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The ability to recover the nearly limitless supply of uranium contained within the world’s oceans would provide supply security to ura-
nium based fuel cycles. Therefore, in addition to U.S. national laboratories conducting R&D on a system capable of harvesting seawater 
uranium, a number of collaborative university partners have developed alternative technologies to complement the national laboratory 
scheme. This works summarizes the systems analysis of such novel uranium recovery technologies along with their potential impacts on 
seawater uranium recovery. While implementation of some recent developments can reduce the cost of seawater uranium by up to 30%, 
other researchers have sought to address a weakness while maintaining cost competitiveness. 
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1. Introduction

Economically recovered uranium from seawater can 
have a transformative effect on the way policy makers view 
the long-term viability of nuclear fuel cycles. Seawater ura-
nium, even when estimated to cost more than uranium from 
conventional terrestrial mines, is integral in establishing 
an economic backstop, thus reducing uncertainty in future 
nuclear power costs. 

While a passive recovery scheme relying on a field of 
polymer adsorbents prepared via radiation induced grafting 
has long been considered the leading technology for full 
scale deployment, non-trivial cost and logistical barriers 
persist. Therefore, in addition to U.S. national laboratories 
conducting R&D on a systems capable of harvesting sea-
water uranium, a number of collaborative university part-
ners have developed alternative technologies to comple-
ment the national laboratory scheme or address a perceived 
weakness. This work summarizes the systems analysis of 
such novel uranium recovery technologies along with their 
potential economic impacts on seawater uranium recovery.

2. Methodology

All of the following alternative technologies will be 
considered in reference to adsorbent fibers prepared by Oak 
Ridge National Laboratory (ORNL), which have consistently 
shown strong performance and are thus considered represen-
tative of material that would ultimately be deployed on a large 
scale [1]. These adsorbents consist of a high-density poly-
ethylene backbone modified via irradiation induced grafting 
to contain an amidoxime ligand affording uranium affinity 
along with a hydrophilic functional group to encourage wa-
ter diffusion into the material. After the necessary chemical 
processing [2] the adsorbents are braided into 60-meter long 
strands so they may be deployed on the bottom of the ocean 
in a kelp-field like structure. The braids are allowed to pas-
sively collect uranium for a period ranging from weeks to 

months before they are winched up to the surface by work 
boats. The uranium is retrieved using a chemical elution pro-
cess, allowing the braids to be redeployed for multiple soak-
ing campaigns [3, 4]. 

The industrial scale-up and cost of the proven bench-top 
technologies incorporated into the reference national labo-
ratory recovery process has been modeled using discounted 
cash flow methodologies with subsequent publications 
continuing to improve and develop the model to reflect 
changes in the constantly evolving adsorbent technology 
[5-7]. These same techniques will be used to evaluate all 
of the technology variants discussed here by following a 
unit mass of adsorbent over its lifetime. The cost associ-
ated with each of the three major process steps, adsorbent 
production, mooring and deployment, and elution, along 
with the mass of recovered uranium are all discounted to a 
reference time so that the cost associated with all units of 
adsorbent can be summed appropriately. 

Given the evolving nature and uncertainty surround-
ing even the reference technology it is difficult to define a 
single set of design and deployment parameters that would 
ultimately be implemented on an industrial scale. There-
fore, the uranium production cost is often presented as a 
range bounded by the best and worst case adsorbent perfor-
mance parameters. Adsorbent performance in a true marine 
environment is believed to be dominated by the effects of 
marine biofouling along with the realized adsorbent dura-
bility rates [6]. The deployment parameters associated with 
each of these scenarios is determined using a previously 
published optimization framework, which minimized the 
uranium production cost by manipulating the length of each 
exposure cycle and number of adsorbent recycles. The gov-
erning adsorbent performance parameters, implemented 
deployment strategy, and resulting uranium production cost 
for the two bounding base cases can be seen in Table 1 [6]. 

The worst case adsorbent performance scenario with 
respect to marine microorganism growth comes from ob-
servations made by Pacific Northwest National Laboratory 
(PNNL) [8]. Given the warm bright laboratory conditions 
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under which these experiments were conducted, this is be-
lieved to be a conservative upper bound. The lower bound 
comes from the potential to fully mitigate the effects of ma-
rine microorganism colonization, which may be possible 
simply by deploying below the photic zone or other less 
passive measures. The worst case regarding durability of 
adsorbent performance likewise comes from PNNL experi-
ments where the degradation upon reuse was seen to be 
a function of cumulative length of marine exposure. The 
model derived in the previous publication for the reference 
ORNL adsorbent types can be seen in Fig. 1 [4]. Given that 
the use of this model results in a unique degradation rate for 
each re-use, the average loss in capacity suffered upon each 
recycle was listed in Table 1.

The best case adsorbent durability comes from obser-
vations made on chemically similar adsorbents deployed 
in real seawater and is thus believed to be attainable [9]. 
These adsorbent performance possibilities and the optimi-
zation of deployment parameters will likewise be applied to 
the novel technologies described in the rest of this analysis.

2.1 Additional Ligand (CUNY)

The uranium capacity of adsorbent fibers has been 
shown to be a significant driver of the final uranium produc-
tion cost [1, 6]. Partners at Hunter College of the City Uni-
versity of New York (CUNY) have therefore attempted to 
increase capacity by enhancing the uranium affinity of the 
amidoxime ligand used in reference fibers [10]. In addition 

to amidoxime, these novel fibers contain a second amine 
ligand that offers two mechanisms of facilitating amidox-
ime-uranium interaction. 

The adsorbent synthesis of the CUNY material differs 
from that of the reference scenario beginning with the fi-
brous backbone. Commercially available polyacrylonitirle 
fiber is used in lieu of the high-density polyethylene, where 
existing functional groups are converted to amidoxime 
rather than having to graft on the amidoxime precursor as 
in the ORNL adsorbents. Additionally, a second ligand, di-
ethylenetriamine (DETA), is added with the hopes of en-
hancing the affinity of amidoxime for uranium. It is sus-
pected that DETA can provide two possible mechanisms for 
increasing uranium uptake:  direct action upon the existing 

Parameter Best Case Worst Case Units

Marine Biofouling 0% 30% loss in uptake

Average Degradation upon Reuse 5% 7% loss in uptake

Number of Uses 17 13

Length of Campaign 46 12 days

Uranium Production Cost $460 $840 $/kg U

Table 1. Reference Uranium Production Cost Range

Fig. 1. Upper bound model for loss of adsorbent capacity upon reuse as 
pictured in [4]. Unlike the lower bound model, characterized by a constant 

degradation rate, recent observations suggest uranium capacity may 
decrease with increasing seawater exposure. 
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amidoxime to increase ion exchange ability, or contribution 
of additional coordination sites for the uranyl ion. 

The cost to recover uranium using this adsorbent is cal-
culated, for clarity using a single intermediate adsorbent 
performance scenario, as can be seen in Fig. 2. This interme-
diate case, also applied to the reference ORNL adsorbents 
assumes the best case adsorbent durability while losing 30% 
of adsorbent capacity due to biofouling. Although initial ex-
perimental data has indicated these novel adsorbents have 
lower uranium uptake, our study shows that if the uranium 
capacity can be increased 50% above observed levels, a 16% 
savings could result. This sensitivity, along with other adsor-
bent performance parameters, are also displayed in Fig. 2.

2.2 Green Fabrication (University of Maryland)

Recognizing the adsorbent production process as the 
most expensive step, researchers at the University of Mary-
land (UMd) have created a novel adsorbent variety via a 
much simpler synthesis process [11]. In addition to reduc-
ing equipment requirements, the UMd team aimed to offer 
a “greener” production process by replacing organic sol-
vents with simple water. 

This particular adsorbent technology deviates quite 
significantly from the reference fibers with respect to the 
chemical composition of both the substrate and the urani-
um chelating agent, as well as the chemical elution process. 
The fibrous backbone is made of a high surface area winged 
nylon fabric. An X-ray irradiation process is used to graft 
the ligand, bis(2-methacryloxyethyl) phosphate, onto the fi-
bers in an aqueous environment. This novel direct grafting 
procedure resulted in degrees of ligand grafting on the order 
of 100wt%, similar to that of the reference fibers. 

Given limited data regarding adsorbent performance 
in true marine conditions, the economic analysis considers 
adsorbent uptake capacity and kinetics similar to that of the 
reference fibers. Results of uptake experiments conducted 
using simulated seawater were notable in suggesting higher 
durability achieved by these adsorbents. Capacity losses on 
the order of 1% per re-use were observed and are thus used 
in the cost calculation in lieu of the 5% or higher degrada-
tion rate suffered by the reference fibers.

The cost breakdown for these fibers, as compared to 
that of the reference fibers can be seen in Fig. 3. It is clear 
that these adsorbents can be considered a competitive al-
ternative to the amidoxime based fibers. In addition to the 
benefit of utilizing green chemistry, these adsorbents have 
the potential to offer a 10% cost savings if similar uptake 
performance can be achieved.

2.3 Natural Fibers (University of Alabama)

The team at University of Alabama has set out to address 

Fig. 3. Uranium production cost for UMd technology, and the base case, 
broken down by process step. Although the UMd technology involves a 
simpler fabrication process, much like the base case the material inputs 

required by adsorbent synthesis are a major cost driver.
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environmental concerns regarding the introduction of large 
quantities of plastic to marine ecosystems. In doing so they 
are attempting to eliminate the use of plastic altogether 
by pursuing an adsorbent synthesis method that replaces 
the synthetic fiber backbone with a natural waste product. 
Chitin nanomats suitable for ligand grafting have been pre-
pared from shrimp shell waste.

The adsorbent synthesis process used in the economic 
model follows the chemistry described by the developers 
[12].  In its raw waste form, chitin exists simply as wet 
shucked crab and shrimp shells which must be converted 
into usable powder. Wet shells are pressed with a screw 
press, dried, and ground to result in a powder composed 
of chitin and proteins. The shell-derived powder is then 
dissolved in an ionic liquid, 1-ethyl-3-methylimidazolium 
acetate, to separate the chitin from proteins via an electro-
spinning process. The resulting fibers consist of high mo-
lecular weight chitin chains, providing ample binding sites 
for amidoxime ligands. Although the amidoxime ligand 
used for the chitin-based adsorbents is chemically identi-
cal to that of the reference fibers, the process of attaching 

it to the chitin nanomats is unique. Instead of relying on 
irradiation induced graft polymerization, the University 
of Alabama method is a strictly chemical grafting process, 
where the degree of ligand grafting achieved with the chitin 
substrate was seen to be on the order of 10% of the initial 
fiber weight. Given the boutique-nature of some chemi-
cals, the ionic liquid in particular, a market analysis was 
conducted to quantify the change in price, resulting from 
increased demand for use in chitin nanomat production. 

Much like other adsorbent varieties, production is the 
most expensive step in the lifecycle. Unique to this adsor-
bent however is the degree to which a single chemical, the 
ionic liquid contributes to the adsorbent production cost. 
While the ionic liquid is not in itself prohibitively expensive, 
once adjusted for future economies of scale, the extremely 
large quantity required per unit mass of chitin drives up the 
cost significantly. Therefore it is worth exploring the cost 
savings that would result if the required mass of ionic liq-
uid could be reduced via chemical recycle or if the weight 
percent of ionic liquid required to dissolve each unit mass 
of chitin were reduced. Fig. 4 shows the effects of varying 
these two parameters. 

Clearly, in order to offer the significant environmental 
benefits of replacing plastic with a natural substrate, con-
siderable improvements in the adsorbent production pro-
cess or resulting performance must be achieved.

2.4 Symbiotic Deployment

Although the adsorbent fabrication makes the most sig-
nificant contribution to the seawater uranium production 
cost, the mooring and deployment cost effectively estab-
lishes a cost floor by governing the maximum number of 
economical adsorbent recycles. Therefore, researchers at 
the Massachusetts Institute of Technology (MIT) designed 
a symbiotic deployment structure where uranium adsorb-
ing braids are moored on marine structures for wind-based 
electricity generation, named the Wind and Uranium from 
Seawater Acquisition symBiotic Infrastructure (WUSABI).

Fig. 4. Uranium production cost of the Alabama technology. The cost 
prohibitive nature of the initial fabrication process renders sensitivity 

analyses the most insightful way to consider this technology. Given the 
high cost and consumption rate of the ionic liquid the economic impact of 

reducing the net ionic liquid use are explored via the possibility of 
chemical recycle and/or dilution.
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The system first proposed by Picard et al. [13] allows 
for continuous uranium recovery by attaching a mobile ad-
sorbent belt along with the necessary elution equipment to 
the base of off-shore wind turbines. The WUSABI design 
can be seen in Fig. 5, taken from [13]. This system was 

first analyzed for economic feasibility in the original pub-
lication. This zeroth order estimate was later expanded for 
increased accuracy and robustness in an independent pub-
lication [14]. 

Independent economic analysis and associated incorpo-
ration of the WUSABI deployment scheme into the existing 
cost model also allowed for the conduction of sensitivity 
analyses in order to identify design parameters resulting 
in significant cost impacts. Therefore work has been con-
ducted aimed at alleviating some of these cost burdens by 
altering various design parameters, namely the servicing 
frequency of the structures and optimizing the size of the 
required fleet [15].

The uranium production cost resulting from the use of 
the improved WUSABI deployment scheme as compared 
to the reference kelp-field can be seen in Fig. 6. 

3. Conclusions

It is clear that the alternative technologies analyzed 
here offer great promise to improve the current leading 
chemical and deployment technology scheme. While some 
of these alternatives offer a cost savings to the ultimate ura-
nium production cost, other technologies considered here 
seek to address a potential weakness.

The addition of another ligand, by CUNY, to assist ami-
doxime in the adsorption of uranium could lead to a 16% 
cost savings if a 50% increase in capacity can be achieved. 
If the novel adsorbent material under development via a 
green chemistry process by the University of Maryland can 
achieve an uptake similar to that of the reference material, 
then a 10% cost savings could result. The natural, chitin-
based adsorbents proposed by the University of Alabama 
likewise address an environmental concern by avoiding the 
introduction of plastic in the ocean, which may come at an 
increased uranium production cost. Lastly, the implemen-
tation of a symbiotic deployment system as proposed by 
MIT could not only reduce the environmental footprint of 

Fig. 5. WUSABI deployment structure by MIT [13]. In this deployment 
scheme adsorbent fibers are fabricated into nets that are in constant 

motion, traversing the length of the submerged portion of an off-shore 
wind turbine. A motor driven pulley system allows the adsorbent net to 

travel through tank reactors containing the elution chemicals, allowing for 
autonomous recycle. 

Fig. 6. A comparison of the uranium production cost as a function of 
number of adsorbent recycles for the MIT and base case technology 

shows that cost savings can be achieved by utilizing this novel 
deployment scheme.
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uranium recovery, but also offers a cost savings of 30%. 
Most importantly to conclude however is the notion that 
with continued future development of these adsorbent and 
deployment technologies it is likely that these projections 
will further improve to continue to reduce the cost of sea-
water uranium, thereby reducing economic uncertainty 
surrounding nuclear power. Future work will thus include 
the systems analysis of more recent design improvements 
made to the symbiotic wind turbine deployment method 
initially proposed and analyzed here [16]. Additionally, 
broader efforts aimed at improving seawater uranium re-
covery through biofouling mitigation [17] and selecting 
deployment location to take advantage of favorable ocean 
conditions such as temperature [18] and current flow rate 
[19] will be modeled in future analyses. 
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