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Abstract – Availability of cooling water has been one of the major issues for the nuclear power 
plant site selection. Cooling water issues have frequently disrupted the normal operation at some 
nuclear power plants during heat waves and long draught. The issues become more severe due to 
the new round of nuclear power expansion and global warming. For new nuclear power plants to 
be built at areas without sufficient cooling water, dry cooling can be used to remove waste heat 
directly into the atmosphere. However, dry cooling will result in much lower thermal efficiency 
when the weather is hot.  

 
One potential solution for the above mentioned issues is to use ice thermal storage (ITS) systems 
that reduce cooling water requirements and boost the plant’s thermal efficiency in hot hours. ITS 
uses cheap off-peak electricity to make ice and uses the ice for supplemental cooling during peak 
demand time. ITS also provides a way to shift a large amount of electricity from off peak time to 
peak time. For once-through cooling plants near a limited water body like a river or a small lake, 
adding ITS can bring significant economic benefits and avoid forced derating and shutdown 
during extremely hot weather. For the new plants using dry cooling towers, adding the ITS systems 
can effectively reduce the efficiency loss and water consumption during hot weather so that new 
LWRs could be considered in regions lack of cooling water. 

 
This paper presents a feasibility study of using ITS systems for LWR supplemental cooling and 
peak power shifting. LWR cooling issues and ITS application status will be reviewed. Two ITS 
application case studies will be presented and compared with alternative options: one for once-
through cooling without sufficient cooling for short time, and the other with dry cooling.  

 
 

I. LWR COOLING WATER ISSUES 
 
Availability of cooling water has been one of the 

major issues for the nuclear power plant site selection. 
During the license renewal process for nuclear power 
plants lifetime extension, thermal pollution issues have 
been frequently challenged. Less effective cooling often 
affects normal operation for some existing nuclear power 
plants. The issue becomes more severe due to the new 
round of nuclear power expansion and global warming. 
The cooling issue depends not only on where a plant is 
located but also on when the peak cooling demand 
happens. During hot summer days, cooling water exiting a 

power plant may become hot enough to threaten aquatic 
life in the cooling water source so that the plant is forced to 
reduce power output to meet environmental protection 
regulations. These types of events happen frequently. For 
example, Browns Ferry Nuclear Power Plant was dropped 
to 50% power on August 7, 2008, in order to reduce its 
thermal discharge and comply with water quality standards 
of the Alabama Department of Environmental 
Management.1 A similar situation happened in Europe in 
the summer of 2006 when a heat wave forced a temporary 
shutdown of several nuclear power plants in Germany, 
France and Spain. Similar heat waves have caused serious 
problems in France in the past. During European heat wave 
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Dry cooling systems as shown in Fig. 2 use air to 
remove waste heat therefore consume no water for cooling. 
As with wet cooling systems, the dry cooling tower can be 
either mechanical or natural draft. Dry cooling towers are 
even more expensive to build and cost more to operate than 
wet cooling towers due to the electricity consumed to run 
air fans. The energy penalty on the thermal efficiency will 
also be higher for the dry cooling than wet cooling towers. 
The EPRI report6 concludes that dry cooling imposes a 
heat rate and lost-capacity penalty on a plant that can range 
up to 25% during the hottest 100 hours of the year and 
exceed 8% for over 1,000 hours at a hot and arid site.  

 
Fig. 2. A dry cooling tower with mechanical draft. 

 
Besides the three cooling methods discussed above, 

cooling pond systems have been used for a few nuclear 
power plants. A cooling pond system uses a large water 
pond to replace cooling towers and reject waste heat 
through evaporation, convection, and radiation. Cooling 
pond systems need to occupy large land area and consume 
a large amount of water. Sometimes, hybrid systems of 
once-through cooling, wet tower cooling, cooling pond, or 
dry cooling have been used or proposed to balance the 
benefits or disadvantages of those methods. One example 
is the Browns Ferry plant which uses wet cooling towers to 
provide additional cooling if the river water temperature 
becomes too hot. However, those cooling towers do not 
have enough supplemental cooling capacity to deal with 
the events happened in 2007 and 2008.  
 

To understand the hot weather efficiency penalty issue, 
we need some background knowledge about thermal 
electric plant thermodynamics. A LWR power plant’s net 
power output depends on the cooling temperature through 
three aspects, as shown in Fig. 3: steam Rankine cycle 
efficiency depending on cooling temperature, turbine 
efficiency depending on cooling temperature, and the 
thermal discharge temperature limits that are set by 
environmental protection regulations.7 If a fixed turbine 
efficiency is assumed and there is no thermal discharge 
temperature limit, the electric power will decrease with 
cooling water inlet temperature as shown in the green line, 
which can be expected from a simple thermodynamic 

analysis. However, a steam turbine is optimized at a fixed 
pressure ratio. When the condensation temperature is far 
above the reference value, the turbine efficiency decreases 
rapidly. The blue line shows this effect. For a plant with a 
dry cooling system, a hot weather efficiency penalty 
follows the same two reasons. Water protection regulations 
typically set strict limits on how hot the discharge cooling 
water from a power plant can be. When that limit cannot be 
met, a thermal power decrease (derating) is the only choice 
without violating the regulations. The red line shows this 
effect. 

 
Fig. 3. A once-through cooling LWR plant net power output 
depends on cooling water inlet temperature when a regulatory 
limit of 35°C is respected for cooling water outlet temperature. 
 

Different low pressure steam turbine designs are 
needed for different cooling systems, depending on the 
cooling temperature variation range. Fig. 4 shows the 
schematic of three steam turbine operation curves: a 
conventional turbine design, a conventional-modified 
turbine design, and a high-backpressure turbine design. 
Generally for all three types of turbine designs, with the 
increase of the condenser backpressure from the nominal 
design point, the thermal efficiency drops. The turbine 
backpressure is mainly determined by the cooling 
temperature. When the backpressure increases to the 
maximal allowable value, the turbine has to be tripped in 
order to prevent the damage to the turbine blade. For 
conventional steam turbines with wet or once-through 
cooling, the backpressure can be maintained within a 
narrow designed range. Conventional-modified and high-
backpressure turbine designs allow a much wider range of 
backpressure variation but have lower efficiency even at 
the design points. The efficiency penalty is especially large 
for the high-backpressure design. For dry cooling, the 1% 
dry bulb temperature exceeds the annual average 
temperature by 20°C in many locations, whereas the 1% 
wet bulb temperature typically exceeds the annual average 
wet bulb temperature only by less than 5°C. Fig. 5 shows 
the yearly distribution of the dry bulb temperature at El 
Paso, TX. The dry bulb temperature can vary from -10°C 
to 40°C. Therefore, a modified turbine must be used for 
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systems with dry cooling, which can allow much larger 
backpressure change but with the penalty of efficiency 
loss. 

 
Fig. 4. Schematic of steam turbine operation curves. 

Fig. 5. Schematic of steam turbine operation curves. 
 

To address the issues of cooling water availability and 
hot weather efficiency penalty of the dry cooling, new 
technologies have been sought, i.e., wet-dry hybrid cooling 
system. The proposed North Anna Unit 3 project by 
Dominion8 originally adopted once-through cooling. 
However, increased thermal discharge and water 
consumption forced the project to consider a closed-cycle 
dry and wet combination (hybrid) cooling system. The 
hybrid system is expensive to build and operate and also 
consumes a large amount of water in wet operation mode. 
If water saving is the highest priority, the dry mode must 
be used. For fossil fired plants, when the wet operation 
mode is less than 15%, it is not economical to have large 
investment standby.6 A potential alternative solution for the 
above issues is to use ice thermal storage (ITS) systems to 
reduce the cooling water requirement and boost the plant’s 
thermal efficiency during peak hot times. 

 
II. ICE THERMAL STORAGE SYSTEMS 

 
Ice is suitable to store “cold energy”. The heat of 

fusion for ice is equivalent to heating water by 80ºC for the 
same amount of mass. For once-through cooling, the 

cooling water temperature increases about 10ºC by going 
through a condenser. If the average cooling water 
temperature is 20ºC, ice has at least about 10 times the 
cooling ability as the same amount of water.  
 

Several gas turbine plants already use ITS to increase 
thermal efficiencies during peak hours in summer: ice is 
made with cheap electricity during the night and the ice 
pack is used to cool the air before it enters the compressor 
during the hottest hours.9 Fig. 6 shows an ITS application 
at a gas turbine plant in Australia. With an installation cost 
at $600/kWe, 20 MWe extra peak power has been achieved 
by the thermal storage system, which is equivalent to 10% 
increase of the total plant power. The largest equipments in 
the ice thermal storage system are two concrete tanks, each 
measured at 15m x 15m x 7m.  Similar concepts have been 
widely used for buildings’ cooling to reduce peak time 
electricity consumption. A much larger ice making and 
storage system could be applied to a nuclear power plant. 

 

 
Fig. 6. Channel Island Power Station ITS (Credit of Baltimore 
Aircoil Company). 
 

There are two main types of ITS systems: static and 
dynamic. Fig. 7 shows one type of static ITS where ice 
making and ice storage happen at the same location. Static 
ITS systems have a relatively low ice making cost but a 
higher storage cost. 10 Fig. 8 shows one type of dynamic 
ITS where ice making and ice storage are separated. 
Dynamic ITS systems have a relatively high ice making 
cost but a lower storage cost.  

 
Another similar idea is the seasonal storage of ice or 

snow for a large power plant. A large amount of ice can be 
taken from a river or a lake surface or just by freezing fresh 
water during the cold season. This ice is then stored in a 
large thermally insulated system. During the hot summer, 
the ice is mixed with hotter cooling water for a once-
through cooling system or is used to cool the steam 
condenser for a dry cooling system to reduce the condenser 
backpressure. The increased thermal efficiency and the 
higher peak time electricity sale price could generate a 
large amount of revenue while reducing thermal pollution. 
Ice storage is a more than 2000-year-old business. Ancient 
people stored ice to be used in summer for cooling. For the 
first half of the 19th century, ice harvesting had become a 
big business in America, although the advent of artificial 
refrigeration technology has since made the delivery of ice 
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obsolete (www.wikipedia.org, search for “ice”). Many 
power plants are located at sites with cold winters and hot 
summers. With the global warming, extremely hot weather 
may become more common. Seasonal ITS can provide one 
potential solution for power plants’ hot weather cooling 
issues.  

 
Fig. 7. External-melt system (credit of EPRI). 

 

 
Fig. 8. Dynamic ice thermal storage system arrangement (Mueller 
Company 2009). 
 

 
Fig. 9. Sundsvall snow cooling plant in Sweden (credit of K. 
Skogsberg, 2005) 
 

Seasonal ice/snow storage systems have been used for 
district cooling and vegetable storage. Fig. 9 shows a snow 
cooling plant in Sweden.11 Snow is collected into a 60,000 
m3 snow pond (upper left picture) and covered with wood 
chips (upper right picture).  The snow cooling system can 
provide 2MWt maximal cooling power for a hospital 
cooling demand. Fig. 10 shows the schematic of ice pond 

refrigeration system used for agriculture product 
warehouse cooling.12 The ice is formed layer by layer by 
spraying water into an ice pond during cold winter. 

 
Fig. 10. Schematic of the ice pond refrigeration system (credit of 
CADDET Energy Efficiency, 1999) 
 

III. FEASIBILITY STUDY OF ICE THERMAL 
STORAGE SYSTEMS FOR LWRS 

 
Among the three cooling methods: once-through, wet 

cooling tower, and dry cooling tower, once-through cooling 
systems near a large water body like an ocean or a large 
lake and wet cooling tower systems can maintain the 
designed turbine backpressure during 99% of the time; 
therefore, adding an ITS system to those plants will not 
generate enough benefits to recover the investment. For 
dry cooling systems and once through cooling systems near 
a small water body like a river or a small lake, the ITS 
system could add significant economic benefits and avoid 
forced shutdown during extremely hot weather. Fig. 11 
shows the effect of using an ITS system to provide 
emergency cooling for an once-through cooling LWR plant 
during a heat wave to avoid derating. In this case, the limit 
on cooling water outlet temperature is assumed to be 35°C 
and the cooling water temperature increases by 10°C 
through the condenser. 

 
Depending on the plant locations, the availability of 

enough empty land, electricity sale price, water price, and 
other factors, an ice making/storage system, a seasonal ice 
storage system, or a combination of both systems may 
achieve the best economics. These ideas work for both 
existing plants and new units. For existing plants, adding 
ITS systems will not affect nuclear safety and power 
generation. Most of the construction work on the thermal 
storage system can be done while the plant is on normal 
power production. The moderate modification work to the 
existing cooling system can be finished during normal 
outage. 

�
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Fig. 11. Avoiding derating with ITS for an once-through cooling 
LWR during a heat wave. 
 

The ITS idea can be compared with pumped storage 
hydroelectricity, which is a type of hydroelectric power 
generation used by some power plants for load balancing 
(www.wikipedia.org). This method stores energy in the 
form of water, pumped from a lower elevation reservoir to 
a higher elevation. Low-cost off-peak electric power is 
used to run the pumps. During periods of high electricity 
demand, the stored water is released through turbines. 
Pumped storage hydroelectricity needs a large amount of 
water and height difference between two natural bodies of 
water or artificial reservoirs. These two requirements limit 
its range of application, just like hydro power. The ice 
thermal storage systems can be more widely used than the 
pumped storage hydroelectricity. 
 

In this study, a mechanical draft wet cooling tower 
system is assumed as an alternative solution to provide 
supplemental cooling to avoid derating or severe hot 
weather penalty. The economics of an ITS system and a 
mechanical draft wet cooling tower system will be 
compared for different scenarios. Since no detailed designs 
are available at this stage of study, all the analyses are 
based on scaling methods except for the ice storage 
building cost in one case. 
 

III.A. Assumptions and Models 
 

The mechanical draft wet cooling tower system cost 
mainly includes capital cost, electricity cost for the fan 
pumping power, water cost, etc. Table II gives very rough 
estimation of costs for three types of cooling systems for a 
1GWe advanced LWR plant in 2009 dollars. The capital 
cost number is scaled from the 2004 EPRI study6, 
assuming nuclear power plant overnight cost doubled 
during this period according to a MIT study13. Water cost 
strongly depends on the availability of water and locations. 
According to the EPRI study, the base water cost for 
industrial application is $1/kgal ($0.26/m3) and the 
breakeven water cost at which the wet cooling and dry 

cooling have similar annual cost is close to $3/kgal 
($0.8/m3). Therefore, the high cost number is assumed as 
the water price for the case with dry cooling and the low 
cost number for other cases. 

 
  TABLE II 

Cooling System Cost for 1 GWe LWR in 2009 Million US$  

Cooling System Once-
through 

Mechanical 
draft wet tower 

Direct dry 
cooling  

Capital cost 20 80 400 
Fan power ratio 0% 1% 3% 
Fan power cost 0 7 20 
 

The ITS system cost mainly includes capital cost and 
electricity cost for making ice. The ITS capital cost 
includes refrigeration plant cost and ice storage cost. 
Refrigeration plant cost depends on ice making type and 
economy of scale:   
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where cr0 is the reference refrigeration plant cost, V� the ice 

making capacity, 0V� the reference ice making capacity, and 

si the scale index set at 0.85 for the study. For the dynamic 
ice making system, the reference cost is based on the cost 

cr0 = $1200/(m3/day) for 1000 ton ice making capacity ( 0V�

= 1000 m3/day); For the static ice making system (internal 
melt system), the reference cost is based on the cost cr0 = 
$190/(m3/day) for 1000 ton ice making capacity (1000 
m3/day). The cost bases are according to the EPRI report10 
and adjusted with the construction cost index from 1993 to 
2009. The ice storage cost for a static ice system follows 
the similar rule as Eq. (1): 
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where css0 is the reference storage cost, V the storage 
capacity, and V0 the reference ice storage capacity. The 
reference cost is based on the cost css0 = $1100/m3 for 1000 
m3 ice storage capacity. The ice storage cost for a dynamic 
ice system scales with the tank surface area: 
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where the reference storage cost csd0 = $450/m3 for 1000 
m3 ice storage capacity. For nuclear power plant 
applications, due to the large volume of ice required, 
dynamic ice systems could be more suitable in most cases. 
Because the ice storage structure/building cost is the major 
cost for ITS, another storage building cost model is 
developed for a specific case to compare with the result 
from the scaling method shown in Eq. (3), based on a 
preliminary civil engineering design using Building 
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Information Modeling (BIM). BIM is an emerging 
technology in Architecture, Engineering, and Construction, 
which enables design options, performance analysis and 
cost estimating in the early design stage. The ice storage 
building is assumed to be a reinforced concrete structure, 
while prestressed concrete structures were also reviewed.  
 

Assuming that the water needs to be cooled from 20°C 
to -5°C to make ice. The total thermal energy for this 
process is 4.3×105 J/kg. The best available COP 
(coefficient of performance) for ice making is about 4.1 10, 
therefore every m3 ice needs 
  4.3×105 J/kg / 4.1 / 900 kg/m3 = 26 kw-hr/m3.  
According to Nuclear Energy Institute, the average 
electricity cost from nuclear from 2004 to 2008 is 1.9 
cents/kW-hr, which is taken as the ice making electricity 
cost; the 5-year average electricity cost from oil fired 
plants is 10.8 cents/kW-hr, which is taken as the peak 
electricity price. In 2003, oil fired plants generated about 
3% electricity, which is the most expensive type of 
electricity. The peak electricity price could be much higher 
than 10.8 cents/kW-hr. So this is a conservative value. 
 

To convert the initial capital cost into annualized cost, 
an amortization rate is used: 

1)1(

)1(

−+
+=

n

n

a
i

ii
r ,   (4) 

where i is the discount rate and 0.07 will be used in this 
study, and n is the life in years and a 60-year life is 
assumed. The annualized cost equals the capital cost times 
the amortization rate. 

 
A typical 1 GWe LWR needs about 40 m3/s cooling 

water for once-through cooling, which is equivalent to 
about 4 m3/s ice cooling or 1 m3/s water consumption in a 
wet cooling. The total ice amount will depend on the 
portion of ice cooling. Note that in an ITS system, the 
water will be recycled to save water. Therefore, the water 
cost should be very low. 
 

III.B. Once-through Cooling with ITS 
 

Consider a 1 GWe once-through cooling LWR plant 
with 50% capacity loss only for 100 hours (about 1% of 
operation time in a year), due to 5°C increase of the 
cooling water temperature above thermal discharge limit. 
An ITS system needs to provide total 7.2×105 m3 ice 
cooling. The consumed off-peak electricity is 1.9×107 kW-
hr and the increased peak electricity is 5×107 kW-hr. The 
peak power shifting efficiency is  
 5×107 kW-hr / 1.9×107 kW-hr = 270%,  
which is much higher than the 70% shifting efficiency for a 
typical pumped storage system. The shifted power storage 
density for the ITS system is 40 kW-hr/m3, much higher 

than 0.3 kW-hr/m3 storage density for a pumped storage 
system.  
 

To compare, a mechanical draft wet cooling tower 
system providing similar cooling capability needs 40 
million dollars capital cost. The annualized net revenue for 
the wet cooling tower system is 2.4 million dollars.  

 
ITS use pattern plays a key role to specify the cost and 

system parameters, such as ice making capability and ice 
storage volume. The system can be charged and used 
weekly, monthly, or yearly. For the case of 100 hours short 
of cooling, the yearly use pattern is a conservative 
assumption, which requires larger ice storage building and 
smaller ice making capacity; the monthly use pattern 
assumes that the ice is used for three times during the three 
hottest months, which results in 1/3 of the ice storage 
volume (240,000 m3) but much larger ice making capacity.  
Table III shows costs comparison for two modes design, 
assuming a dynamic ice system used. Since the ice storage 
building cost dominates the total cost, the monthly mode is 
a cheaper design and can generate better revenue than the 
yearly mode design and the supplemental wet cooling 
tower design. 
 

TABLE III 

Economic Comparison of Two ITS Designs for Once-
through System Supplemental Cooling (million US$) 

 Monthly mode Yearly mode 
Ice storage building cost 17 36 
Refrigeration plant cost 6.8 2.1 
Total ITS cost 24 38 
Annual electricity cost 0.35 0.35 
Increased electricity revenue 5.4 5.4 
Annualized net revenue 3.3 2.3 

 
The design of the 240,000 m3 volume case with BIM 

is illustrated in Fig. 12. The basic shape of the tank is a 
cylinder. The main side wall’s height is 7.5m. The columns 
shown within the tank are used for supporting the top flat 
slab. The spanning is 4m x 4m and the size of each column 
is 0.42m x 0.42m. The estimated cost is about 21 million 
US$, quite close to the result from the scaling method.  

  
 

Fig. 12. ITS storage building plan and detail drawing. 
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III.C. Dry Cooling with ITS 

 
For a 1 GWe LWR with dry cooling system, we 

assume that the average efficiency loss is 8% for the 
hottest 1000 hours and the average efficiency loss is 25% 
for the hottest 100 hours. We consider two cases: the first 
case is to use an ITS system for supplemental cooling for 
1000 hot hours and the dry cooling system can still provide 
50% cooling; the second case is to use an ITS system for 
the 100 hottest hours and the dry cooling system can only 
provide 20% cooling. Use of ITS systems will bring the 
lost efficiency back to the reference efficiency. For the 
1000 hours case, a static ice system is used in a daily 
mode. Each day during the 14 hottest weeks, the ITS 
system will provide 10 hours cooling and the off peak 
charging will consume about 14% of the plant power. For 
the 100 hours case, a dynamic ice system is used in a 

weekly mode. Each week during the 14 hottest weeks, the 
ITS system will provide 7 hours cooling and the off peak 
charging will consume about 1.7% of the plant power. 
Table IV shows the major economic estimations for the 
two designs and comparisons with mechanical draft wet 
cooling tower systems. For the 1000 hours case, ITS and 
the wet cooling system generate similar net revenues. 
However, if water is not available or the water price further 
increases above 3 $/kgal, the ITS system becomes a better 
choice. For the 100 hours case, ITS can generate some net 
revenue and the wet cooling tower system is not 
economical to use. The best operation time for an ITS 
system for dry cooling may be between 100 hours and 
1000 hours, which needs a detailed study to find by 
specifying the power conversion system design, the 
detailed local climate, and electricity market conditions. 
 

TABLE IV 

Summary of Two ITS Designs for Dry Cooling System Supplemental Cooling  

 1000 hot hours case 100 hot hours case 
 ITS Mechanical draft wet 

cooling tower 
ITS Mechanical draft wet 

cooling tower 
Capital cost, million US$ 54 40 23 64 
Annual water cost, million US$ - 2.9 - 0.29 
Peak power shifting efficiency 64% N/A 78% N/A 
Annualized net revenue, million US$ 5.5 6.1 0.8 -1.8 

 
III.D. Further Discussions 

 
From the above analysis, we note that the ice storage 

building cost dominates the total ITS capital cost. 
Optimization of the ice storage building design and use of 
advanced building technology could further reduce the 
cost. 
 

The peak electricity price used in our study is quite 
conservative. In some market, the peak electricity price 
could be as high as 60 cents/kW-hr. 3 Such a high peak 
electricity price will dramatically make ITS systems more 
attractive. On the other hand, off peak electricity price can 
be even lower than we assumed in this paper. For example, 
wind turbines often generate more power in off-peak time, 
which is not needed. Therefore, sometimes even negative 
price from wind turbines may appear. If ITS systems at 
LWR plants could shift this renewable off peak electricity 
to meet peak demand, the benefit could be very large. 
 

The study shown in this paper is very preliminary and 
only demonstrates the potential of ITS systems as one 
solution to address LWR power plants cooling issues. 
Detailed study for specific plant site and design is 
necessary for real applications. The current ITS systems for 
building cooling and gas turbine plants applications are 

much smaller than needed for a nuclear power plant. New 
R&D is required to optimize the ITS designs. 

 
IV. CONCLUSIONS 

 
LWR nuclear power plants have the highest power and 

the lowest thermal efficiency among all the baseload power 
plants. Consequently, the cooling requirement for LWR 
plants and their thermal and water consumption impact on 
the environment are the highest. The day-night and 
summer-winter swings provide a unique opportunity to use 
thermal storage systems to regulate cooling and water 
needs while increasing revenues and reducing negative 
impact on the environment. The use of ITS systems could 
avert building expensive cooling towers for many new 
plants, especially for those co-located with existing plants 
with a limited cooling water source during extremely hot 
weather. For the new plants using dry cooling towers, 
adding the ice thermal storage systems can effectively 
reduce the efficiency loss and water consumption during 
hot weather so that new LWRs could be considered in 
regions without sufficient cooling water.  
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