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ABSTRACT 

As electric utilities continue to face challenges with wastewater, they are increasingly 
looking to alternatives to traditional treat and discharge methods.  Of most interests are 
volume reduction approaches which include closed loop operation, membrane, and 
thermal evaporation technologies.  However, in many situations, a gap remains for 
technologies to permanently sequester the brine generated from these volume 
reduction technologies in onsite landfills. 

Encapsulation, as defined in this paper, involves accurately combining wastewaters with 
coal combustion byproducts, including fly ash, bottom ash, gypsum, and additives (e.g. 
calcium oxide, cement, aluminates) to create a low permeability material upon landfill 
deposition that sequesters and inhibits long term re-release of constituents of potential 
concern to the environment.  Research to date has been focused on the use of paste 
grouting techniques to achieve these goals. 

This paper provides an update on knowledge gained in the power industry through 
bench testing and pilot demonstrations.  
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BACKGROUND AND STATE OF THE INDUSTRY 
As the power industry transitions away from the use of impoundments to permitted lined 
landfills, water management in and around the landfill is an issue that will outlive the life 
of the facility producing the waste.  Already, some sites are beginning to experience 
issues with the leachates coming out of these landfills, including unexpected 
chemistries and flowrates.  Landfill water management costs can therefore be 
significant and expose utilities to long term risk, higher costs, and reliability challenges. 

Management of wastewater and brines being produced at electric generating units 
(EGUs) is a prevalent and growing industry issue.  As sites look to co-dispose of 
wastewaters with solids waste streams, such as fly ash, approaches are needed to 
ensure that halides and other constituents of potential concern (COPC) are not re-
introduced back into the environment.   

At some sites, water treatment technologies, such as physical chemical and biological 
treatment, may be a viable solution for a given wastewater. However, at other sites 
approaches to minimize wastewater flows are being evaluated.  Reuse opportunities as 
well as volume reduction technologies, such as membranes and thermal evaporators, 
are being considered to minimize or eliminate wastewater discharge. To achieve 
effective discharge elimination however, many sites will still need to be able to purge a 
waste stream, ranging from cycled up wastewaters to highly concentrated brines with a 
heavy load of dissolved and precipitated halide salts and other COPC, all of which must 
be properly disposed.  To date, few proven solutions to the disposal of these 
concentrated waste streams are available.   

 

ENCAPSULATION TECHNOLOGY 

Wastewater or brine encapsulation is one process that is being evaluated for use at 
some EGUs to enable integrated liquid and solid waste disposal without reintroducing 
COPC back into the environment. This technology involves an engineered combination 
of wastewater with solid binders to chemically stabilize and physically solidify the 
wastewater and constituents of interest within it into an engineered encapsulated 
monolith as shown in Figure 1.   
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Figure 1  
Example materials and final products used for wastewater encapsulation 
 

This encapsulated waste form offers the benefit of reducing the infiltration of 
precipitation by being of a low hydraulic conductivity.  Research has shown that 
hydraulic conductivities approaching or lower than typical landfill liner requirements 
(1x10-7 cm/s) can be achieved [1].  Additionally, whenever mixes of wastewater and 
solid binders such as fly ash, calcium oxide, cement, and aluminate additives, are 
optimized, both the wastewater itself, halides, and other COPC can be sequestered into 
hydrate minerals. 

Current research in the power industry [1, 2] as well a precedent in other industries, 
such as the disposal of low-level nuclear salt waste, has shown that encapsulation can 
most effectively be achieved with a material that has an optimized liquid to binder ratio 
so that chemical hydration reactions can be allowed to proceed to completion.  This in 
turn, typically results in a material with a flowable grout or paste like consistency (Figure 
2) that exhibits minimal to no bleed water, is non-segregating, and  begins to set on the 
order of a few hours to a few days. 
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Figure 2 
Fresh encapsulated mixture of waste brine, fly ash, and calcium oxide being produced during 
power industry pilot testing. 
 

Core Encapsulation System Components 
Successful sequestration of COPC from a wastewater into an encapsulated matrix 
requires an engineered holistic approach.  Beyond just testing the mixing of fly ash and 
wastewater at the benchtop, one must consider the full spectrum of the technologies 
that make up the overall process train. This includes considerations relevant to how the 
encapsulated material will be mixed, transported, and placed, to how the landfill will be 
managed to ensure long term environmental acceptability. Site specific factors such as 
the quantity of wastewater and fly ash to be encapsulated and the distance between the 
plant and landfill will dictate what type of equipment and configurations may be needed.  
However, all systems typically share the same broad categories of process steps: 

1. Ingredient material storage- Silos, tanks, etc. 
2. Material transfer- screw and belt feeders, pumps, etc. 
3. Mix proportioning- gain or loss in weight gravimetric controls 
4. Mixing- continuous or semi-batch mixers such as pug mills and colloidal mixers 
5. Transportation- pumping through a pipeline for flowable materials 
6. Placement- landfill deposition strategies 
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Precedent from Related Industries 
While there are a host of industry and site-specific issues that must be considered and 
dealt with for wastewater encapsulation to become a mature technology option, it 
should be recognized that technology transfer from similar operations in other industries 
and application spaces are available.  Chemical and physical solidification and 
stabilization of waste within a cementitious system is accepted by the USEPA to be an 
established treatment technology for over 57 wastes [3] and is a common industrial 
practice [4] for treating hazardous waste residues to render them fit for landfill disposal 
as well as  contaminated site in-situ remediation.  

When looking for precedent for equipment and full-scale implementation, significant 
corollaries exist in the mining, concrete, geotechnical grouting, and nuclear waste 
industries.  The mining industry has led the way in surface disposal of tailings with a low 
water content paste consistency [5]. Additionally, underground mine cemented backfill is 
a common industry practice. Also, the mining industry has extended these capabilities 
into several coal fired power plant applications [6].  Research has also been ongoing 
over the past two decades for wastewater and fly ash management in the coal synfuel 
and power industries in South Africa [7,8,9]. 

Decades of research have been performed within the United States Department of 
Energy on how to dispose of low-level nuclear salt waste brines [10,11].  This has 
culminated in the installation of full-scale wastewater disposal systems through 
encapsulation using cement and other additives.  The Saltstone[12, 13] process located 
at the USDOE Savannah River Site creates a grout that is pumped to an onsite disposal 
unit.  Although the brine chemistry and mix design is different that the power industry’s 
application, there are many similarities that can be applied from the underlying 
technology and equipment being used and well as fundamental geochemistry.  

Additionally, a service industry is built around grouting for both structural and 
environmental applications such as compaction grouting, dam and tunnel stabilization, 
and retaining walls.  Much can be gleaned from this industry on system operations.  
Additionally, firms that design and build concrete plants can also provide value for 
equipment selection, material handling, and process controls.   

POWER INDUSTRY ENCAPSULATION RESEARCH ADVANCES 

As research within the power industry has focused on wastewater management, 
significant research advances have been made on evaluating integrated liquid and solid 
waste management through encapsulation.  Current research ranges from fundamental 
geochemical and mineralogical work to a full-scale demonstration. 
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Fundamental and Laboratory Scale Research 
The feasibility of wastewater encapsulation has been evaluated for over a dozen power 
industry sites.  Different coal types impact not only the chemistry of fly ash, but also 
typically the composition of a waste stream that may be under consideration for 
encapsulation.  Some wastewater and brine chemistries are more amendable than 
others for encapsulation and a host of different additives may be applicable to assist in 
the formation of a well-engineered encapsulated monolith.  Significant gains have been 
made in understanding what the bests tests are to understand the short and long term 
physical properties of an encapsulated material as well as environmental properties 
such as leaching [2, 14].  In addition, the measurement of transportation (rheological) 
properties are now much better understood by the power industry than they were 5 
years ago [15].  While many testing procedures are similar to those employed by other 
industries, nuances of testing a combined material of wastewater, fly ash, and additives 
have been recognized.  For example, typical curing times for encapsulated materials 
containing a large fraction of fly ash tend to be much slower than for concretes[1, 16].  
Therefore, it is generally advised to evaluate materials at much longer curing periods 
than 28 days. Testing at curing periods of 90, 180, and up to 365 days is often 
warranted.  In addition, researchers should consider how long a wastewater 
encapsulating monolith should be cured before evaluating environmental properties 
through leaching tests.  Testing on an immature sample that has only cured 28 days will 
often exhibit more leaching than a material that has cured at least 90 days, 
overestimating the long-term leaching potential that may be observed in a real landfill 
setting. 

Much work has also taken place both directly funded by industry[17, 18] as well as 
academia[19-25] on understanding the underlying fundamental chemistry that drives the 
formation of minerals that sequester COPC as well as halides within an encapsulated 
matrix.  Results of this work have shown that leaching of constituents can be minimized 
with well engineered mix designs.  Toward the retention of halides and sulfates, the 
formation of aFt and aFm phases such as Friedels salt, Kuzels salt, and ettringite all 
appear to be significant minerals in encapsulated systems, with their formation often 
being limited by the amount of available aluminum (from the fly ash or through an 
additive) within the encapsulated system. This body or research has also led to the 
ability to start optimizing mix designs based on site specific wastewater and fly ash 
chemistries, although this work is still in its early stages. 

Field Testing 
In addition to the large body of work being conducted at a laboratory scale, research 
has also taken place concurrently at field and demonstration scale.  First, as a follow-up 
to laboratory investigations of environmental properties, field lysimeters have been 
installed at several sites, with several more planned for installation in 2019.  The 
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purpose of such lysimeter testing is to try and evaluate environmental performance at a 
more realistic scale compared to small cylinders being tested in a laboratory.  Figure 3 
below shows a field lysimeter that was installed and has been monitored since August 
2018.  For this study, two lysimeters are being evaluated; one consisting of a mixture of 
fly ash and brine at a low moisture content mixed and compacted into the lysimeter.  
The other represents an engineered flowable paste mix design that was pumped 
directly into the lysimeter and allowed to cure in place.  Measurement of the runoff and 
true leachate water quality and quantity is being observed and compared between the 
two lysimeters.  Additionally, engineering controls are built into the design of the 
lysimeter to mitigate common lysimeters problems such as sidewall leakage, including a 
separate collection of leachate from the annulus of the lysimeter bottom.  A weather 
station is also installed alongside the lysimeters so that rainfall, evaporation, 
temperature, wind speed, and other parameters can be concurrently measured. 

 
Figure 3  
Field lysimeter installed in August 2018 to compare the runoff and leachate water 
quality and quantity between a brine conditioned compacted fly ash and an 
engineered encapsulating paste 
 

Expanding upon lysimeter studies, to begin assessing full scale technology readiness 
for wastewater encapsulation using a flowable paste system, a two-month field 
demonstration was conducted in October-November 2018.  This study provided an 
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opportunity to evaluate equipment reliability and the impact of changing input materials 
such as fly ash quality and brine chemistry.  Over the course of the study, almost 
140,000 gallons (530,000 liters) of brine was sequestered into an encapsulated matrix.  
This represents the first time in the power industry that enough concentrated brines 
(ranging from 150,000-300,000 mg/L total dissolved solids) was made available to 
facilitate encapsulation testing. Figure 4 shows the equipment being used during the 
demonstration.  Fly ash as well as calcium oxide were brought in and stored in silos 
while brine was stored in frac tanks.  A colloidal weigh-controlled mixer was used to 
proportion and mix batched which were then sent to an agitated holding tank.  This 
holding tank then fed paste continuously into a progressive cavity pump which then 
pumped the material through grout hosing to designated deposition cells.  The system 
on average operated at a rate of 30 gallons (113 liters)/minutes of paste or 
approximately 15 gallons (56 liters)/minute of waste brine. 

 

Figure 4  
Field testing equipment used for a two-month demonstration of wastewater 
encapsulation. 
 



2019 World of Coal Ash (WOCA) Conference in St. Louis, MO – May 13-16, 2019 
http://www.flyash.info/ 

 

© 2019 Electric Power Research Institute (EPRI), Inc. All rights reserved. 

 

In addition to evaluating equipment and material variability, this demonstration enabled 
evaluation of how a flowable material would be deposited into a landfill setting.  
Because of the flowable and self-leveling nature of the material, it is envisioned that a 
form or berm structure will be needed to contain the paste within a landfill.  For this 
demonstration, dry bottom ash was used to construct a series of berms approximately 
25 feet (7.6 meter) wide by 65 feet (20 meter) long.  Each cell was filled to an 
approximately depth of 3 feet (1 meter) as shown in Figure 5. 

 
Figure 5  
Field Demonstration paste deposition cells 
 

Upon being placed into the deposition cell directly from the discharge of the grout hose, 
the material flowed easily, but did not evolve any bleed water.  In most cases, the 
material set quickly and could be walked on within 24 hours.  In addition to successful 
use of bottom ash to construct berms, fabric filter bags or geotubes were also evaluated 
for their potential use as berm structures to contain paste.   The use of geotubes as 
passive-construction berms was a concept to avoid the need for machinery to construct 
berms from other material.  While these tubes are typically employed for sludge 
dewatering applications where solids are retained in the bag and liquid is allowed for 
evacuate through the fabric of the bag, such behavior was not observed for the 
encapsulated paste used in this study.  Due to the non-segregating nature of the 
material as well as chemical hydration reactions that incorporate the brine into the solid 
matrix of fly ash and calcium oxide, only minimal beading of liquid was observed on the 
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exterior of the bag.  The bag was filled until a change in pressure began to be observed 
on the inline pressure gauges mounted on the grout hose.  A filled geotube is shown 
below in Figure 6.  Additional tubes were also filled within some of the deposition cells 
and allowed to serve as toe berms to evaluate their effectiveness at contain flowable 
paste behind them, which proved to be effective. 

 

Figure 6 
Geotube filled with a brine, fly ash, and calcium oxide paste 
  

While the construction of a large scale lysimeter where runoff and leachate water quality 
and quantity could be measured was beyond the scope for this demonstration, many 
cylinders were cast alongside the demonstration and allowed to cure onsite at the same 
ambient temperature and the deposition cells.  These cylinders are being monitored as 
a function of curing time for their physical and environmental properties.  It is also 
envisioned that the curing deposition cells will be revisited, and cores extracted for 
further analysis. 

Evaluating Site Material Balances and Technology Selections 
As industry studies have expanded and multiple sites have been evaluated, it has 
become clear that understanding the applicability of encapsulation as a technology 
option for water management depends on a host of site dependent factors.  Chiefly 
among these factors, an understanding of the site’s material balance including the 
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amount of fly ash available to be used for encapsulation as well as the volume of 
wastewater to be sequestered is necessary.  By using a flowable paste system, larger 
volumes of wastewater can be sequestered using less fly ash.  This can have a major  
impact on upstream process and technology decisions.  In some cases, due to the 
ability to sequester more wastewater, it may be possible for a site to operate water 
systems at higher cycles of concentration, or to use a potentially lower cost membrane-
based system to avoid installing thermal evaporation equipment. 

FUTURE RESEARCH NEEDS 

Looking toward the power industry’s desire to continue evaluating encapsulation as a 
viable waster treatment technology option, much work is still needed.  First, while work 
is ongoing to investigate fundamental geochemistry and mineralogy of encapsulated 
mixes, only a subset of the range of potential wastewater chemistries have been 
evaluated for encapsulation.  Existing research [16, 24] shows that different brine 
chemistries are likely to behave differently within an encapsulated mix design, therefore 
continuing to develop a deeper understanding of fundamental geochemistry is 
warranted.  The impact that upstream chemical used for water treatment such as 
surfactants and antiscalants may have on encapsulation chemistry has not been well 
characterized.  Many of these chemicals are also employed to accelerate or retard the 
setting behavior of commercial concretes.  Additionally, by better understanding 
encapsulation geochemistry, it may be possible to engineer mix designs in the future 
that use less additives, thus lowering the overall operating cost of the technology. 

To facilitate a deeper understanding and predict how well constituents will ultimately be 
able to be sequestered within a landfill, more data is needed both at a bench and field 
scale on the long-term behavior of encapsulated material.  Most physical and 
environmental property data to date is for material cured for 90 days or less.  Therefore, 
long term monitoring of materials such as deployed field lysimeters as well as 
inventoried and stored laboratory samples is crucial to understanding long term 
behavior. In addition, constructing a demonstration scale field lysimeter where long term 
behavior can be assessed is should be considered for the near future to enhance the 
power industry’s understanding of encapsulation technology 

Finally, in order to continue assessing the power industry’s concerns, assess 
technology and research gaps, and facilitate technology readiness, site specific techno 
economic evaluations continue to be needed.  To facilitate this, EPRI is leading an 
industry user group for wastewater encapsulation. 
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