms to translate raw remote sensing data (wavelength 
intensities) into useful units (temperature, chlorophyll concentrations, etc.). With 
that being said, technological advances and the work of many agencies and 
groups (NASA, GLERL, MTRI, etc.) have refined these algorithms and 
allowed remote sensing data to be abundantly available online in many 
downloadable, raw, and processed formats (ESRI Shapefile, ARC ASCII, 
GeoTiff, GEODAS, etc.). Specifically, remote sensing is integral in providing 
the bathymetric and surface water temperature measurements necessary when 
characterizing thermal plumes. In addition to remote sensing tools such as 
LiDAR and thermal infrared imaging, other useful measuring and mapping tools 
include buoys and other autonomous systems, GPS receivers, and GIS platforms. 

LiDAR 

One relevant format of remote sensing data is LiDAR, which uses a pulsed laser 
to measure variable distances to the earth. LiDAR uses pulses of light whereas 
radar uses radio waves. Typically measured from satellites or aircraft, measured 
distances are combined with GPS data to create precise, three-dimensional 
information about the Earth’s surface [NOAA, 2015b]. A lower frequency 
infrared pulse is used to measure land elevation, but it cannot measure under 
water because it reflects off the water surface. For thermal plume 
characterizations, bathymetric LiDAR uses a higher frequency, water-
penetrating green light that can be used to measure the elevation of the lakebed, 
riverbed, or sea floor up to 50 meters deep in clear water [NOAA, n.d.]. The 
resulting bathymetric information is a key component of any thermal plume 
model because the complexity of the ocean or lake floor will impact the water 
currents and degree of thermal mixing. LiDAR allows dense bathymetric data to 

http://waterqualitydata.us/other_portal_links/
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be rapidly and accurately collected over large areas. It can also be used to profile 
water quality in select applications by sensing chlorophyll and other parameters. 
Advantages of LiDAR include its high resolution, accuracies to the nearest 
centimeter, and ability to penetrate water. A potential issue that may arise when 
utilizing LiDAR is that it requires fairly clear water to be effective and is not 
ideal for use when there are high levels of suspended sediments or algal growth. 
NOAA’s Coastal Services Center has prepared a report with an expanded 
introduction to LiDAR that may be helpful to consult 
(https://coast.noaa.gov/digitalcoast/_/pdf/What_is_LiDAR.pdf?redirect=301ocm) 
[NOAA, 2008]. 

LiDAR data and maps are freely available through many sources online, 
including the following:  

 NOAA’s Office of Coastal Management’s Digital Coast web portal 
(http://coast.noaa.gov/digitalcoast/) provides LiDAR data sets for many 
coastal areas. It allows users to add specific layers to a web-based GIS map or 
download the data directly.  

 NOAA’s National Centers for Environmental Information provide general 
bathymetry (http://maps.ngdc.noaa.gov/viewers/bathymetry/) and Great 
Lakes-specific bathymetry 
(https://www.ngdc.noaa.gov/mgg/greatlakes/greatlakes.html) data.  

Thermal Infrared Imaging 

Thermal infrared (TIR) imaging of surface water uses remote sensing equipment 
to measure emitted thermal radiation from the earth’s surface. TIR is especially 
useful in displaying measurements in a spatial format to map temperature 
contours throughout an area, such as a thermal plume in a receiving body of 
water. Once data are processed, TIR is easy to use and much simpler and more 
practical than alternative methods. To obtain the same amount of surface water 
temperature data as TIR with conventional methods, a system of hundreds of 
conventional surface thermometers would need to be precisely installed, 
positioned, and calibrated, and data subsequently downloaded [Sabins, 2007]. 
Additional advantages of TIR include data gathering at multiple spatial scales, 
capturing simultaneous snapshots of the entire thermal landscape, and 
repeatability of measurements [Handcock et al., 2012].  

One major limitation of TIR is that it cannot provide information about the 
thickness of the thermal plume, because it measures heat that is radiated only 
from the surface of the water [Sabins, 2007]. Additional limitations include the 
initial cost to acquire the data, as well as other difficulties in acquiring, 
processing, and interpreting data. The ability to collect data can be impacted by 
cloud cover, timing of satellite passes, or weather conditions that limit aircraft 
operation. It should be noted that TIR cameras can be mounted to fixed 
platforms such as towers or trees, so aircrafts are not always necessary. Handcock 
et al., (2012) provide a more detailed summary of thermal infrared remote 
sensing of water temperature in Chapter 5 of Fluvial Remote Sensing for Science 
and Management. The chapter focuses on riverine habitats, but much of the 

https://coast.noaa.gov/digitalcoast/_/pdf/What_is_LiDAR.pdf?redirect=301ocm
http://coast.noaa.gov/digitalcoast/
http://maps.ngdc.noaa.gov/viewers/bathymetry/
https://www.ngdc.noaa.gov/mgg/greatlakes/greatlakes.html
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information is also applicable to other types of open-water habitats. Of specific 
relevance to thermal modeling is Table 5.1, which compares the data acquisition, 
data processing, and applications of conventional measurements to TIR remote 
sensing (http://faculty.washington.edu/cet6/pub/Handcock_etal_2012.pdf) 
[Handcock et al., 2012].  

Many types of TIR sensors can be used to monitor thermal plume water surface 
temperatures. Specific to thermal plume monitoring, the sensors are required to 
produce images with a fine spatial scale and temporal resolution; otherwise, the 
data will not be specific enough to determine the impacts. Examples of 
appropriate sensors include: 

 Satellite Landsat Thematic Mapper (TM; https://lta.cr.usgs.gov/TM). 

 Satellite Enhanced Thematic Mapper+ (ETM+; 
https://lta.cr.usgs.gov/LETMP). 

 Satellite Operational Land Imager (OLI) and Thermal Infrared Sensor 
(TIRS) (https://lta.cr.usgs.gov/L8; http://landsat.gsfc.nasa.gov/?p=5474). 

 Advanced Very High Resolution Radiometer (AVHRR; 
https://podaac.jpl.nasa.gov/AVHRR-Pathfinder), which are on NOAA 
satellites. 

 NASA Earth Observing System (EOS) Advanced Space-borne Thermal 
Emission and Reflection Radiometer (ASTER; 
https://asterweb.jpl.nasa.gov/) sensors. 

 NASA Earth Observing System (EOS) Moderate Resolution Imaging 
Spectroradiometer (MODIS; http://modis.gsfc.nasa.gov/) sensors, which are 
on the Terra and Aqua spacecrafts. 

 Multi-spectral Thermal Imager (MTI) satellite sensors, which are funded by 
the U.S. Department of Energy 
(https://directory.eoportal.org/web/eoportal/satellite-missions/m/mti) 

 Handheld and tower-mounted thermal cameras from a number of 
manufacturers, including FLIR Systems, Inc. (http://www.flir.com/home/). 

Much of the available TIR imagery comes from the Landsat program, a joint 
initiative between NASA and USGS, which uses satellites to obtain remote 
sensing images of Earth. Free, processed thermal data are available through the 
following sources: 

 NASA Landsat information and data 

- NASA Landsat Science homepage (http://landsat.gsfc.nasa.gov/). 

- Description of how to obtain and use Landsat data 
(http://landsat.gsfc.nasa.gov/?page_id=9). 

- Resources to help use, process, and analyze Landsat data 
(http://landsat.gsfc.nasa.gov/?page_id=2372). 

http://faculty.washington.edu/cet6/pub/Handcock_etal_2012.pdf
https://lta.cr.usgs.gov/TM
https://lta.cr.usgs.gov/LETMP
https://lta.cr.usgs.gov/L8;%20http:/landsat.gsfc.nasa.gov/?p=5474
https://podaac.jpl.nasa.gov/AVHRR-Pathfinder
https://asterweb.jpl.nasa.gov/
http://modis.gsfc.nasa.gov/
https://directory.eoportal.org/web/eoportal/satellite-missions/m/mti
http://www.flir.com/home/
http://landsat.gsfc.nasa.gov/
http://landsat.gsfc.nasa.gov/?page_id=9
http://landsat.gsfc.nasa.gov/?page_id=2372
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- NASA Web-Enabled Landsat Data (WELD): freely available 30-meter 
composited Landsat ETM+ mosaics of the U.S. from 2005 to 2012 on 
different time scales. Data have been processed so that users do not need 
to apply equations and calibrations to the data before viewing 
(http://landsat.gsfc.nasa.gov/?p=8761). 

 USGS Landsat information and data 
(http://landsat.gsfc.nasa.gov/?page_id=2367) 

- General information about Landsat 
(http://pubs.usgs.gov/fs/2012/3072/). 

- LandsatLook Viewer: tool that allows online viewing and download of 
past and present USGS Landsat images (http://landsatlook.usgs.gov/). 

- USGS GloVis: The Global Visualization Viewer: online search and 
order tool for satellite and aerial data (http://glovis.usgs.gov/). 

- USGS Earth Explorer: search tool for Landsat data that allows the user 
to use custom search parameters (http://earthexplorer.usgs.gov/). 

- Orthorectified Landsat Data: A global set of high-quality, high-
resolution, orthorectified satellite images (MSS, TM, and ETM+) from 
Landsats 1-5 and 7 
(http://eros.usgs.gov/#/Find_Data/Products_and_Data_Available/Tri-
Decadal_Global_Landsat_Orthorectified_Overview). 

 The Goddard Earth Sciences Data and Information Services Center (GES 
DISC; http://disc.sci.gsfc.nasa.gov/services) is a distribution point for NASA 
sea surface temperature data. 

There are many published case studies on the utility of thermal images for 
thermal plume studies. Below are a few examples, along with links to the full 
reports. 

 A thermal discharge monitoring methodology was tested in a nuclear power 
plant in Cernavoda, Romania, from 1990 to 2010. The methodology utilized 
satellite remote sensing data as a key tool to detect, map, analyze, and 
monitor the spatio-temporal aspects of the thermal heat discharge. This 
study collected water surface temperature data through satellite Landsat TM 
and ETM+ TIR band 6 and Advanced Space-borne Thermal Emission and 
Reflection Radiometer (ASTER) TIR bands 
(http://www.cge.uevora.pt/GCGW/presentations/173-196-1-RV.pdf) 
[Zoran, 2011]. 

 The spatial and temporal thermal plume signature of warm water was 
monitored for the Younggwang Nuclear Power Station in Korea from 1985 
to 2003. The study utilized TIR data from Landsat and NOAA satellites. 
Very high-resolution radiometer data from these NOAA satellites 
characterized the sea surface temperature in the area, and Landsat-5 and 
Landsat-7 TM data provided more enhanced plume shape, dimension, and 

http://landsat.gsfc.nasa.gov/?p=8761
http://landsat.gsfc.nasa.gov/?page_id=2367
http://pubs.usgs.gov/fs/2012/3072/
http://landsatlook.usgs.gov/
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http://eros.usgs.gov/%23/Find_Data/Products_and_Data_Available/Tri-Decadal_Global_Landsat_Orthorectified_Overview
http://eros.usgs.gov/%23/Find_Data/Products_and_Data_Available/Tri-Decadal_Global_Landsat_Orthorectified_Overview
http://disc.sci.gsfc.nasa.gov/services
http://www.cge.uevora.pt/GCGW/presentations/173-196-1-RV.pdf
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direction of dispersion information (Article available for purchase: 
http://www.sciencedirect.com/science/article/pii/S0141113605000632)  
[Ahn et al., 2006]. 

 The thermal plume was monitored for a nuclear power plant at Kalpakkam, 
on the southeast coast of India, from March to December of 2011. TIR 
images, captured using a FLIR i50 thermal infrared camera from prefixed 
GPS points every morning, were interpolated using the Inverse Distance 
Weight (IDW) method in Arc GIS to generate thermal dispersion maps of 
the plume. Field measurements were simultaneously collected, and a good 
correlation was found between the TIR and field data, which supports the 
use of thermal monitoring as a reliable method for characterizing power plant 
thermal plumes (Article available for purchase: 
http://pubs.rsc.org/en/Content/ArticleLanding/2013/EM/c3em00081h#!div
Abstract) [Muthulakshmi et al., 2013]. 

 A study by Marmorino and Smith (2008) discussed the potential use of 
airborne thermal remote sensing in helping to monitor estuarine dynamics 
and surface currents. This study was completed in response to Hedger et al. 
(2006), which used Airborne Thematic Mapper (ATM) thermal sensors and 
the maximum cross correlation (MCC) velocimetric technique to 
characterize the spatial dynamics of water surface temperature in an estuary 
(http://www.geos.ed.ac.uk/homes/tjm/Hedgeretal07KBayarticle.pdf) 
[Hedger et al., 2007]. Marmorino and Smith found that using airborne 
remote sensing with a correlational-based analysis method can lead to quasi-
stationary thermal mixing zones due to spatial variation in bathymetry, 
current, and bottom-generated turbulence. They also found that TIR 
imagery can be fine-scale enough to identify regions of vertical mixing, which 
can be used to prevent errors in estimates of surface currents (Article 
available for purchase: 
http://www.sciencedirect.com/science/article/pii/S0272771408000516) 
[Marmorino and Smith, 2008]. 

 A study by Alfred Garrett (2001) utilized high-resolution MTI thermal 
imagery and a 3-D hydrodynamic model to analyze the thermal discharges of 
three power plants. Each of the power plants either used a cooling lake, 
ocean discharge, or cooling canals to dissipate the thermal discharge into the 
environment. The case studies presented in the article also displayed the 
importance of local wind speed and direction on the formation of thermal 
plumes (http://sti.srs.gov/fulltext/ms2001549/ms2001549.html) 
[Garrett, 2001]. 

Buoys and Autonomous Systems 

Buoys provide real-time monitoring data for a wide range of uses, including 
research into physical processes of lakes and the coastal ocean, model formulation 
and calibration, water quality monitoring, and weather forecasting [Verhamme, 
2013]. NOAA’s National Data Buoy Center (NDBC; 
http://www.ndbc.noaa.gov/) is a key data source that designs, develops, operates, 
and maintains a large network of buoys and coastal stations that collect remote 

http://www.sciencedirect.com/science/article/pii/S0141113605000632)
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sensing data that can be helpful for thermal plume studies. All buoys in the 
database measure sea surface temperature and wave height, with select buoys also 
measuring water current. The NDBC online database allows users to locate 
buoys on a map and view specific buoy information and data. The database also 
contains data from Integrated Ocean Observing System (IOOS) and National 
Ocean Service (NOS) stations [NOAA, 2012]. Specific to the Great Lakes, the 
Great Lakes Observing System (GLOS) provides access to real-time data from 
buoys through the Great Lakes Nearshore Buoy Network 
(http://greatlakesbuoys.org/), with this data also being available on the larger 
GLOS data portal (http://data.glos.us/portal/). 

Most buoys are typically funded through a variety of public and private sources. 
LimnoTech has deployed a number of buoys in the Great Lakes region which 
provide freely available and real-time data. The following list provides 
information on their Great Lakes-specific buoys: 

 National Weather Service (NWS) presentation, which presents an overview 
of nearshore buoys in Lake Michigan 
(http://www.limno.com/pdfs/Verhamme_LakeMichiganNearshoreBuoys_08
1313.pdf). 

 Summary information on specific buoys that have been deployed in Lake 
Michigan (http://www.limno.com/buoy/). 

 Photos and videos from webcams that are situated on buoys 
(http://www.limnotechdata.com/stations/). 

Additional autonomous systems that can provide relevant, high quality data 
include Autonomous Underwater Vehicles (AUVs)/Gliders 
(http://www.ioos.noaa.gov/glider/welcome.html) and Autonomous Surface 
Vehicles (ASVs; 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.368.8398&rep=rep1&t
ype=pdf). These vehicles are able to travel long distances over long periods of 
time without maintenance and can be used to collect data on water currents, 
water temperature, and other parameters from both surface and deep waters. 
AUVs and ASVs can be equipped with a number of sensors that allow them to 
navigate autonomously and collect data, including depth sensors, sonars, 
thermistors, and conductivity probes. 

Global Positioning Systems 

The Global Positioning System (GPS) is a space-based navigation system that 
most people are probably aware of, yet its importance and usefulness is not always 
appreciated, particularly in aquatic and marine settings. GPS uses satellites to 
provide positioning, navigation, and timing information to anyone with a GPS 
receiver and during any weather condition. The GPS system is composed of 
three segments: a space segment with 24 major satellites; a control segment, 
which contains the stations that control and monitor satellites; and a user 
segment, which consists of GPS receiver equipment.  

http://greatlakesbuoys.org/
http://data.glos.us/portal/
http://www.limno.com/pdfs/Verhamme_LakeMichiganNearshoreBuoys_081313.pdf
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http://www.ioos.noaa.gov/glider/welcome.html)
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.368.8398&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.368.8398&rep=rep1&type=pdf
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Even though GPS is a common technology today, it should be noted that 
continuous upgrades are being made to improve the speed and accuracy of GPS. 
There are many mobile GPS receiver platforms available, including mobile 
phones, laptop computers, and GPS-specific navigation devices like TomTom 
and Garmin brand products. These mobile GPS platforms provide users with a 
method to greatly improve their thermal plume characterization field work by 
accurately marking and storing locations of measurements and transects. The 
U.S. government continues to fund the GPS modernization program, which is 
working to improve GPS performance through new features and satellites 
(http://www.gps.gov/systems/gps/modernization/) [National Coordination 
Office for Space-Based Positioning, Navigation, and Timing, 2014]. Along with 
an increase in the number of uses of GPS, the speed and reliability of GPS units 
are expected to improve in the future with more satellites and better technology. 

Geographic Information Systems 

The geographic information system (GIS) is a key tool for any environmental 
study, allowing the user to visualize, analyze, and interpret geospatial data. GIS is 
continually being improved in response to the mass appeal of the technology and 
the number of sectors that use it. One newer tool from the Environmental 
Systems Research Institute (ESRI) is ArcGIS Online 
(http://www.arcgis.com/features/), which allows users to access and compile GIS 
data on the web from any device, improving ease of access and the ability to share 
data by allowing a user to upload and map data directly from the field. GIS 
platforms for mobile devices allow mobile field GPS data to be accurately and 
rapidly incorporated into GIS mapping and integrated with other forms of data 
(http://www.esri.com/library/brochures/pdfs/arcgis-for-mobile.pdf). For thermal 
plume work, GIS is integral for visualizing water temperature and current data to 
better understand thermal plumes. GIS analysts are capable of using GIS data 
from different sources and formats to create visually pleasing, full-color maps that 
can efficiently communicate the field conditions of a thermal plume.  

Below are a few of the many sites that allow users to browse, search, view, and 
download relevant geospatial data. 

 USGS Maps and GIS Data (http://water.usgs.gov/maps.html). 

 NOAA’s National Weather Service GIS Data Portal 
(http://www.nws.noaa.gov/gis/), Office of Coast Survey GIS page 
(http://www.nauticalcharts.noaa.gov/staff/gisintro.htm), and Lake Level 
Viewer for the Great Lakes (https://coast.noaa.gov/llv/). 

 State of Michigan GIS Open Data 
(http://gis.michigan.opendata.arcgis.com/). 

 International Joint Commission (IJC) Mapping Portal 
(http://ijc.maps.arcgis.com/home/index.html). 

 Environment Canada’s website which provides links to a variety of National 
and Great Lakes-specific data warehouses (https://www.ec.gc.ca/grandslacs-
greatlakes/default.asp?lang=En&n=386031A0-1%23a1). 

http://www.gps.gov/systems/gps/modernization/
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 Google Maps (https://www.google.com/maps), which is commonly used for 
navigation and planning during field studies. 

Modeling Tools 

Another key component of thermal plume characterization studies are numerical 
computer models of the physical environment, which have advanced substantially 
in recent years due to improved codes, an increase in the number of modeling 
studies, and faster computers, among other reasons. Models are used to 
reproduce the natural behavior of a system at a sufficient resolution to analyze 
and visualize its natural and modified actions and processes, and can produce 
both numerical and graphical outputs. For thermal plume modeling, the 
numerical outputs correspond to water temperature and location, whereas the 
visual products tend to be maps or animations with different colors indicating 
temperature gradients. These maps can provide a snapshot in time or can take 
the form of a video that shows temperature changes over time under different 
conditions. The visual products are especially important because they are helpful 
for understanding the spatial extent of a plume and relaying the outcomes to a 
non-expert audience [Environment Canada, 2014]. Additionally, field-collected 
data can be used to calibrate and/or validate the model output, adding to the 
overall degree of certainty in the results. Thus, thermal plume modeling can be a 
key tool for helping with the design of discharge pipe geometry and providing 
evidence to regulators in support of discharge limits. 

Hydrodynamic mixing models generally simulate both the near- and far-field 
aspects of the thermal plume. In the near field close to the discharge point, 
mixing is dominated by the force of the discharge/jet, whereas in the far field the 
ambient water conditions dominate the mixing, causing heat to be lost mostly by 
dilution and direct radiation to the atmosphere. A report by Adams (2008) in 
EPRI’s Second Thermal Ecology and Regulation Workshop Proceedings 
provides a good background on thermal plume modeling and advances that have 
occurred [Adams, 2008]. 

It is important when selecting a model to understand what data are required to 
run the model properly and whether those data already exist or need to be 
collected de novo. The data used to run the model need to address every 
parameter that has the potential to impact the thermal plume. Thermal plumes 
can be influenced by the following key parameters: 

 Effluent characteristics (flow rate, density difference, velocity) 

 Outlet characteristics (location, orientation, shape, size, submergence) 

 Flow dynamics (magnitude, direction, surface waves, turbulence, currents) 

 Stratification and wind-induced upwellings and downwellings 

 Receiving water characteristics (shape, size, roughness, bottom configuration, 
chemistry, color) 

 Biological characteristics (algal blooms, vegetation) 

 Wind (velocity, direction, shear stress, variability) 

https://www.google.com/maps
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 Air temperature and humidity 

 Solar radiation 

In general, the following site-specific baseline data account for the above 
parameters and are required to run a thermal plume model: bathymetry, average 
seasonal current velocity and direction, seasonal water temperature, potential 
summer stratification conditions, and power plant design and operational 
information [Environment Canada, 2014]. Sources discussed earlier in the paper 
should provide access to many of these types of data. 

There are many existing models, especially in the Great Lakes area, which can be 
useful for thermal plume characterizations. Most of these models are scalable and 
readily available through various organizations like the U.S. EPA, NOAA, and 
the U.S. Army Corps of Engineers. Below are descriptions of some of the key 
thermal plume mixing zone models available to dischargers. 

Cornell Mixing Zone Expert System 

The Cornell Mixing Zone Expert System (CORMIX) is one of the most widely 
used mixing zone models. It emphasizes the geometry and dilution characteristics 
of the plume in predicting the mixing characteristics of a thermal discharge into a 
natural body of water [Howick and Larson, 2001]. The types of information 
required for the model include discharge flow rate, air and water temperature, 
current velocity, and depth. Developed by Cornell University, CORMIX is a 
user-friendly model that is supported by the U.S. EPA and has ample help 
information available online (user manual: 
http://water.epa.gov/scitech/datait/models/upload/users.pdf). This model is 
commonly used because it requires relatively few parameters, runs quickly and 
efficiently, does not need to be calibrated, and requires very little computer 
memory space. Additionally, CORMIX is very user friendly, intuitive, and easy 
to navigate. A major advantage of CORMIX is its versatility: it can account for 
interactions of the thermal plume with boundary areas, such as the water surface 
or bottom of the waterbody [Ibershoff, 2015]. CORMIX can be used in areas 
that have well-developed information of ambient currents that advect the cooling 
water away from the discharge point, but this model should not be used within 
an embayment where the currents move towards the shoreline[Environment 
Canada, 2014]. It should also be noted that CORMIX is ideal for near-field 
modeling, but is limited in its ability to model far-field plume phenomena 
[Buvaneshwari et al., 2014]. In addition, it cannot simulate temporal and spatial 
details to the same degree of refinement as EFDC and Delft3D-Flow. Finally, 
CORMIX cannot run multiple scenarios simultaneously and requires a moderate 
fee for a temporary license [Ibershoff, 2015]. More information on CORMIX 
methodology, applications, technical support, training, instruction manuals, and 
software downloads can be found through the CORMIX website 
(http://www.cormix.info/index.php). 

http://water.epa.gov/scitech/datait/models/upload/users.pdf
http://www.cormix.info/index.php
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Visual Plumes 

Similar to CORMIX, Visual Plumes (http://www2.epa.gov/exposure-
assessment-models/visual-plumes) is a Windows-based model system available 
through the U.S. EPA. Visual Plumes can be used to simulate surface water jets 
and plumes and to prepare mixing zone analyses. The model software uses the 
Brooks equations to simulate far-field behavior [U.S. EPA, 2015a]. Visual 
Plumes runs calculations quickly, requires low computer memory space, and is 
user friendly, intuitive, and easy to navigate. Additionally, Visual Plumes has the 
advantage over CORMIX of being able to run multiple batched scenarios 
simultaneously and is a free software package that is sometimes preferred by state 
agencies. Similar to CORMIX, Visual Plumes cannot simulate temporal and 
spatial details to the same degree of refinement as EFDC and Delft3D-Flow. 
Also, Visual Plumes is unable to account for interactions of the plume with 
boundary conditions, unlike CORMIX [Ibershoff, 2015]. Finally, Visual Plumes 
has thorough documentation and instruction manuals available online 
(https://clu-in.org/conf/tio/r10mixingzone_012413/2005-MZcourse-draft.pdf; 
http://www2.epa.gov/sites/production/files/documents/VP-Manual.pdf). 

Open Field Operation and Manipulation 

The Open Field Operation and Manipulation (OpenFOAM) software package 
is a computational fluid dynamics (CFD) package, developed by OpenCFD Ltd. 
at ESI Group, which is capable of modeling thermal plumes 
(http://www.openfoam.com/). It does this by inputting different densities of 
water corresponding to the temperature of the ambient and discharging water. 
Advantages include that it is free, widely used, and open source. Disadvantages 
include that it is relatively complex and has limited documentation available at 
this time [Rutyna, 2015], although training courses are available 
(http://www.openfoam.com/training/index.php). 

Environmental Fluid Dynamics Code 

The Environmental Fluid Dynamics Code (EFDC) is a widely-used, integrated, 
multifunctional hydrodynamic modeling system that can be used to model 
thermal plumes in complex bodies of water in one, two, or three dimensions. The 
model was first developed by Dr. John M. Hamrick at the Virginia Institute of 
Marine Science and was later supported by Tetra Tech, Inc. and the U.S. EPA. 
It can be freely downloaded from the U.S. EPA website 
(http://www2.epa.gov/exposure-assessment-models/efdc), which provides a 
summary of the model software, applications and uses, model history, technical 
support and training, and instructions on how to download the model. EFDC 
represents the physical characteristics of the specific body of water through 
stretched or sigma vertical coordinates, and Cartesian or curvilinear, orthogonal 
horizontal coordinates. It includes a near-field mixing zone model that can be 
dynamically coupled with far-field temperature and salinity variables to model 
the thermal plume. EFDC has previously been used in power plant cooling  

  

http://www2.epa.gov/exposure-assessment-models/visual-plumes
http://www2.epa.gov/exposure-assessment-models/visual-plumes
https://clu-in.org/conf/tio/r10mixingzone_012413/2005-MZcourse-draft.pdf
http://www2.epa.gov/sites/production/files/documents/VP-Manual.pdf
http://www.openfoam.com/
http://www.openfoam.com/training/index.php
http://www2.epa.gov/exposure-assessment-models/efdc
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studies in the Conowingo Reservoir, James River, and Nan Wan Bay, among 
other sites [U.S. EPA, 2015b]. Because of the wide user base of EFDC, a large 
number of additional tools, literature, helpful information, and case studies are 
available online. A major advantage of EFDC is that it is capable of simulating a 
high degree of temporal and spatial detail [Ibershoff, 2015]. Potential weaknesses 
of the model include that it requires considerable computer resources and 
technical expertise in hydrodynamics to be run effectively [GLOS, n.d.]. 

Delft3D-Flow 

Comparable to EFDC in inputs and outputs, Delft3D-Flow is an open source, 
grid-based, one- to three-dimensional hydrodynamic and contaminant transport 
model that uses a curvilinear, boundary-fitted horizontal grid to calculate non-
steady flow and transport [Deltares, n.d.]. This model uses heat flux models 
along with water momentum, continuity, and density equations to simulate the 
transport of heat [Environment Canada, 2014]. Delft3D-Flow is a very powerful 
modeling framework that is capable of simulating a high degree of temporal and 
spatial detail [Ibershoff, 2015]. Although there are not as many guidelines and 
additional tools available online for this package as for EFDC, Delft3D-Flow 
does have user-modified versions available and an online user community page. 
These resources allow users to freely download the source code and manuals and 
provide a space for enhanced collaboration, learning, and support 
(http://oss.deltares.nl/web/delft3d).  

Estuarine Coastal Ocean Modeling System with Sediment 

The Estuarine Coastal Ocean Modeling System with Sediment (ECOMSED) is 
a three-dimensional hydrodynamic and sediment transport model, developed by 
HydroQual, which can be used to simulate a thermal plume. It is derived from 
the original Princeton Ocean Model (POM; 
http://www.ccpo.odu.edu/POMWEB/) and the upgraded Estuarine Coastal 
Ocean Model (ECOM) version for shallow waters. ECOMSED is similar to 
Delft3D-Flow in that it uses an orthogonal curvilinear grid in the horizontal 
plane and sigma-coordinates in the vertical direction [Environment Canada, 
2014]. The orthogonal curvilinear system greatly improves model efficiency in 
irregularly shaped areas and can provide high resolution in desired locations. 
ECOMSED is composed of five modules (hydrodynamic, surface heat flux, 
particle tracking, sediment transport, and wave) designed to work with one 
another within the model framework, allowing the user the ability to select which 
modules they want to use based on applicability to their study. Predictive 
variables in ECOMSED include water temperature, salinity, water surface 
elevation, and the three-dimensional velocity field. The surface, bottom, inflow, 
and outflow boundaries are considered in the model [Cunderlik, 2007]. This 
model is available for download at no cost on the HydroQual website 
(http://www.hydroqual.com/ehst_ecomsed.html). 

http://oss.deltares.nl/web/delft3d
http://www.ccpo.odu.edu/POMWEB/
http://www.hydroqual.com/ehst_ecomsed.html
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THREETOX 

THREETOX 
(https://resy5.iket.kit.edu/RODOS/Documents/Public/HandbookV6 
/Volume3/THREETOX_04.pdf) is a three-dimensional hydrodynamic 
modeling system, developed by Dutch and Ukrainian companies, which can be 
used to predict heat dispersion of a thermal plume. THREETOX uses a three-
dimensional hydrostatic free-surface model to describe the far-field heat 
dispersion and an integral buoyant jet model coupled with a far-field model for 
the near-field. The model pays special attention to the parameters that impact 
heat fluxes between the water-atmosphere and water-sediment interfaces. 
Predictive variables in the THREETOX far-field model include horizontal 
velocity, temperature, salinity, and elevation. A report by Bezhenar et al. (2008) 
in EPRI’s Second Thermal Ecology and Regulation Workshop Proceedings 
further describes the application of THREETOX to predict thermal plume 
mixing and presents several examples of model applications 
(http://www.aquator.nl/files/THREETOX.pdf) [Bezhenar et al., 2008]. A 2005 
report from the Dutch Ministry of Transport, Public Works and Water provides 
potentially valuable information on the advantages, disadvantages, and uses of the 
Delft3D-Flow and THREETOX models, along with a number of case studies 
[Baptist and Uijttewaal, 2005]. In general, the models are very similar and allow 
the user to choose between using a rectilinear or curvilinear grid. One difference 
is that Delft3D-Flow allows the user to choose from five different heat flux 
models whereas THREETOX provides one heat flux model that accounts for all 
the potential fluxes, yet may be lacking in regards to the impact of the 
atmospheric boundary layer [Baptist and Uijttewaal, 2005]. 

Thermal Plume Characterization Case Studies 

Recent thermal plume characterization work by LimnoTech display how these 
different technologies can be combined to make CWA Section 316(a) thermal 
plume characterizations easier, cheaper, and more efficient. In one case, 
LimnoTech was tasked with determining the impact of thermal discharge from a 
coal-fired power plant on Lake Erie by characterizing the size, areal extent, and 
depth of the discharge plume during the summer, winter, and under a range of 
conditions. To accomplish those goals, LimnoTech utilized field measurements, 
remote sensing data, and thermal plume modeling. Landsat satellite 5 and 7 
remote sensing data were used to display the extent of the thermal plume under a 
wide range of conditions. Temperature field monitoring was conducted, tracked 
by GPS, and combined with the remote sensing data to create a robust data set. 
A CORMIX surface discharge model was nested within a lake-wide NOAA 
hydrodynamic model for varying temperature, velocity, and wind conditions to 
determine the maximum potential alongshore and offshore extents of the thermal 
plume. Specifically, the hydrodynamic model was composed of a POM based 
NOAA Great Lakes Coastal Forecasting System (GLCFS; 
http://www.glerl.noaa.gov/pubs/brochures/glcfs.pdf) model. Buoy data were also 
used as an input for the CORMIX model and to validate satellite measurements. 
The model results were compared to relevant water quality standards to 
determine whether the plume would affect aquatic life and designated uses of the 

https://resy5.iket.kit.edu/RODOS/Documents/Public/HandbookV6%20/Volume3/THREETOX_04.pdf
https://resy5.iket.kit.edu/RODOS/Documents/Public/HandbookV6%20/Volume3/THREETOX_04.pdf
http://www.aquator.nl/files/THREETOX.pdf
http://www.glerl.noaa.gov/pubs/brochures/glcfs.pdf
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area. This approach allowed LimnoTech to build a case to help the client 
demonstrate compliance with the state’s mixing zone requirements. A similar 
LimnoTech project for a nuclear power plant on Lake Michigan utilized infrared 
LiDAR bathymetry, the computational fluid dynamics software package 
OpenFOAM, real-time buoy data, and a LimnoTech produced EFDC 
hydrodynamic model (created from the POM based GLCFS model) to 
characterize the thermal plume.  

Conclusion 

With stricter environmental regulations, changing environmental conditions, and 
a call for greater transparency, the power sector is under increased pressure to 
maximize efficiencies in their thermal discharge management and permitting. 
Fortunately, the age of information has provided a number of new data sources, 
tools to collect and manage data, and applications that can be used to spatially 
and temporally simulate thermal plumes in support of permit-driven 
characterizations. New resources include data collection clearinghouses, increased 
data sharing, and several innovations and improvements in measuring, mapping, 
and modeling tools (satellites, drones, LiDAR, TIR, buoys, mobile GIS, 3-D 
models, etc.). When used appropriately, these tools have the ability to save power 
plants time and money and increase the efficiency, accuracy, and precision with 
which they are able to characterize, understand, and communicate details of the 
thermal plume environment. 
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Abstract 

A real-time three dimensional hydrothermal model was developed for Coosa 
River, AL, between Logan Martin Dam and Lay Dam using Environmental 
Fluid Dynamics Code (EFDC) and pre/post processor EFDC_Explorer (EE). 
The model’s external forcing factors include flow releases from Logan Martin 
and Lay Dam, flows from tributaries, power plant withdrawal and temperature 
rise, and atmospheric conditions. The real-time model was calibrated against the 
field measurements of flows, water level, and water temperature. The model was 
developed to serve as a decision-making tool for Alabama Power Company 
(APC) electricity generation and assist in efficient operation of Logan Martin, 
Lay and Plant Gaston in order to meet generation needs while staying in thermal 
compliance at the monitoring buoy below Gaston. An online web interface was 
designed to visualize the results of the real-time EFDC model and provide 
quantitative comparisons to the thermal standard to help in real-time decision 
making. The web interface allows users to perform various scenario analyses that 
help to understand the possible changes in the water temperature in the 
waterbody under different environmental scenarios. 



 25-2  

Introduction 

The Coosa River is in Alabama with primary uses such as recreation, drinking 
water, power generation, agriculture, and timber. Lay Lake in Coosa River is a 
man-made reservoir approximately 47 miles long impounded by one of the 
earliest concrete dams in the US (Figure 25-1). The reservoir is bounded by 
Logan Martin Dam at the upstream end and Lay Dam at the downstream end, 
with installed hydropower capacities of 128 MW and 177 MW, respectively. 
Approximately 22 miles downstream of Logan Martin Dam, Alabama Power 
Company operates the E.C. Gaston coal-fired electricity generating plant. 
Gaston has four units that utilize once through cooling water drawn from a 
tributary of Lay Lake. Thermal structure and hydrodynamics of this lake are 
influenced by the flow release patterns at Logan Martin and Lay dams and 
electricity generation at Plant Gaston. The operation of these generation facilities 
can result in significant seiching within the reservoir.  

 

Figure 25-1 
Map of the Lay Lake, local basins and measurement stations 
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Dynamic Solutions International, LLC (DSI) has been conducting numerical 
modeling and investigations of thermal and hydrodynamics of the lake using the 
Environmental Fluid Dynamics Model (EFDC) [Hamrick, 1992]. This EFDC 
model has been thoroughly calibrated and validated against several years of data. 
The final goal for the model is to provide a system that would serve as a decision-
making tool for APC power generation to assist in determining optimal 
generation schedules for Logan Martin, Lay, and Gaston in order to meet 
generation needs while staying in thermal compliance at the monitoring buoy 
below Gaston. This paper discusses the development of a real-time simulation 
system that reproduces the current conditions in the reservoir and the 
development of a predictive model which helps to understand the response on 
the reservoir if certain generation schedules are implemented. 

Lay Reservoir Hydrothermal Model Setup 

The Lay-thermal model was developed to conduct hydrodynamic and thermal 
analysis of the Lay Reservoir on the Coosa River between Logan Martin and Lay 
Dams using EFDC [Hamrick, 1992] and EFDC_Explorer (EE) [Craig, 2015]. 
EFDC employs a finite-difference method to solve Navier-Stokes equations, 
continuity equation, and transport equations for salt, temperature, water quality 
parameters, turbulent kinetic energy, and macroscale turbulence. The governing 
equations are solved horizontally on a curvilinear, orthogonal grid, and vertically 
on a stretched sigma-grid. Vertical diffusion coefficients for momentum, mass, 
and temperature are determined by the turbulent closure scheme of [Mellor and 
Yamada, 1982; Galperin et al., 1988]. Horizontal mixing coefficients are 
parameterized using a [Smagorinsky, 1963] formulation. 

The Lay-thermal model uses a curvilinear orthogonal grid and was developed 
based on shoreline of the Lay Reservoir. The model includes 9,872 horizontal 
grid cells and eight vertical layers to simulate the vertical temperature 
distribution. The model domain extends approximately 47 miles from Logan 
Martin Dam to Lay Dam. The model used the bathymetry that was compiled 
based on various surveyed data which included sounding data and LiDAR data. 

Boundary Conditions 

Flow and Temperature Boundary Conditions. 

The two major boundaries that control the overall flow structure in the Lay 
reservoir are inflows from Logan Martin and outflows from Lay Dam (Figure 
25-1). These boundaries used 1 minute flow data and 1 minute and 15 minute 
temperature data measured by APC. In addition to the flow releases from dams, 
20 lateral inflows at various sections in the River were included in the model. 
The flow boundary conditions at these 20 locations were estimated based on 
hourly observations of flow at three USGS stations at Vincent, Alpine, and 
Westover using the drainage area ratios. The intake and discharge of cooling 
water for the EC Gaston Steam Plant were simulated using a withdrawal/return 
boundary in EFDC. The withdrawal/return boundary uses the flow and 
temperature rise to represent the flow that is withdrawn into the power plant 
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from intake canal and the temperature rise is the difference between temperature 
at discharge point and intake point. 1 minute operational data of flow related to 
the generated power of the plant are used for these forcings at the cooling water 
intake (GAIC) and discharges for units 1 and 2 (GADCA) and units 3 and 4 
(GADCB).  

Meteorological Forcing. 

The atmospheric parameters required to represent the heat exchange in the 
EFDC model are atmospheric pressure, air temperature, relative humidity, 
rainfall, cloud cover, solar radiation, evaporation, wind speed, and wind direction. 
The meteorological data were obtained from EC Gaston weather station, Shelby 
County Airport, and Birmingham Airport.  

Model Calibration and Results 

Lay Reservoir was initially developed using 2010 data sets and has been 
continuously improved over the years. Details about the model configuration and 
parameters can be found in [Craig et al., 2011]. In the current study, the model 
was recalibrated for periods in 2011 and 2012. The calibration included 
comparison of measured and modeled water surface elevations (WSE) and 
temperature at various locations in the domain. Temperature calibration 
summary at the compliance buoy (Figure 25-1) is shown in Table 25-1. The 
summary of water surface calibration at various locations in model domain is 
presented in Table 25-2. Overall the results of water surface elevation and 
temperature indicate that the Lay Reservoir Hydrothermal model has been well 
calibrated. The calibrated model was then used for predictions of the 
hydrothermal structure in Lay Reservoir. 
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Table 25-1 
Buoy temperature calibration for summer 2010-2012 

Month 
Number of 

days 
RMSE of Daily 
Averaged (°F) 

Monthly Average (°F) Difference 
(Model-Data) (°F) Model Data 

10-Jul 17 0.72 90.68 90.25 0.43 

10-Aug 31 0.33 89.29 89.34 -0.05 

10-Sep 30 0.62 86.01 86.41 -0.40 

11-Jun 30 1.88 86.12 87.04 -0.92 

11-Jul 31 0.85 89.75 89.32 0.43 

11-Aug 31 0.64 89.78 89.50 0.28 

11-Sep 13 0.58 84.88 84.48 0.40 

12-May 24 0.58 79.39 79.49 -0.10 

12-Jun 30 0.51 84.54 84.57 -0.03 

12-Jul 30 0.53 88.88 88.58 0.30 

12-Aug 30 0.49 86.11 85.86 0.25 

All Periods 297 0.82 86.86 86.80 0.02 

 
Table 25-2 
Water surface elevation calibration summary at various locations in 2012  

Location Starting Date Ending Date Pairs RMSE (ft.) Data Avg. (ft.) Model Avg. (ft.) 

Logan May-08-2012 Aug-30-2012 165273 0.79 396.95 396.46 

Lay May-08-2012 Aug-30-2012 165010 0.19 396.01 396.03 

Glover's May-17-2012 Aug-30-2012 151536 0.16 396.12 396.15 

Bowater May-17-2012 Aug-30-2012 133467 0.79 396.72 396.10 

Childersburg May-08-2012 Aug-30-2012 161323 0.33 396.13 396.04 

Gaston May-08-2012 Aug-30-2012 164444 0.10 396.03 396.03 

Overall      941053 0.39 396.33 396.13 
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The continual adjustment of the EFDC model led to excellent results in 
hindcasting temperature, water surface elevation, and flow rates. The high 
accuracy of the results produced by the EFDC model suggested automating this 
process could be of benefit to APC, i.e., using a real-time version of the model to 
predict future temperatures using load and weather forecasts. For this reason, 
APC decided to develop a real-time predictive tool using the Lay Reservoir 
EFDC model as a foundation. 

For the real-time model setup, the model requires real-time data at key boundary 
locations. A number of real-time monitoring stations were added at key 
boundaries and telemetry was established so that the data could be automatically 
accessed for processing in real-time. The data and modeling system are operated 
through a web interface. 

Real-time Prediction System 

Based on the calibrated model described above, DSI developed the real-time 
prediction system to predict the hydrothermal discharges from the Gaston Power 
Plant and overall temperature distribution in the lake. The real-time model 
allows the user to investigate the effects of different release scenarios at Logan 
Martin and Lay Dams on the hydrodynamic and thermal characteristics of the 
Lay Lake. 

There were three steps involved in the overall development of the prediction 
system.  

a. Data collection: To support the program, APC started the real-time 
collection of 48 time series minute data (flow, temperature, elevation) which 
would serve as model input that is updated hourly. 

b. Real-time Model: The model is run hourly with newly collected data. The 
model serves as a continually updated representation of the temperature 
distribution in the reservoir. 

c. Predictive Model and Scenario Analysis: The model uses real-time status as a 
launch point to run various operational scenarios seven days into the future. 
Base Scenario runs three times daily using the most updated unit 
commitment data.  

Development of Real-time Simulation System 

The processes in the real-time modeling system are shown in Figure 25-2. The 
real-time system incorporates the measured real-time data from 48 
stations/sensors, atmospheric data from APC sensor and the online resource 
www.wunderground.com to represent the realistic boundary conditions and 
weather scenarios. The input data is scanned and imported into the database and 
backed up in the archive folder. A Windows® service (i.e., APC service) was 
created to automate the pre/post processing for EFDC model (create *.inp file, 

http://www.wunderground.com/
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run model, extract model output). The user may then extract the data from the 
database using the web portal which handles the visualization process. 
Automated messaging has been implemented to alert the operators of critical 
conditions and other warnings. 

The interaction between server side and client side in the real-time simulation 
system is shown in Figure 25-3. On the server side, the data are managed in SQL 
database. Also on the server side, there are several folders such as incoming, 
input, output, restart, archive, model, and system to store incoming input data, 
output from EFDC model and system application, and scripts, etc. On the client 
side, the workstation folder is created daily that contains files for real-time and 
scenario data. APC services are called when EFDC model is running every hour.  

 System files get *.inp files required for EFDC model from the server.  

 Output files are copied to the server output folder.  

 The restart files are copied to the server restart folder.  

 The EFDC model results are imported into the database.  

 

Figure 25-2 
APC real-time modeling system processes 
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Figure 25-3 
APC real-time modeling system overflow 

Forecast Model Development 

Each hour all of the boundary forcings are updated to the latest incoming data, 
i.e., the real-time existing conditions model. The real-time model is then 
updated with forecasted unit loads, hydro flows, atmospheric data, and reservoir 
inflow temperatures. Three times daily, a “base” scenario is automatically run for 
7 days into the future based on daily APC unit commitments. The user can 
develop customized scenarios to evaluate generation options. These scenarios can 
be created, run, and evaluated through the web interface. 

Figure 25-4 shows the web interface for the APC real-time prediction system. 
The four main features in the web interface are real-time data, real-time model 
performance, scenarios, and administration. This system also includes 
visualization and editing features such as checking the real-time data for model 
input; setting the model scenarios, launching manual EFDC scenarios as well as 
visualization of key model results and data. Figure 25-4 shows the options 
available under the real-time data feature in the system. This allows viewing of 
data inputs for quality control (QC) and troubleshooting. This feature allows 
user to choose the start and end time of data collection based on three different 
time zones (CDT, CST, and UTC). Users may select parameters and locations 
where the data can be plotted and/or downloaded. 
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Figure 25-4 
Web user interface for real-time data 

Real-time Model Performance 

The real-time model performance feature (Figure 25-5) is used to evaluate the 
real-time EFDC model simulation results by comparing model results to the 
real-time measured data sets. The plots and statistics are reported for daily 
averaged data.  

 

Figure 25-5 
Web user interface for real-time model performance  
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Building Scenarios 

Scenarios representing generation at Logan Martin, Lay, and Gaston can be 
constructed for evaluation. Scenario Building is divided into three sub features: 
Load Dispatch Scenario (Build Schemes), Build Scenarios, and Launch 
Scenarios. . The user can build user defined scenarios based on the parameters 
selected by defining the operational schemes as a 24 hour block for each 
parameter. The user can also define generic operational scenarios for weekdays 
and weekends for all parameters based on their pre-defined schemes. Figure 25-6 
shows scenarios that have been built for the analysis. Users can modify and/or list 
scenario parameters and properties such as name, site location, units, minimum / 
maximum / average values. Figure 25-7 shows the scenarios created for different 
Gaston unit load conditions such as minimum load, loading for certain time, 
ramp rate and full load, etc.  

 

Figure 25-6 
Web interface of Real-time prediction system showing scenarios options 
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Figure 25-7 
Management and building parameter scheme 

Analysis of Scenario Runs  

After the scenarios have been built, the forecast system allows the user to analyze 
different scenario runs at the same time. Figure 25-8 shows the comparison of time 
series of observed, modeled, and predicted temperatures for different scenario runs. 
The observed data and real-time predicted series are plotted for the first seven days. 
The recent observed temperatures are compared to the real-time model predictions 
to help the user gauge the accuracy of the model and provide confidence for the 
forecasted temperatures. The second half of the scenario run plots show the seven 
day forecasted temperatures for each of the scenarios runs. This capability of 
analyzing different future scenarios ahead of time allows APC to assess their options 
for operation of Logan Martin Dam, Lay Dam and unit loads for Plant Gaston.  

In the bottom panel of Figure 25-8, the daily average temperature values are 
displayed for the observed data, real-time model results, and scenarios. The 
statistics provided by the system can be directly compared to numeric thermal 
limits to help optimize operations and ensure compliance.  

A study of the past two years of real-time model forecasted results compared to 
what actually occurred was conducted. It was found that the model forecast 
accuracy, as defined by actual temperatures compared to the predicted future 
condition temperatures, decreased by approximately 0.25 °F per day, on average. 
Forecast model accuracy is primarily a function of the forecasted power plant 
loads and meteorology. 

It takes less than two hours to run the 7-day scenario. The real-time prediction 
system utilizes several PCs allowing up to six forecast scenarios to be 
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simultaneously run without degredation of performance. OpenMP is also utilized 
in the EFDC model to allow for more efficient model runs.  

Conclusions 

A real-time hydro-thermal simulation system for Lay Reservoir has been 
successfully developed based on the calibrated eight-layer model. The real-time 
model and forecasting system has been used to investigate the effects of different 
release scenarios at Logan Martin and Lay Dams on the hydrodynamic and 
thermal characteristics of Lay Lake. The real-time system has an array of features 
for managing real-time data, analyzing real-time model performance, building 
operational scenarios, and forecasting operational impacts. The real-time system 
has been demonstrated to be powerful tool for efficient management of unit loads 
and dam releases. This system helps provide best practice for the operation of 
Logan Martin Dam, Lay Dam and Gaston Steam Plant to meet power 
generation needs while staying in compliance with regulatory requirements. 

 
Figure 25-8 
Scenarios analysis of time series of temperature with observed data and model 
results under different scenarios. The columns starting with “R” refer to different 
model runs with different scenarios  

 

Comparison of recent 
model performance 

Various scenarios over 
the next 7 days 
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Abstract 

Forced evaporation (FE) in a receiving water body due to added heat from once-
through cooling for thermal electric generating plants has been studied by 
Electric Power Research Institute [EPRI, 2011] and the United States 
Geological Survey (USGS) [Diehl, 2013]. These approaches are for screening 
level analyses and/or analytical solutions which do not address site specific FE. A 
robust environmental tool to compute site specific FE has been developed using 
the Environmental Fluid Dynamic Code (EFDC) version from Dynamic 
Solution International, LLC, EFDC_DSI. The site specific approach has been 
compared to the analytical solution approach to validate the tool. The 
evaporation computed by both approaches were in good agreement. The FE 
EFDC_DSI tool was then extended to more realistic, though generic, FE 
analysis of a simplified Lower Mississippi River. The impacts on FE due to dams 
was evaluated by comparing the two cases, without dam to with dam river 
domain. Presence of the dam significantly decreased the evaporation rate 
downstream of the dam compared to the river without the dam. It was also found 
that there is a significant range of FE estimates depending on the estimation 
method and parameter selection. 
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Introduction 

Electricity production accounts for one of the largest water usages in the United 
States and worldwide. Water for thermoelectric power is used in generating 
electricity with steam-driven turbine generators. According to the USGS 2005 
water use survey [Kenny et al., 2005], about 201,000 million gallons of water 
each day (mgd) were used to produce electricity (excluding hydroelectric power). 
Surface water was the source for more than 99 percent of total thermoelectric-
power withdrawals in that survey. There are two major types of cooling systems 
in common use in thermoelectric power plants: recirculating cooling systems and 
once-through cooling systems. The processes involved in once-through cooling 
systems are shown in Figure 26-1. Once-through cooling systems, initially the 
most popular and widespread in eastern USA, withdraws the ambient water from 
the intake canal / river and release warmer water into the discharge canal / river. 
Once-through cooling systems return the same amount of water to the 
environment as it is withdrawn. However, the discharged water at a higher 
temperature results in the evaporation from the receiving water body at a rate 
greater than background levels. Forced evaporation is the excess evaporation due 
to increased temperatures in the receiving waters from the discharge of the 
heated water. The use of the term forced evaporation (FE) generally applies to 
the consumptive use of once through cooling systems. 

The objective of this study is to compare the FE computed using various 
empirical formulas to the FE implemented into the EFDC model developed by 
Dynamic Solutions International, LLC (EFDC_DSI) / EFDC_Explorer toolset 
and Electric Power Research Institute’s (EPRI) and USGS FE estimates. A 
methodology and advanced toolset has been developed to help quantify FE in 
once-through cooling water systems for rivers and lakes or cooling ponds. There 
is a significant range of FE estimates depending on the estimation method and 
parameter selection. It is recommended that FE estimates should be based on a 
calibrated thermal model, thus providing the most defensible approach. 
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Figure 26-1 
Diagram of once through cooling systems 

Methodology 

In this paper, the FE method from the EPRI 2D analytical model is compared 
with the EFDC DSI model. Firstly, the equations and methods to compute FE 
using EPRI will be discussed. The EFDC_DSI model is then briefly described 
and the new toolset that has been developed to predict the FE using different 
empirical wind functions will be described. Both the models will then use the 
same data sets and waterbody to predict FE. The new EFDC_DSI FE toolset is 
then applied to a generic representation of the Lower Mississippi River, without 
a dam and with a dam. Finally, the sensitivity of FE due to the empirical wind 
functions will be briefly discussed.  

EPRI 2D Analytical Model 

In rivers, volume of FE is significantly influenced by river flow rate and distance 
covered by river before reaching ocean. The theory behind heat transport in rivers 
has been documented very well in the literature [Edinger and Geyer, 1965; 
[Edinger et al., 1968; EPRI, 2011]. EPRI has developed a methodology for 
once-through cooling systems that use rivers for cooling. The heat transport in a 
river is modeled using a two-dimensional steady-state model including river 
temperature and equilibrium temperature as follows: 

𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝜕𝜕∆𝑇𝑇𝑟𝑟
𝜕𝜕𝜕𝜕

= 𝜀𝜀𝑦𝑦
𝜕𝜕2∆𝑇𝑇𝑟𝑟
𝜕𝜕𝑦𝑦2

− 𝑘𝑘𝑟𝑟∆𝑇𝑇𝑟𝑟 Eq. 26-1 
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where, 

∆Te Triver - Tequilibrium (°F) 
x Longitudinal Distance 
y Lateral Distance (ft) 
Uriver Longitudinal river velocity (ft/s)  
𝜀𝜀𝑦𝑦 Transverse eddy diffusion coefficient (m2/s) 
ke Thermal decay coefficient (1/day) 

In the model, Uriver, 𝜀𝜀𝑦𝑦, and ke were all held constant. In Eq. 26-1, x increases 
towards the downstream i.e., along the river, whereas y increases across the river 
width from the point of withdrawal. 

The thermal decay coefficient is defined in terms of the thermal exchange 
coefficient, ke, such that:  

𝑘𝑘𝑟𝑟 = 𝐾𝐾𝑇𝑇
𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝐶𝐶𝑝𝑝𝑑𝑑𝑚𝑚

  Eq. 26-2 

where, KT is the thermal exchange coefficient; Cp is the specific heat of water at 
constant pressure; ρwater is the water density; and dm is the thermal mixing depth 
in the river.  

According to EPRI, the river is subdivided into small areal zones to compute 
total evaporation rate. For each zone, Triver and ∆Te and evaporation flux Ev are 
computed. The evaporation flux of each zone is then multiplied with surface area 
of the zone to calculate evaporation at each zone. Finally, by summing up the 
evaporation at individual zones, total evaporation rate is calculated. 

The evaporation flux of water, Ev, at each river zone uses latent heat flux of 
evaporation, HE, and an empirical wind speed function. Wind function is 
determined empirically for different types of water bodies. The wind functions 
developed by several researchers that can be used are listed in Table 26-1. The 
value of the wind function varies widely among evaporation equations but it is 
commonly of the form: 
 

 𝑓𝑓(𝑊𝑊) = 𝑎𝑎 + 𝑏𝑏 ∗𝑊𝑊2 + 𝑐𝑐 ∗ 𝑊𝑊2
2  Eq. 26-3 

where: 

W2 Wind speed in m/s at 2 meters above the water, m/s 
a,b,c empirically determined constants based on site conditions 
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Table 26-1 
Wind functions proposed by various researchers that can be used on different 
waterbodies 

Waterbody Source a b c 

Cooling lake Harbeck, 1964 0.0 1.462 0.0 

Cooling lake Ward, 1980 0.0 1.353 0.0 

Cooling ponds Brady and others, 1969 2.47 0.0 0.12 

Big lake Anderson, 1954 0.0 0.92 0.0 

Lake Ryan-Harleman 1974 0.0 3.1 0.0 

River channel Fulford and Sturm, 1984 3.2 0.8 0.0 

Stream Gulliver and Stefan, 1986 2.96 0.64 0.0 

Lake Webster and Sherman, 1995  1.04 1.05 0.0 

Since all rivers evaporate water if the river temperature is greater than its 
equilibrium temperature (Eq. 26-1), Triver has to be solved twice, once with the 
boundary condition set equal to the thermal plume condition and a second time 
with the boundary condition set to the thermal equilibrium temperature. The 
temperature model is solved for all river zones along the length of the river, the 
evaporation rates determined for each river zone, and the difference in the 
evaporation rates recorded as the net evaporation loss, 

𝐸𝐸𝑟𝑟−𝑟𝑟𝑣𝑣𝑣𝑣 = ∑ ∑ (𝐸𝐸𝑟𝑟(𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 𝑝𝑝𝑒𝑒𝑝𝑝𝑒𝑒𝑒𝑒 𝑏𝑏, 𝑐𝑐)𝑟𝑟,𝑗𝑗 − 𝐸𝐸𝑟𝑟(𝐸𝐸𝐸𝐸𝑝𝑝𝐸𝐸𝑒𝑒𝐸𝐸.  𝑏𝑏, 𝑐𝑐)𝑟𝑟,𝑗𝑗)∆𝑋𝑋𝑟𝑟∆𝑌𝑌𝑗𝑗
𝑁𝑁𝑗𝑗
𝑗𝑗

𝑁𝑁𝑖𝑖
𝑟𝑟   Eq. 26-4 

EFDC Numerical Model Approach 

The Environmental Fluid Dynamics Code (EFDC) [Hamrick et al., 1996; 
Hamrick, 1992] is a state-of-the-art hydrodynamic model frequently used to 
simulate aquatic systems in one, two, and three dimensions. EFDC transforms 
the vertically hydrostatic boundary layer form of the turbulent equations of motion 
and utilizes the Boussinesq approximation for variable density results in the 
momentum and continuity equations and the transport equations for salinity and 
temperature. 

In this paper, the EFDC model, as modified by Dynamic Solutions 
International, LLC (EFDC_DSI), is used to conduct the hydrothermal 
simulations and compute evaporation using the user selected evaporation option. 
The FE is then computed using a new set of tools developed in the EFDC_DSI 
pre/post-processor EFDC_Explorer Version 7.3 [Craig et al., 2015]. 
Evaporation was computed for the same water body using two model 
configurations. The first model used thermal discharge and temperature increase 
whereas the second model was without thermal discharge. The reason for 
running two different models is to eliminate the natural evaporation due to 
atmospheric heat exchange processes. After the model runs were made, the area 
weighted evaporation was computed for both models and total water volume 
evaporated for each case was computed. In FE toolset there are various options 
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available for the computation of evaporation as shown in Table 26-1. To 
compute the FE, the EFDC_DSI model is run twice, once with and once without 
the power plant. EFDC_Explorer then utilizes these two model outputs to 
compute the difference, which is the consumption of water from the power plant. 
The equation used to compute is as follows: 

 FE(t) = Vwithplant(t) – Vwithoutplant(t)  Eq. 26-5 

The FE Analysis toolset has been developed and implemented in the 
temperature sub-model in EFDC_DSI as well as EFDC_Explorer. 

Results and Discussion 

Comparison to the EPRI River 

In the 2011 EPRI report, a simplified river channel with length of 1000 km, 
width of 1300 m and depth of 60 m (termed the EPRI River) was used to 
compute FE with the analytical equation (Eq. 26-1). The river domain used by 
EPRI model to represent a large river in the Southeast is shown in Figure 26-2 
and further defined in Table 26-2. An equivalent EFDC_DSI model was 
configured identical to the analytical model for the river domain. The FE results 
computed by EPRI method and EFDC_DSI were then compared. 

The river domain used a 1,100 MW coal-fired power plant with an estimated 
cooling water flow rate of 520 cfs. The average velocity of the river is 3.57 cm/s 
and temperature rise for the power plant cooling water return was 8.67 °C. The 
EPRI model is set to one vertical layer. The EFDC Model was also configured 
to match the exact dimensions used by the EPRI 2D model with a 200 km 
extended domain downstream to eliminate any potential boundary effects. The 
EFDC model used 1330 cells in I – direction (i.e., along the river) and 13 cells in 
J direction. The EFDC_DSI model was configured as a single vertical depth 
averaged layer for direct comparison to the EPRI results. The EFDC_DSI 
model was also configured with five vertical layers to allow for three-dimensional 
flows due to temperature stratification. The EFDC model was run for both the 
August Day and August Night cases. Because of the extremely slow velocities, 
EFDC_DSI has to be run for an extended period to achieve steady state 
conditions for comparing to the analytical model results. 

Using environmental variables representative of a “typical” August daytime and 
nighttime, the FE using 2D EPRI analytical model was computed (Table 26-2). 
These results shows a range of FE estimates for daytime and nighttime 
conditions from 150 to 295 gallons/MW-hr of electricity produced. 

The EFDC model was run until the model reached steady state conditions. In 
order to understand the vertical and horizontal variation of temperatures, the 
longitudinal profile of temperature from layer 1 (bottom) to layer 5 (top) of the 
3D EFDC_DSI model is shown in Figure 26-3. While there is not much vertical 
stratification due to the flows and mixing at the diffuser, the river still does not 
reach a completely mixed state until 200 km below the discharge. Due to the very 
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small temperature rise in the river (~0.03 °C) the river takes a very long time to 
reach background temperatures, approximately 365 days. This suggests that a 
steady state approach to may not be the best approach to determine a site specific 
FE estimate. 

 

Figure 26-2 
EPRI Model configuration of EPRI River 

Table 26-2 
EPRI Model input parameters / result 

Parameter August Day August Night 

River Temperature[°C] 31.11 31.11 

Air Temperature[°C] 29.44 18.33 

Cloud Cover [0 - 1.0] 0.1 0.1 

Relative Humidity [0 - 1.0] 0.9 0.5 

Wind speed [m/s] 3.576 0.894 

River Flow [m3/s] 2,781.3 2,781.3 

Power Plant Intake [m3/s] 14.73 14.73 

Power [MW] coal 1,100 1,100 

Percent energy transmitted as electricity [%] 38 38 

Percent energy dissipated to cooling water [%] 48 48 

Cooling Water [m3/s] 14.72 14.72 

Temperature Rise [°C] 8.67 8.67 

Results   

Forced Evaporation Rate [gal/MW-hr] 295 150 

Forced Evaporation Rate [L/hr/KW] 1.12 0.57 

Forced Evaporation Rate [mm/day] 0.02275 0.01159 

1000 km 

1300 m
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Figure 26-4 shows that the FE (0.022 mm/day) computed by both the EPRI 
model and the EFDC_DSI model is nearly the same after 1000 km. The FE 
shown was computed by summing the incremental area from the discharge to the 
distance shown on the X axis. The matching of the EFDC_DSI FE results to 
the 2D analytical model results demonstrates that the EFDC_DSI 
computational tool as well as the FE toolset in EFDC_Explorer provide a valid 
methodology for conducting FE analyses. 

Application to the Simplified Lower Mississippi River 

Using the validated FE toolset, the work was extended to consider FE on a 
simplified Lower Mississippi River (LMR) with a similar configuration to the 
EPRI River but with river velocity and depth more representative of the LMR 
near Vicksburg MS (USGS). 

 

Figure 26-3 
Temperature variation along the EPRI River 
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Figure 26-4 
Forced evaporation result comparison between the 2D EPRI Model and 3D EFDC 
Model 

Table 26-3 
Simplified lower Mississippi River configuration 

River Configuration Power Plant 

Length 
(km) 

Width 
(m) 

Depth 
(m) 

Flow 
(cms) 

Flow 
(cms) 

Temp Rise 
(°C) 

1000 548.6 6.1 2,781.3 14.72 8.67 

Figure 26-5 shows the plan view of the EFDC model bathymetry used for 
simplified LMR. Also shown on Figure 26-5 is the model domain for the “with 
dam” run of river configuration. Model runs were made with and without dam to 
evaluate the potential impact of dam on FE.  

Both with dam and without dam models were run with and without the power 
plant discharge. The with plant models used the EFDC withdrawal and return 
(WR) boundary condition to represent the power plant withdrawal and 
temperature rise. 
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Figure 26-5 
EFDC Model bathymetry for Lower Mississippi River without and with Dam 

As can be seen in Figure 26-6, the rate of FE varies significantly along the river 
length as well as between the with dam and without dam cases. While the with 
dam FE rates are long upstream of the dam (150 km) the surface area is almost 
three times as large, resulting in most of the FE occurring sooner and closer to 
the plant discharge. The impact of the dam on FE can be seen even well below 
the dam.  

 

Figure 26-6 
Difference in forced evaporation rate along the Lower Mississippi River – with and 
without Dam scenarios 
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Volumetric Summary of Forced Evaporation 

The differences is volumetric rates of forced evaporation computed for the two 
cases of with and without the dam, are summarized in Table 26-4. Within the 
reservoir region, the with dam case had more than twice the FE volumetric flow 
rate (8,917 m3/s) than the riverine case (4,330 m3/s). However, the total FE rates 
for the entire LMR region were close to the same for both scenarios.  

Table 26-4 also shows the FE rates for the EPRI River domain using two 
methodologies, the EPRI 2D analytical model and the USGS developed 
spreadsheet for FE [FEWS, Diehl, 2013]. These two methods provide almost 
the same FE estimates for EPRI River domain. However, when compared to a 
more representative river conditions, as those used for the LMR, the estimated 
FE for the same power plant conditions are significantly lower. 

Table 26-4 
Summary of forced evaporation volumetric rates 

Area of Interest   FE Volumetric Rates 

 Area 
(Acres) 

Rate 
(mm/day) 

m3/day MGD gal/min ft3/s 

Simplified River 

  Entire Domain 163,130 0.029 19,100 5.04 3,503 7.8 

  Reservoir Region 20,562 0.052 4,330 1.14 794 1.8 

Simplified River with Dam  

  Entire Domain 190,311 0.026 20,350 5.37 3,733 8.3 

  Reservoir Region 47,744 0.046 8,917 2.36 1,636 3.6 

EPRI River Domain 

  2D Analytical 
(EPRI) 385,581 0.02 31,588 8.34 5,794 12.9 

  FEWS [Diehl 
2013]1 385,581 0.02 30,628 8.09 5,618 12.5 

 

Forced Evaporation Sensitivity to the Wind Function 

An analysis was also undertaken to determine the sensitivity of FE to the wind 
function selected. The FE for the LMR was computed using the EFDC_DSI 
toolset for each of the wind functions provided in Table 26-1. In addition, 
EFDC had an evaporative wind function previously incorporated into the EFDC 
model, which was also used in the sensitivity analysis. The results of this FE 
sensitivity analysis is presented in Table 26-5. The relative impact on the FE, in 
relation to the Ward wind function, are shown in the right column. Generally, 
the wind function impact on FE ranged from 0.67 to 1.26, which is a relatively 
small range compared to the uncertainty of site specific FE estimates. The 
EFDC original wind function produces FE at half the rate of the Ward wind 
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function. The results shown in Table 26-5 were conducted using the constant 
3.5 m/s wind speed from the August Day conditions. The FE sensitivity will vary 
depending on actual winds and other atmospheric conditions.  

Conclusions 

A methodology and advanced toolset has been developed to help quantify FE 
due to once through cooling systems in rivers and lakes and cooling ponds. The 
results from EFDC_DSI toolset were compared with EPRI 2D analytical 
method for FE and were found to be in good agreement. 

The impact of downstream dams on FE estimates has been demonstrated. This 
suggests that any FE estimation process should include representative water body 
surface areas and residence times. 

There is a significant range of FE estimates depending on the estimation method 
and parameter selection. It is recommended that FE estimates should be based 
on a calibrated thermal model, thus providing the most defensible approach.  

Table 26-5 
Wind function sensitivity on forced evaporation 

Wind Function 
General 
Usage 

Rate 
(mm/day) 

Relative 
to Ward 

EFDC Original  0.0126 0.48 

Ward, 1980 Cooling Lake 0.0264 1.00 

Harbeck, 1964 Cooling Lake 0.0287 1.09 

Brady etal, 1969 Cooling Pond 0.0219 0.83 

Anderson, 1954 Large Lake 0.0176 0.67 

Webster-Sherman, 1995 Lakes 0.0262 0.99 

Fulford-Sturm, 1984 Rivers 0.0336 1.27 

Gulliver-Stefan, 1986 Streams 0.0288 1.09 

Edinger etal, 1974 Lakes/Rivers 0.0235 0.89 

Ryan-Harleman 1974 Lakes/Rivers 0.0333 1.26 
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Abstract 

A Canadian coal-fired power plant had experienced difficulty in meeting 
reservoir compliance temperatures. The plant receives its cooling water from the 
lower end of the reservoir and discharges it via discharge canal to the upper end 
of the reservoir with a typical recirculation time of three days. The plant 
previously had been operated during summer months by observing trends in the 
reservoir and forecast temperatures and adjusting unit loads, based on previous 
experience, to meet compliance temperatures. Because this approach had led to 
both temperature excursions and excessive generation loss, a forecast module was 
implemented for better reservoir temperature control. 

The forecast module is based on a calibrated CE-QUAL-W2 (W2) 
hydrothermal model of the reservoir. The module automates running the W2 
model and post-processing the results to predict reservoir temperatures over a 
range of operating scenarios. In addition to the W2 model, the forecast module 
contains the following components: 

1. A plant thermal model for predicting the discharge temperature of the 
cooling water. 

2. A cooling tower submodel. 
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3. Input data streams that include the meteorological forecast, unit power 
generation, unit condenser cooling water flow rates, reservoir inflows and 
outflows, and reservoir temperatures. 

The operation scenarios are configured in Microsoft Excel workbooks and can be 
scaled from other cases that enable a range of scenarios to be created with 
minimal input. The cases that are typically configured include running the plant 
for various unit power outputs and modifying the weather forecast data to 
understand the impacts of errors in the forecast on predicted reservoir 
temperatures. Once the cases are configured, the forecast module uses the input 
data streams and plant models to create the input files for the CE-QUAL-W2 
runs, runs W2 for each case, and post-processes the results for output to Excel 
workbooks. The results include the following items: 

4. The predicted versus actual reservoir temperatures at the compliance points 
to evaluate model calibration. 

5. The forecast temperatures at compliance points. 

6. Plots of all model inputs for easy review of the inputs. 

7. A series of plots that show trends of the forecast data against the actual 
values to evaluate the accuracy of the meteorological forecast. 

The power plant has gained significant benefits by using the forecast module 
which has been in use since the summer of 2009. This presentation will provide 
an overview of the forecast module and present the plant’s experience with using 
the forecast module.  
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Abstract 

This paper describes work that was carried out to understand the potential for the 
cooling water discharge from Duke Energy’s proposed Lee Nuclear Station to 
impact the thermal ecology of the receiving body of water. As the cooling water 
system on Lee Nuclear Station will incorporate a thermal discharge to the local 
river above the regulatory temperature limits, Duke Energy was required to apply 
for a NPDES permit to operate the discharge with a thermal Mixing Zone. 

A distinguishing feature of the work is that a fully three-dimensional and 
geometrically detailed Computational Fluid Dynamics (CFD) model used to 
understand the characteristics of thermal plume dispersion and to provide 
evidence for the NPDES submittal. This type of CFD model was selected as the 
multiport diffuser is to be attached to the dam of a run-of-the-river reservoir, 
parallel with the local flow direction and close to other civil structures and 
backwater regions of the reservoir which may be affected by the thermal plumes.  

The outcome of the work was that the CFD model provided a detailed 
understanding of the cooling water discharge and thermal plume formation 
under both steady-state and transient flow conditions. The evidence generated 
using the CFD model was used to support the successful NPDES permit 
submittal. 
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Introduction 

Duke Energy is currently developing the engineering design for the William 
States Lee III Nuclear Station (or more commonly the Lee Nuclear Station, 
LNS) which is planned to be located near Gaffney in Cherokee County, South 
Carolina. The plant will comprise two Westinghouse AP1000 reactors and will 
have the full load capacity to generate 2,200 MWe electrical power. If the final 
decisions are made to go ahead with the plant it will be commercially operational 
by 2024 (unit 1) and 2025 (unit 2). 

The plant will operate closed-cycle cooling, with water abstracted from the local 
river to make up evaporative losses through the cooling towers. The local river is 
Broad River, and cooling water will be discharged back into the river downstream 
of the abstraction point. The discharge itself will be within an existing 
impoundment on the river which forms the forebay of the Ninety-Nine Islands 
Hydroelectric Project which is also owned and operated by Duke Energy.  

To abstract and discharge cooling water to Broad River, Duke Energy were 
required to apply to the South Carolina Department of Health and 
Environmental Control (SC DHEC). The Environmental Protection Agency 
(EPA) maintains the Clean Water Act and section 316a regulates thermal 
discharges to water courses. The EPA also operates the National Pollutant 
Elimination Scheme (NPDES) to control discharges including thermal 
discharges. Since 1975 the authority to administer the NPDES scheme was 
passed down to the State of South Carolina, where thermal discharges are 
covered in the R61-68 Regulations. These state the familiar criteria that the 
maximum permissible temperature rise must be no greater than ΔT = 5 °F and 
the highest permissible discharge temperature is T = 90 °F. 

Duke Energy, with the support of Geosyntec Consultants and Geosyntec’s in-
house engineering specialist company, MMI Engineering, realized that the 
configuration of the thermal discharge diffuser within the forebay of the Ninety-
Nine Islands (NNI) Hydroelectric Scheme impoundment would merit special 
consideration. Due to the complexities of the discharge layout, the normal 
modeling approaches which are used to provide evidence in NPDES applications 
would not be appropriate. Instead, Geosyntec/MMI and Duke Energy decided 
that it would be necessary and appropriate to use Computational Fluid Dynamics 
(CFD) modeling of the thermal diffuser discharge and forebay to provide more 
detail of the thermal plume and provide the evidence for the NPDES permit 
application. 

Thermal Discharge Characteristics 

The NNI hydroelectric impoundment encloses an area of approximately 430 
acres with storage capacity of approximately 2,300 acre-feet. The impoundment 
is a run-of-the-river reservoir with continuous through flow.  

The Lee Nuclear Station will discharge heated water from cooling towers 
blowdown to the NNI hydro scheme forebay via a submerged multi-port diffuser 
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which is designated as an NPDES Outfall. The proposed diffuser location is on 
the upstream section of the Ninety-Nine Islands dam spillway in the western 
portion of the NNI reservoir forebay (Figure 28-1; Figure 28-2). Immediately 
upstream of the diffuser location there is a very tight turn in the river with 
approximately 135° change in direction. This results in the flow past the thermal 
discharge diffuser to be parallel with the long axis of the diffuser itself. This is 
not the normal practice for the location and position of thermal diffusers. 
Normally, and where local conditions permit it, the diffuser is placed in a 
relatively undisturbed and straight portion of the river with the diffuser’s long 
axis perpendicular to the principal flow direction.  

 

Figure 28-1 
Aerial view of the NNI hydro scheme forebay showing the location of the thermal 
discharge multiport diffuser on the face of the reservoir dam wall 

The discharge rate from the multiport diffuser is 18 cfs (blowdown) and 5 cfs 
(other site services). However, due to the local climate and potential plant 
operations, it may be possible that the discharge from the thermal discharge 
diffuser can be hotter than 90 °F and at more than 5 °F hotter than ambient river 
temperatures. This would put the discharge temperature above the usual 
regulatory limits for thermal plumes and so careful consideration of the diffuser 
design and resulting plumes is required. 

Modeling Approaches for NPDES Permit Applications 

It is commonly accepted that some form of modeling will be required to provide 
evidence of thermal plume and mixing zone characteristics as part of a NPDES 
submittal. Frequently used software for such modeling is the CORMIX 
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(MixZon Inc) code which is a US EPA supported mixing zone code. Other 
software include CE-QUAL-W2 (Portland State University) and EFDC (Tetra 
Tech Inc) again supported by US EPA. These models have different underlying 
capabilities and should each only be used in the appropriate circumstances. For 
example, CORMIX is what is known as a phenomenological model using scaling 
laws and empirical models. This is appropriate only for use in situations where 
the flow matches the experiments which CORMIX’s models are based on. 
Hence it would be appropriate to use CORMIX in a relatively straight, relatively 
deep channel with flow perpendicular to the diffuser; but this is not the situation 
in the NNI forebay.  

 

Figure 28-2 
Cross-section if the NNI hydro scheme dam showing the proposed location for the 
multiport diffuser 

CE-QUAL-W2 and EFDC are both based on the fundamental equations of 
motion although they are formulated in different ways. CE-QUAL-W2 uses 2D 
models with bathymetric average and is suited to calculating flows over longer 
reaches of a river, reservoir, etc; but again this does not match the conditions at 
Ninety-Nine Islands. EFDC is a 3-dimensional code but again is formulated for 
use with relatively “coarse” and rectilinear numerical grids – this would not be 
capable of capturing the detailed geometry around the LNS cooling water 
discharge diffuser, NNI hydro scheme civil structures and forebay bathymetry.  
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Instead we selected to use a fully 3-dimensional, general purpose computational 
fluid dynamics code, ANSYS-CFX. In concept, this is similar to EFDC as it is 
built upon the Navier-Stokes equations – the equations of conservation of 
momentum expressed for fluids – and as such is considered a “fundamental” 
model (Equation 28-1). The ANSYS-CFX software is not “tuned” for use in 
environmental problems as CE-QUAL-W2 and EFDC are. However it is 
possible to add in any physical model e.g., for temperature or other contaminant 
transport (Equation 28-2), reacting flows, developing free surface, changing 
water level. It can also work with any arbitrary geometry and so all the features of 
the diffuser, dam, civil structures and forebay bathymetric could be included in 
the model.  

  
  Eq. 28-1 
  Conservation of momentum equation for fluids 

  
  Eq. 28-2 
  Conservation of energy equation expressed for fluids. 

Broad River and Ninety-Nine Islands Impoundment CFD Model 

Model Features 

The CFD model for the LNS cooling water discharge incorporated a stretch of 
the Broad river approximately half a mile upstream of the NNI hydro scheme. 
This included the measured bathymetry variation throughout the forebay and 
river. It also included the hydro scheme dam and turbine inlets, civil structures 
and a number of backwater areas. These are shown in the aerial photograph in 
Figure 28-3 and the equivalent model view in Figure 28-4. Also very important 
to the modeling work, the multiport diffuser was included in the model in its 
location against the wall of the NNI hydro scheme dam as shown in Figure 28-2. 
This is the location from which the cooling water is discharged so its accurate 
representation in the model is essential to calculating the thermal plumes 
generated. The diffuser’s location in the model is also shown in Figure 28-9 and 
Figure 28-10.  

Most of the calculations were run as steady-state cases in which the upstream 
flow in the river is matched by the downstream flow through the hydro turbines. 
This represents “normal” operation whereby the water level in the forebay and 
reservoir are maintained at a constant level. CFD model calculations under 
steady-state conditions were carried out for a range of river flow conditions 
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including the river mean annual flow rate 2,437 cfs. In these cases the river 
temperature was set to a low value representing the climatic record for periods 
when these high flow rates are likely to occur (in the winter months). The lowest 
defensible river temperature was used to determine what the largest possible 
ΔT = 5 °F plume would be.  

 

Figure 28-3 
Aerial view of Broad river and the NNI hydro scheme dam. (Imagery ©2015 
Google, Map data ©2015 Google) 
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Figure 28-4 
CFD model view of Broad river and the NNI hydro scheme forebay showing 
contours at 1 foot intervals 

The lowest river flow rate used in the CFD calculations was the 7Q10 flow. This 
was set at 438 cfs which is lower than the 483 cfs FERC mandated minimum 
flow rate to be maintained below the dam, and the lowest flow rate which can be 
passed through a single hydro turbine in operation is 500 cfs. When it is 
necessary to accommodate such low flows in the river, the hydro turbine is 
operated in “pulsed” mode. This has a very low leakage flow for a (small) portion 
of the hour and 500 cfs flow for a (larger) portion of the hour. In combination 
this provided 438 cfs over a full hour. For these cases the CFD model was run as 
a transient (or time-dependent) calculation with the water level allowed to fall 
and rise appropriate to the flows through the turbine and calculating the 
accumulation of thermal energy in the forebay. 

For all the CFD model calculations, the discharge from the multiport diffuser 
was held at a constant value of 23 cfs. Th temperature of the discharge was 
selected to investigate a range of LNS plant operations including the instances 
where the release was greater than 90 °F and more than 5 °F higher than ambient 
river temperatures. There is potential for solar gain in the river and also heating 
and cooling effects due to the ambient air conditions. However, these are 
complex effects to account for, due to shading of the river banks and also solar 
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gain and cooling in the large expanses of water held in upstream reservoirs. These 
can mean that the ambient conditions at the NNI forebay do not have definite 
trends; there are times in the data record when the river is warmer than the 
surrounding air and times when it is cooler. For this reason, no heat transfer 
between the water surface and ambient air, and no solar gain was included in the 
model.  

Model Validation 

Arguably the most important part of any modeling program is the validation, 
comparing the solutions from the model with known (measured) conditions. 
This demonstrates the accuracy of the model and that it can faithfully represent 
real life conditions. Data was available from ADV probe surveys and the first 
model runs replicated the flow conditions on the day of the measurements, these 
are shown in Figure 28-5 and Figure 28-6.  

 

Figure 28-5 
Measured velocity vectors in NNI forebay 
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Figure 28-6 
CFD model calculated velocity vectors in NNI forebay 

The separation streamline and flow recirculation features labelled ‘A’ (in the large 
backwater area) and ‘B’ (in the forebay) are calculated well and shown in the 
figures giving confidence that the overall flow profile is correct.  

As well as providing the surface velocity vectors, the ADV measurements were 
available for a number of vertical profiles in the forebay; one of these is shown in 
Figure 28-7 with the corresponding CFD calculated profile.  

 

Figure 28-7 
Measured velocity data on a vertical profile in front of the NNI turbine house 
compared with CFD calculated data at the same location 

  

A 

B 
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The measured data has a lot of “scatter” in it, due to the presence of individual 
turbulent eddies. The CFD model calculates the mean effect of the turbulent 
eddies – which is why the CFD model result lies in the middle of the scattered 
data. If data were measured over a longer period and “ensemble averaged” then 
we could reasonably expect it to have a smoother form and the CFD model to 
have a closer match.  

Using “ensemble average” or mean data is appropriate for engineering design as 
we are seldom interested in the action of individual eddies. 

Model Results 

A selection of results from the project are included in this paper as a 
demonstration of the advantage of using a detailed 3D CFD model for this work. 

One of the first actions undertaken with the model was to use it to understand 
the mixing effects in the river and how this affects the thermal discharge from 
the diffuser. We simulated two dye–tracer experiments in the model and the 
resulting Residence Time Distribution (RTD) curves were produced. In the 
CFD model, dye-tracer studies are conducted in the same way as they might be 
in the river itself. A large quantity of dye is put into the flow at a specified 
location – in this case one tracer was injected at the upstream boundary of the 
model and a second one at the thermal discharge diffuser. The dye is carried by 
the water and diffused throughout the modeled region and a “probe” can be 
placed in the model to sample the concentration of dye at any location. To get 
the data required to produce an RTD curve, the total amount of tracer passing 
out of the forebay (i.e., through the hydro turbines) was monitored in the model.  

There are a number of advantages of carrying out RTD experiments in the model 
rather than in the field: 

 an unlimited amount of dye can be used and dilution ratios of the dye-tracer 
are not an issue;  

 there are no toxicity or pollution concerns from use of the dye-tracer 

 all the dye-tracer can be tracked and none is lost through photo-chemical or 
other reactions;  

 there are no concerns for the sensitivity of the “probe” used to measure the 
concentration of the dye (whereas all physical devices have a lower 
concentration reading limit); 

 all the dye passing into the turbine entrance can be recorded and the flow-
weighted average concentration can be measured, whereas in a field 
experiment, probes only measure the concentration at point locations;  

 there is no limit on the time of the dye-trace study – it can be carried out over 
many hours or even days. 

The resulting RTD curves are shown in Figure 28-8. 
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Figure 28-8 
RTD curves from dye-tracer tests seeded at the upstream boundary of the river and 
the thermal discharge diffuser 

Flow in the river has a reasonable plug flow shape i.e., is reasonably symmetrical, 
with a peak around one residence time. The curve is quite flat indicating that 
there is quite a lot of dispersion. This is not unexpected for a run-of-the-river 
reservoir in which there is little bulk storage of water. (In an impounding 
reservoir much more mixing would be expected). However, this is not ideal for 
distributing the plume from a thermal discharge; plumes are more rapidly 
dispersed when there is a high degree of mixing rather than plug flow present. 
The effect of this on the discharge’s thermal plume is seen in the second RTD 
curve from the cooling water discharge. This is also a plug flow but with a highly 
defined peak and little dispersion – it confirms that the flow through the NNI 
forebay is not able to mix the cooling water thermal discharge flow with the 
ambient river flow particularly well.  

Knowing that the thermal discharge would not mix particularly well, the work 
was then to determine the size of the thermal plume under different conditions. 
These results were structured to provide the detailed understanding of the 
thermal variance and answer NPDES concerns. The results shown here are for 
the case with the river under mean flow conditions with flow rate 2500 cfs and 
ambient temperature 53 °F; and 23 cfs discharge at 91 °F from the cooling water 
diffuser. Three turbines were operating on the NNI hydro station to discharge 
flow to the lower reaches of Broad river at NNI. 

Figure 28-9 and Figure 28-10 show the region of the forebay around the 
multiport diffuser (shown in green) and the hydro turbines. (The entries to the 
three operating hydro turbines are the orange circles.) Figure 28-9 and Figure 
28-10 show the same results but from different viewpoints to give good 
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perspective on the plumes. Thermal plumes for ΔT = 1 °F (blue) and 5 °F are 
shown. It is clear that in this particular case the thermal plumes are small and the 
volume of water in which there may be an effect on the aquatic ecology is small, 
and restricted to a region between the multiport diffuser and the hydro turbine 
intakes. Some water with ΔT > 1 °F is carried through on of the turbine intake 
and will pass into Broad river below the hydro dam. However, this is mixed with 
ambient temperature flow through the other two turbines in the tailrace and a 
simple heat and mass balance shows that for the conservative case of no heat loss 
through the turbines, the temperature of the water in the hydro tailrace will be 
53.3 °F.  

Quantifying the volume of heated water at depth can also be important evidence 
as part of an NPDES submittal as it can indicate whether there is free-space 
underneath the plume which allows fish, etc., to swim clear. The plume 
volume/depth data is readily extracted from the CFD models and an example is 
shown in Figure 28-11. (This is shown as a percentage of the plume volume at 
different depths although it is similarly straightforward to extract the absolute 
values of the plume volume.) 

 

Figure 28-9 
CFD model results showing thermal plumes from the cooling water discharge 
diffuser (green) mounted on the face of the NNI hydro scheme dam. Red plume: ΔT 
= 5 °F; blue plume ΔT = 1 °F 
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Figure 28-10 
CFD model results showing thermal plumes from the cooling water discharge 
diffuser (green) mounted on the face of the NNI hydro scheme dam. Red plume: ΔT 
= 5 °F; blue plume ΔT = 1 °F. These same results as shown in Figure 28-9 but from 
a perspective view behind the hydro intakes to show the depth of the plumes 

 

Figure 28-11 
Results extracted from the CFD model showing plume volume as a function of 
depth below water level 
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NPDES Permit 

The Clean Water Act as implemented by South Carolina Regulations R.61-68 
(Section C.10) require that the maximum permissible temperature rise from a 
thermal discharge must be no greater than 5 °F and the highest permissible 
temperature is 90 °F unless a Mixing Zone is approved. It is clear from the 
sample of the results presented that these limits are exceeded and the Mixing 
Zone is required and also that the CFD model results provide a means to define 
this. 

Figure 28-12 shows a plan view of the NNI forebay with contours of the thermal 
plume which was used in the NPDES permit application. The contours show the 
dilution ratio of the thermal plume. In comparison with the earlier results 
(Figure 28-9 and Figure 28-10) the plume is a different shape and a little larger. 
This is because the NPDES submission was based on a more onerous condition - 
with low flow in the river; only one hydro turbine in operation; high cooling 
water discharge temperature; and, high ambient river temperature. 

`

 

Figure 28-12 
Plan view of the NNI forebay showing contours of dilution ratio 

We defined the extent of the Whole Effluent Toxicity mixing zone by the 
contour for 5:1 dilution ratio and this is shown in the perspective view, relative to 
the NNI hydro intakes in Figure 28-13. (The one active turbine for this case is 
shown in orange.) The maximum extent of this plume was part of the key 
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information required by SC DHEC for the NPDES permit application and this 
was measured directly from the CFD model. 

The submission to SC DHEC based on the evidence provided by the CFD 
models was successful and Duke Energy were awarded the NPDES permit 
subject to confirmation of the Mixing Zone dimensions once the plant is 
operational. 

 

Figure 28-13 
WET plume limit based on 5:1 dilution ratio of the thermal discharge 

Conclusions 

The work described in this paper has shown the benefits from using 
Computational Fluid Dynamics modeling techniques in studying the impact of 
cooling water discharges, thermal plumes and in gathering evidence for NPDES 
permit submittals. There are other software modeling approaches used in a 
similar way, such as CORMIX, CE-QUAL-W2 and EFDC, but these all have 
in built assumptions and limits to their applicability. CFD modeling however, is 
a very flexible tool and can provide solutions where these other approaches simply 
are not applicable. In particular, CFD does not have the same constraints on 
geometry, or design and orientation of the diffuser system. 

In addition to the NPDES permit application, CFD modeling has been used to 
determine the hydraulic and sedimentation performance of other parts of the 
LNS cooling water system. 
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Station in the Turners Falls Pool 
of the Connecticut River 

Deborah Crowley1, Craig Swanson1, Daniel Mendelsohn1, and Mark Mattson2 

1RPS ASA, South Kingstown, RI  
2Normandeau Associates, Inc., Portsmouth, NH 

 

Abstract 

The focus of this study is the Turners Falls Pool of the Connecticut River located 
between the Vernon Dam and the Turners Falls Dam and is 35.4 km long. The 
Vermont Yankee Nuclear Power Station is located on the west shore north of the 
Vernon Dam discharging heated water with a maximum heat rejection of 1,300 
megawatts thermal (MWt). The primary concern is the effect of the discharge 
for relevant biologically sensitive time periods for Atlantic salmon smolt (in-
migration) and American shad (in- and out-migration). 

A three dimensional hydrothermal modeling study was set up to reflect the 
physical characteristics of the Pool, including geometry, river bathymetry, and 
appropriate boundaries located where model forcing could be applied. The model 
input forcing, driving the circulation and temperature response in the River, 
included river flow and temperature while solar radiation and auxiliary 
parameters, such as air and dew point temperature, relative humidity and pressure 
play an important role in determining the thermal structure in the Pool. The 
Vermont Yankee thermal discharge was used as the upstream river temperature 
boundary condition. The model was successfully calibrated and validated against 
observations spanning the Pool model domain available for 2007 and 2008.  
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The Model was run for each year between 2001 and 2011 for two scenarios, one 
reflecting total heat (Vermont Yankee discharge plus natural environmental 
background), and the other reflecting only the environmental background. The 
differential between the two scenarios was calculated as the temperature 
increment. This temperature increment was calculated at Turners Falls Dam 
(“TF Dam”) to establish the attenuation of the Vermont Yankee’s thermal 
discharge at that location.  

The Initial and TF Dam temperature increments were extracted for each 
biological period from all the model runs for the 11 years between 2001 and 
2011. The TF Dam temperature increments during each of the biological periods 
of concern averaged less than 1.5 °F for all 11 years. Also, over the 11 years, for 
more than 90% of the hours during the three biological periods, the TF Dam 
temperature increments were less than 2.5 °F. Thus, the study confirms 
substantial attenuation of Vermont Yankee’s thermal discharge. This conclusion 
is particularly clear during the relevant migratory periods. For the Salmon smolt 
out-migration time period, the modeled TF Dam temperature increment varied 
from 0.22 to 2.2 °F with an average for all years of 0.94 °F. For the American 
shad in-migration time period, the TF Dam temperature increment varied from 
0.27 to 2.2 °F with an average for all years of 1.1 °F. For the American shad out-
migration time period, the TF Dam temperature increment varied from 0.2 to 
2 °F through mid-October and from 0.3 to a maximum of 5.29 °F from 15 
October through 15 November with an average during the whole period for all 
years of 1.35 °F.  
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Section 30: Thermal Plume Modeling – 
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Abstract 

This paper presents the results of a model study conducted to investigate a 
seawater thermal plume discharging from a power plant. The objective of the 
study was to determine whether the thermal plume satisfies both regulatory and 
operational criteria based on the temperature differential. The regulatory criteria 
are related to the near field characteristics of the thermal plume, whereas the 
operational criteria are related to the far field characteristics of the thermal 
plume. The study was conducted in two phases using a 1D near field model and a 
3D far field model. The near field model results show that the thermal plume 
satisfies the regulatory criteria of temperature differential. The far field model 
results suggest that the initial design location of the outfall and diffuser has a risk 
of thermal cycling. Additional model runs were conducted to determine a 
location of the outfall that would avoid thermal cycling. Based on the model 
results, it was recommended to extend the location of the outfall 100 m away 
from the initial location. 

Introduction 

Power generation plants often discharge heated effluents into coastal marine or 
estuarine waters. It is therefore necessary to demonstrate that the thermal effluent 
is not causing any appreciable impact resulting in an imbalance, elimination, or 
replacement of the indigenous species living in the receiving water body. The 
regulatory guidelines state that a thermal discharge from a plant should not 
exceed the relevant ambient water quality standards outside a scientifically 
established mixing zone. The mixing zone is defined as the zone where initial 
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dilution of a discharge takes place and relevant water quality standards can be 
exceeded. The establishment of the mixing zone is project specific and may be 
specified by local regulatory agencies, considering seasonal variations, ambient 
water quality standards, receiving water usage, and the assimilative capacity of the 
water body. This paper presents a case study of numerical modeling of a thermal 
plume to determine the mixing zone and any possible thermal cycling, in which 
warm water from the discharge is re-entrained into the cooling water intake. 

The model study was conducted for an intake and outfall system, which is a part 
of a power plant located at the coast of the Pacific Ocean. At full capacity, the 
plant is expected to discharge 10.85 m3/s (172,000 gpm) at a temperature 8.3 °C 
higher than the ambient water temperature. In an emergency, with the loss of a 
cooling water pump, the plant discharge may decrease to 6.94 m3/s (110,000 
gpm) and differential temperature of the discharged water may increase to 
12.8 °C relative to ambient. As the outfall and intake are located in a coastal 
environment, the ambient flow field is influenced by tides in the ocean, with 
temporally variable current, temperature and salinity. The proposed diffuser is 
located at an average water depth of 7 m. The project site data (over a 40-day 
period) indicate a mixed, semidiurnal tide with a tidal range varying from about 
1 m (spring tide) to about 0.25 m (neap tide). During the data collection period, 
the ambient water temperature near the proposed diffuser and intake varied from 
13.2 °C to 16.9 °C, with a mean and standard deviation of 13.7 °C and 0.36 °C, 
respectively. Further, data show tidal current (speed) varying from 0.6 m/s to 
0.06 m/s. Considering depth averaged values, the mean and the maximum 
currents are 0.06 m/s 0.39 m/s, respectively.  

The following regulatory criteria were set for this power plant regarding the 
thermal plume: 

1. The outfall diffuser must be designed so that the mixing zone is as small as 
possible to minimize adverse environmental impacts on the receiving water 
body. 

2. The outfall diffuser must be designed such that the maximum temperature 
increase at a distance of 100 m does not exceed 3 °C, with respect to the 
ambient water. 

3. A study conducted for designing an outfall diffuser should delineate zones 
experiencing 1 °C, 2 °C, and 3 °C increase in temperature with respect to the 
ambient condition. 

Note that the above guidelines are applicable to the near-field, mixing zone study 
of the diffuser (first objective of the study). As proposed, an intake withdrawing 
cooling water for the plant would be located about 150 m offshore from the 
diffuser. The second objective of the study was to determine the possibility of 
thermal cycling. This is an operational requirement so that the plant does not 
withdraw cooling water that is warmer than that for which the system has been 
designed.  
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Near Field Thermal Plume Model 

Modeling Software 

The near-field mixing zone study was performed using CORMIX [U.S. EPA, 
2007], developed by U.S. EPA and currently distributed by MixZon Inc. It is a 
comprehensive software tool for the analysis and design of outfall mixing zones 
resulting from discharge of aqueous pollutants into diverse water bodies. The 
model contains mathematical programs focusing on environmental impact 
assessment and regulatory management. 

Model Setup 

Before performing the mixing zone study for the outfall, the details of the 
diffuser were refined to meet the specified head loss requirement of no more than 
4.27 m for clean piping and 5.79 m for fouled piping at a flow rate of 10.85 m3/s. 
Head losses (form and friction) for each of the two approximately 720 m long 
pipelines with 1.4 m diameter and 1.35 m diameter were determined to be 
2.42 m for clean piping and 3.39 m for fouled piping. 

A spreadsheet model was developed to optimize the design of the diffuser. 
Standard diffuser design practices were incorporated in the outfall diffuser 
design. The recommended design consists of two 17 m long diffusers with 8 
horizontally discharging ports of 0.44 m diameter, equally spaced at 2.43 m, and 
alternating discharge directions (into ambient current, against ambient current). 
Head loss calculations took into account the diffuser centerline slope of 
approximately 2.6%, following the slope of the ocean floor at the outfall location. 
A 0.914 m diameter riser is included with each port such that each discharges 
1 m above the seafloor. Calculated head loss for this diffuser design was 1.64 m, 
resulting in a total head loss of 4.22 m for the entire system with clean piping and 
5.19 m for fouled piping. These values are below the design limits for the 
respective pipe conditions. Figure 30-1 shows the top, side, and isometric views 
of the diffuser. 
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Figure 30-1 
Schematic of the diffuser 

In order to perform the mixing zone study, several assumptions and 
approximations were made. 

Ambient conditions were assumed to be steady even though the site is in a tidal 
region. Tidal influences were neglected except for the sensitivity analysis. The 
CORMIX software requires that the cross-section used in the analysis be a 
rectangular channel. This cross-section consisted of an average water depth of 
7 m and an unbounded horizontal length to mimic the ocean boundary 
conditions. 

Results and Analysis 

Two operating conditions were investigated, consisting of normal plant 
operations with a plant discharge of 10.85 m3/s and an outfall temperature of 
8.3 °C above ambient (ocean) temperatures (ΔT), and emergency plant 
operations of 6.94 m3/s at ΔT of 12.8 °C. Available tidal current data were used 
to perform a current duration or percent exceedance analysis. From this, the 5% 
(0.093 m/s), 25% (0.053 m/s), 50% (0.035 m/s), 75% (0.022 m/s) and 95% 
(0.009 m/s) exceedance values were used in the model. Combining two operating 
conditions, two ambient conditions, and five current values, a total of 20 
modeling scenarios (Table 30-1) were considered for the study.  
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Table 30-1 
CORMIX model runs 

 

A current-rose analysis was performed on the available current data to assist in 
determining the proper alignment of the diffusers (perpendicular to the 
dominant current direction). The resulting depth averaged current-rose is 
presented in Figure 30-2. Based on the results of this analysis, it was determined 
that the diffuser orientations shown in Figure 30-1 are adequate.  

Run
Current 
(m/s)

Temperature & 
Salinity Condition

Operating 
Condition

1A 0.009
1B 0.022
1C 0.035
1D 0.053
1E 0.093
2A 0.009
2B 0.022
2C 0.035
2D 0.053
2E 0.093
3A 0.009
3B 0.022
3C 0.035
3D 0.053
3E 0.093
4A 0.009
4B 0.022
4C 0.035
4D 0.053
4E 0.093

July 2010

February 2011

July 2010

February 2011

Normal

Emergency
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Figure 30-2 
Depth-Averaged Current Rose 

Isotherms showing the aerial extent of several temperature increments for Runs 
1A and 3E are shown in Figure 30-3 and Figure 30-4. Calculation procedures 
used in CORMIX to graphically output the data make the extent of the 1° 
isotherm difficult to display. Thus, Figure 30-3 and Figure 30-4 show the 
isotherms of 1.10 °C and 1.40 °C, respectively.  

 

Figure 30-3 
Isotherms for 3 °C, 2 °C, and 1.1 °C for Run 1A 
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Figure 30-4 
Isotherms for 3 °C, 2 °C, and 1.4 °C for Run 3E 

CORMIX cannot model two separate diffusers at the same time as with the 
suggested layout for this project. Thus, the two diffusers were modeled as one 
diffuser with half the design port spacing such that there were 16 ports equally 
spaced over the length of one diffuser. Given the proximity of the diffusers and 
the proposed layout, this is a reasonable approximation. To represent the worst 
case scenario, the model runs were performed with all diffuser ports discharging 
in the same direction. However, based on diffuser design practices, and the 
current-rose shown in Figure 30-2, alternating diffuser port discharges in 
opposite directions is recommended. Several runs were performed isolating 
potential onshore and offshore tidal velocities which would be directed along the 
axis of the proposed diffuser. Results from these runs showed adequate mixing 
and as such, once combined with prevailing ambient currents, the overall mixing 
performance is expected to be within the prescribed limits. This conclusion is 
supported by the current-rose presented in Figure 30-2. The figure shows weak 
onshore and offshore currents for short durations. 

Far-Field Hydrodynamic Model 

Modeling Software 

The objective of the hydrodynamic model study was to determine whether the 
warmer water released from the diffuser will be entrained by the intake. The 
model study was conducted using the Environmental Fluid Dynamics Code 
(EFDC) [Tetra Tech, 2007], a three-dimensional hydrodynamic model, 
developed by Tetra Tech for the US EPA. The software solves three-
dimensional shallow water equations, and equations to parameterize turbulence 
characteristics of the flow field. To account for the variation of sea water density, 
equations representing the transport of salinity and temperature are dynamically 
coupled to the shallow water equations. The governing equations are transformed 
to a curvilinear coordinate in the horizontal and a σ-coordinate in the vertical. As 
a result of the first transformation, variable mesh spacing (with denser mesh in 
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the region of interest) can be used by EFDC to minimize the overall mesh size. 
The σ-coordinate transformation is mainly used to expedite the solution 
procedure. The resulting transformed system of equations is solved by second 
order accurate finite difference algorithms in time and space, utilizing a 
combination of central difference and upwind schemes. 

Model Domain 

The model domain, approximately 132 km in the alongshore direction and 
62 km in the offshore direction, is shown in Figure 30-5. For this study, 
bathymetry data from the National Geophysical Data Center (NGDC) of the 
National Oceanographic and Atmospheric Administration (NOAA) and those 
provided by the project authority near the diffuser were merged to create the 
digital elevation model (DEM) for the study area. Within the model domain, 
bathymetric elevation varies from -5 m to -500 m, with respect to mean sea level 
(MSL). In the horizontal plane, the domain was discretized by approximately 
4,500 quadrilateral cells. In the vertical direction, each cell was divided into 10 
layers, resulting in a total of 45,000 cells. A plan view of the computational mesh, 
consisting of 90 and 50 cells in the alongshore and offshore directions, 
respectively, is shown in Figure 30-5. The mesh was refined around the diffuser 
and the intake to apply inflow and outflow boundary conditions properly. Such 
localized mesh refinement is possible in EFDC as it uses a curvilinear coordinate 
system in the horizontal plane. 

 

Figure 30-5 
Computational Mesh for the Hydrodynamic Model 
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Boundary Conditions 

Figure 30-6 shows the temporal variations of the water surface elevation applied 
along the northern and southern boundaries of the model. Because field data 
were not available, water surface elevations were generated from the harmonic 
constituents of tide. Therefore, these boundary conditions neglect the 
amplification of tide as it approaches the shoreline. As a result, computed tidal 
elevation near the shoreline could be smaller. A constant water temperature of 
19 °C was applied throughout the model domain. This water temperature 
corresponds to monthly mean temperature of the project location for the month 
of November. To simulate water temperature, EFDC requires information on 
atmospheric forcing, consisting of air temperature, relative humidity, rainfall, 
evaporation, shortwave solar radiation, and cloud cover. For this study, maximum 
and minimum air temperature and relative humidity at the study area were 
obtained from WeatherOnline. Based on available data, hourly variations of 
temperature and relative humidity were calculated assuming daily sinusoidal 
variations between daily maximum and minimum values. Salinity, vertical 
stratification, rainfall, evaporation and wind (speed and direction) were neglected 
for this study and constant atmospheric pressure (1040 mb) and cloud cover 
(10 percent) were assumed.  

 

Figure 30-6 
Water surface elevation boundary conditions on the northern and southern 
boundaries over a 15-day period 

The model was run for the baseline and the design development scenarios. The 
baseline model represents existing conditions at the project site, without the 
diffuser and the intake in operations. Once the baseline flow field was 
established, the design development model was run with the diffuser and intake 
flows. A comparison of results of the two sets of model runs indicates the 
changes caused by the operations of the intake and the diffuser. 
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Baseline Model Run 

The baseline model was run for 60 simulated days without considering the 
operations of the diffuser and the intake. The near surface and the near bottom 
temperature distributions from the baseline model run are presented in Figure 
30-7 and Figure 30-8, respectively. The figures show that diurnal variations of air 
temperature and solar radiation have strong influence on water temperature. 
Further, a) water temperature falls below the temperature specified at the 
boundary because of the lower night time air temperature, b) sharp spatial 
gradients of temperatures near the boundaries are the results of interactions of 
heat transport in the model domain and the specified boundary conditions, and 
c) localized higher temperatures near the shoreline are results of shallower water 
depth and heat transport from the surroundings (by currents). 

 

Figure 30-7 
Near surface baseline temperature distribution 
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Figure 30-8 
Near bottom baseline temperature distribution 

Design Development Model Runs 

For the design development runs, three different locations of the intake with 
progressively increasing distance from the shoreline were considered. In these 
model runs, the location of the diffuser was kept unchanged. Locations of the 
modeled intake and its distance from the diffuser are listed in Table 30-2. As 
shown in the table, Option 1 represents the intake location closest to the diffuser. 
In each successive option, the intake was moved approximately 50 m further 
offshore. Boundary conditions were similar to that of the baseline model, except 
for the inclusion of diffuser and intake flows at a rate of 10.85 m3/s. The 
temperature of the diffuser outflow was set to 8.3°C higher than the local 
ambient water temperature. The results of the model runs are presented in 
Figure 30-9 through Figure 30-11. 

A comparison of water temperature at the intake location for the baseline 
condition and Option 1 is shown in Figure 30-9. The figure shows instantaneous 
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water temperature computed by the model as well as 12-hour moving average to 
filter out inter-tidal high frequency variability in the computed temperature. The 
results are presented for a 15 day period, from day 45 to day 60, assuming that 
effects of initial conditions have dissipated. A comparison of temperature profiles 
(instantaneous and 12-hour average) for Option 1 with the corresponding 
profiles for the base case exhibits an increase in water temperature at the intake 
location for the proposed conditions. The temperature differential can be as high 
as 0.7 °C with an average of 0.22 °C. Therefore, the intake location for option 1 
was considered unsatisfactory as the possibility of thermal cycling is high at this 
location. 

For Option 2, the intake location was moved approximately 191 m offshore from 
the diffuser that corresponds to approximately 50 m from the location of Option 
1. The model was run with a grid resolution similar to that shown in Figure 30-5 
and the boundary conditions described for Option 1. The temperature variation 
at the intake location for the selected 15-day period is shown in Figure 30-10. As 
shown in the figure, the average temperature for Option 2 varies in phase with 
that for the baseline condition, but the temperature remains higher than the 
ambient condition. Moving the intake by 50 m reduces the average temperature 
difference to 0.09 °C and the maximum temperature rise is about 0.5 °C. 
Therefore, another model run (Option 3) was performed. 

Option 3 represented an intake 236 m offshore from the diffuser (approximately 
100 m offshore from the Option 1 intake). Figure 30-11 compares the variation 
of water temperature at this intake location against the baseline. For this option, 
the average temperature difference is 0.08 °C with a maximum difference of 
about 0.5 °C.  

Table 30-2 
Location of the modeled intakes 

 
Run No 

Distance (m) 
from Diffuser 

Distance (m) 
from Option 1 

Water 
Depth (m) 

Option 1 148 - 11.57 

Option 2 191 50 12.86 

Option 3 236 100 13.53 
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Figure 30-9 
Comparison of water temperature at intake location for Option 1 

 

Figure 30-10 
Comparison of water temperature at intake location for Option 2 
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Figure 30-11 
Comparison of water temperature at intake location for Option 3 

Conclusions 

A numerical model study to aid in the design of an outfall (diffuser) and intake 
system of a proposed power plant is presented in this paper. The study was 
conducted in two phases. In the first phase, the hydraulic design of the diffuser 
was evaluated and its performance with respect to the mixing zone guidelines was 
verified using the CORMIX model. A hydraulic evaluation showed that the total 
head loss in the diffuser and piping system was smaller than the available head. 
An analysis of measured current data verified the correct orientation of the 
diffuser with respect to the prevailing alongshore current. In addition to currents, 
available salinity and temperature of the ambient water body were used as inputs 
to the CORMIX model. The results of the CORMIX model showed that the 
temperature in the ambient water rises by 3 °C within 6.0 m of the outfall. As per 
the regulatory guidelines, a temperature rise of 3 °C within 100 m from the 
outfall is acceptable. Therefore, the proposed diffuser design (consisting of two 
17-m long parallel pipe segments, each with eight 0.44-m diameter ports, and 
discharging in opposite directions) meets regulatory guidelines. 

A three dimensional hydrodynamic and temperature model was developed in the 
second stage of the study using EFDC. The objective was to evaluate the 
possibility of thermal cycling. Because of limited site specific data, many 
assumptions and approximations were made in developing the model, as 
described in this paper. Despite these approximations and assumptions, 
conclusions of this study are valid as the study compared temperature increase 
with respect to the existing conditions with identical boundary conditions, except 
for flows from the diffuser and the intake. 
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Model results presented in this paper show that the water temperature at the 
initially proposed intake location (Option 1 when the distance between the 
intake and diffuser is about 150 m) increases by 0.7 °C, compared with the 
existing condition without the intake and the diffuser. Because of the possibility 
of thermal cycling, Option 1 was considered unsatisfactory. Therefore, additional 
model runs were made by gradually moving the intake away (offshore) from the 
diffuser. Model results indicate that increasing the distance between the intake 
and diffuser reduces the average temperature differential gradually, indicating a 
reduced level of thermal cycling. The reduction in thermal cycling is significant 
when the intake is moved 50 m further away from the diffuser (Option 2). At 
this location, the average temperature increase is about 0.5 °C. The third option 
(Option 3, moving the intake 100 m away relative to Option 1) maintains the 
average temperature reduction trend, within the variability and reliability of the 
model results. Based on these observations, Option 3 (distance between the 
intake and diffuser of about 240 m or 100 m offshore with respect to Option 1) 
was recommended for the intake location. Although the mean temperature 
changes for Options 2 and 3 are similar, the ambient water is 0.8 °C colder for 
Option 3 than Option 1. The colder ambient water at this location is expected to 
offset the potential temperature increase at the intake and the possibility of 
thermal cycling.  
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