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Executive Summary 
 
This report is an educational document that examines the design and redesign 
alternatives of the George W. Hays PK-8 School in Cincinnati, OH.  All of the 
redesign ideas are based upon the proposal of implementing an ice storage 
system.  The report analyzes different ice storage types and strategies after 
which a complete annual simulation and analysis of three scenarios was done.  
The first calls for a reduction in chiller size from 170 tons to 100 tons.  This 
case requires an ice storage capacity of 358 ton-hr.  The second case involved 
a 90 ton chiller with an ice storage system of 486 ton-hr.  Finally, the third 
system was an 85 ton chiller with an ice storage system of 600 ton-hr. 
 
Each of these systems saw an increased first cost due to the introduction of an 
ice storage tank, slab on grade, and ice storage components including a 
glycol solution, glycol monitoring equipment, and glycol mixing equipment.  
This increase in cost exceeded cost reductions from a reduced chiller size, 
reduced electrical equipment and reduced piping.  These increases in costs 
ranged from $7,876 to $25,046. 
 
The annual electric bill decreased in each of the three scenarios.  Despite an 
increase in overall electric use, the electrical demand limitations reduced the 
annual electric bill by $1,575 to $3,979. 
 
The final cost analysis showed that the 90 ton chiller and 486 ton-hr ice storage 
tank was the most economical decision with a payback period of 3 years.  This 
report used this payback along with other advantages of an ice storage 
system to conclude that the implementation of an ice storage system in this 
building would be beneficial. 
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1.0 System and Building Summary 
 
The mechanical system for the building was designed with the goal of 
maintaining thermal comfort with minimum energy usage.  The components of 
the system include a single centrifugal chiller, two hot water boilers, and 
three air handling units. 
 
All of they systems work together to achieve the mechanical goals of the 
system.  To help ensure a proper monitoring and coordination of this system, 
a direct digital control system was called for that allows the owner to monitor 
and record all of the major system components from locations away from the 
site.  The system components work together to manage four daily timeframes: 
Unoccupied, Startup, Occupied, Coast-Down.  Since no occupants are 
expected to be in the space, the Unoccupied timeframe has no requirements 
for ventilation or thermal comfort.  To save energy the system is turned off 
during the night hours.  Towards the end of the first Unoccupied period the 
Startup is activated, where the system activates prior to occupancy.  This 
Startup period is necessary because of the lag systems naturally have due to 
thermal mass and unconditioned air in the space overnight.  Because of 
unknown factors regarding the response of a system prior to construction, the 
building controls system has a memory that continuously adjusts the Startup 
time based upon previously recorded data.  During the Occupied hours the 
system is run in a way to achieve thermal comfort and required ventilation to 
the space.  Towards the end of the Occupied timeframe is the Coast-Down.  
During the Coast-Down period, the thermal components of the system begin 
to turn off with the anticipation of the thermal lag of the building maintaining 
thermal comfort conditions until the Occupied period is over and the second 
Unoccupied period of the day begins.  Like the Startup, the Coast-Down 
period changes based on previously recorded data.  By implementing this 
system, thermal comfort is ensured in the early hours of the day and energy is 
saved in the afternoon by taking advantage of the natural lag of the building. 
 

1.1 Cooling Systems 
 
The only active cooling system for the building is a single 170 ton centrifugal 
chiller, CHLR-1.  This system is only responsible for serving the cooling coils 
in the three AHU’s.  The chiller is designed to run at a set supply water 
temperature of 43oF.  The controls logic calls for the chiller to be activated any 
time the Outdoor Air (OA) temperature is greater then 55oF degrees and at 
least one AHU is in occupied mode.  When the OA temperature falls bellow 
50oF, the chiller is disabled and the AHU’s are put into full economizer mode, 
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which is further discussed in the description of the AHU’s.  The chilled water 
bypass valve is staged according to the Differential Pressure (DP) of the 
evaporator to ensure the minimum recommended flow rate stated by the 
chiller manufacturer. 
 
A single 300 gpm pump provides the required pressure drop for the circuit.  
To help prevent cavitation, a suction diffuser is incorporated at the inlet of the 
pump.  Flow conditions can be verified with a DP gage across the pump and 
suction diffuser.  A single gage is used in this application connected to pipes 
from three locations: prior to the diffuser, in between the pump and diffuser, 
and after the pump.  This gage reads absolute pressures at the different 
locations at different points in time.  The absolute pressures are then 
subtracted to find the differential pressure across the desired component.  
Having a single gage instead of multiple gages ensures an accurate DP even if 
the gage is not reading the proper absolute pressure.  Details such as the 
single gage are implemented to ensure the future maintenance team will have 
access to adequate knowledge about the operating conditions of the system. 
 

1.2 Heating Systems 
 
The central heating system for the building is served by a hot water system 
containing two identical 1,500-MBH non-condensing boilers.  In accordance 
with initial design goals the boilers have a high efficiency, each with two 
variable frequency drive secondary pump motors.  The boilers are designed 
for a supply water temperature of 180oF.  Hot water supply temperatures vary 
based on OA temperature.  In addition to the central heating system, the 
boilers serve several cabinet unit heaters and local reheat coils at the 
Variable Air Volume (VAV) boxes. 
 
Previous experiences by the mechanical engineer had shown that school 
reception areas are more likely to receive complaints about not falling within 
the bounds of the occupants desired thermal comfort region.  For this reason 
the design called for a 1280 MBH electric radiant panel in the reception area 
that included a thermostat that could be controlled by the occupant. 
 

1.3 OA Summary and Findings 
 
The building is broken up into three main zones.  Each of the three air 
handling units is responsible for supplying an appropriate amount of OA to its 
respective zone.  Each zone is mainly limited to a particular type of space.  
This helps to keep the critical space representative of all the spaces in the 
zone, because the minimum Evz can be expected to be somewhat similar for 
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spaces serving a similar function with similar OA requirements, thus limiting 
the amount of OA brought to unnecessary spaces.  Each zone is served by one 
AHU.  Each AHU is an indoor modular Air Handling Unit located in a 
mechanical room or mezzanine.  Each AHU has an integral heat recovery 
wheel, a return or relief fan, an economizer section, heating and cooling coil, 
and a supply fan.  The zone breakups according to AHU are shown in Figure 1-
1. 

 

 
Figure 1.1 

Air Handling Unit Zone Distribution 
 

 
Table 1.1 highlights the basic comparisons between the designed OA flow 
and the ASHRAE 62.1 calculated OA flow rates according to ASHRAE Standard 
62.1.  
 
The sum of the Voz values in all zones served by AHU-1, AHU-2, and AHU-3 
was 18,890 cfm, or 65% of the some of the Vot values of 29,142 cfm.  The 
reason for this increase is the critical zone requiring a higher fraction of OA 
then some of the other zones.  In order to supply a sufficient amount of OA to 
the critical space, the system is forced to supply excess OA to non-critical 
spaces. 
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TABLE 1.1 

 

 
Air Handling Unit Summary 

 
 

1.4 AHU-1 
 

Air Handling Unit 1 supplies the three-story classroom wing of the building.   
The net area served by AHU-1 is 24,700 ft2.  This gross area (including walls 
and spaces not in the Breathing Zone or not in spaces requiring OA) is 31662 
ft2.  The unit has a single supply VAV fan that moves 22,000 cfm with a static 
pressure drop of 6 in wg.  This fan is responsible for the pressure drop from 
the OA intake to each of the VAV boxes.  From there, the individual VAV 
boxes supply an adequate pressure to supply the air to the individual spaces.  
The return fan has a capacity of 19,000 cfm with a design static pressure drop 
of 3 in wg.  This fan draws the air from a plenum return to a short length of 
duct where it is then either blown into the mixed air supply or blown out of the 
building as exhaust air. 
 
The design mixed air temperature for the chilled water coil is 81.1oF DBT and 
66.1oF WBT.  936 MBH of cooling is required to bring the supply air conditions 
to 52.4oF DBT and 51.8oF WBT.  A heating coil of 741 MBH of heating is 
required to bring the heating design entering coil temperature of 33.8oF to the 
winter supply temperature of 65oF.  The supply air volume is determined by 
adjusting flow based upon the static pressure in the ductwork with a minimum 
flow volume above 11,066 cfm to ensure the required minimum value of OA is 
always supplied.  The pressure in the ductwork changes as the local VAV 
boxes adjust airflow volumes based on space temperature. 
 
To help reduce loads on the building and to achieve design goals, a total 
enthalpy wheel is used to pre-condition the OA.  This design is effective 
because of a high percentage of OA.  The high OA percentage directly 
correlates to a high Exhaust Air (EA) volume.  Though necessary for 
ventilation, the high EA rate results in a rejection of Return Air (RA).  Since the 



 

 - 6 - 

RA is many times closer to the SA conditions then the OA is, the high OA 
percentage increases the load across the heating and cooling coils.  A total 
energy wheel transfers both latent and sensible energy between the RA and 
OA.  Dumping energy into the OA stream in winter and extracting energy 
from the OA stream in summer reduces the load on both of the coils. 
 
For transition seasons, AHU-1 enters economizer mode when the OA 
temperature is closer to the desired SA temperature then the RA temperature 
is.  In economizer mode the system brings in above-design OA to save on 
energy use.  Since the OA is closer to supply conditions then the RA is, the 
load on the coil is reduced. 
 
AHU-1 complies with Section 5 of ASHRAE Std. 62.1.  The OA intake is on an 
elevated vertical wall in a location free from the potential contaminant sources 
detailed in Table 5-1 of 62.1. 
 
The sum of the Voz values in the zones served by AHU-1 was 9,746, or 72% of 
the Vot value of 13,529 cfm.  The reason this percentage is higher then the 
percentage for the entire building is due to two major components; the 
diversity factor applied to this space and critical Zd value in this space being 
somewhat representative of the other spaces served by AHU-1. 
 
The OA fraction, Zd (the equivalent to Zp but for Appendix A from ASHRAE Std. 
62.1) for the critical space was 0.7.  Because calculations were done using 
Appendix A, the minimum Evz was the value that determined the critical 
space, not the maximum Zp.  For AHU-1 the minimum value for Evz was 0.59  
from the Extended Learning Area rooms: 113, 120, 211, 218, and 306.  This 
value represents a dense population and low envelope, resulting in a high 
OA%. 
 

1.5 AHU-2 
 
Air Handling Unit 2 supplies a two story office and auxiliary classrooms wing 
of the building serving a net area of 19,100 sq ft.  The total area of this zone is 
21,451 sq ft.  AHU-2 has a design airflow of 18,000 cfm with a supply fan 
designed for 6 in wg.  It is equipped with a total enthalpy wheel and space 
heating is done by hot water in each zone. 
 
AHU-2 complies with section 5 of ASHRAE Std. 62.1.  The OA intake is on a 
roof, but elevated more then 1 ft above the roof, meeting the requirements of 
Table 5-1 of 62.1. 
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The sum of the Voz values in the zones served by AHU-2 was 4,678, or 52% of 
the Vot value of 9,078 cfm.  The reason for this large difference in values is due 
to no diversity factor being applied for the space, and the critical zone not 
being representative of the other zones served by AHU-2. 
 
The OA fraction, Zd, for the critical space was 0.87. 
 
The design OA was 46% of the total flow rate or 8,296 cfm.  Similar to AHU-1, 
this value is only 91% of the 9,078 cfm calculated.  The reasons for this 
discrepancy are like those mapped out for AHU-1 and because of differing OA 
requirements at the critical space.  The design assumed 20 cfm/per for a 
workshop, Room 133, resulting in 40 cfm.  From ASHRAE 62.1 it was assumed 
10 cfm/per and .18 cfm/sq ft for a workshop resulting in 73 cfm of OA.  This 
OA requirement caused the Evs to become 0.31, making Room 133 the critical 
zone.  The next lowest Evs value was 0.41, Room 224.  If the workshop, Room 
133, was supplied OA by another unit or by other means, the Ev value for the 
system would be 0.41.  The resulting OA would then be 6872 cfm reducing the 
required OA by 76%, allowing the current design to meet with ASHRAE 62.1. 
 
The percentage OA calculated was 40%, which is comparable to the 46% 
designed.  The lower OA percentages in this wing of the building are because 
of more offices or other low density occupancies. 
 

1.6 AHU-3 
 
Air Handling Unit 3 supplies the gymnasium and gymnasium support areas.  
The net area of these spaces is 6,900 ft2 with a gross area of 8,844 ft2.   Because 
of the high OA percentages and the availability of implementing a total 
energy wheel, AHU-3 is a 100% OA system.  Because of the uniqueness of this 
system, the controls are determined directly by space temperature, not duct 
pressure. 
 
AHU-3 complies with Section 5 of ASHRAE Std. 62.1.  The OA intake is on an 
elevated vertical wall in a location free from the potential contaminant sources 
detailed in Table 5-1 of 62.1. 
 
The sum of the Voz values in the zones served by AHU-3 was 4,466, or 68% of 
the Vot value of 6,535 cfm.  This value falls in line with the average of all three 
AHU’s. 
 
The critical space served by AHU-3 was the gymnasium, Room 105, with a Evs 
value of 0.68.  As shown in the assumptions, the gymnasium was assumed to 
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be entirely a spectator area and not a play area.  This is because of the 
potential of large gatherings using the gymnasium as a seating area.  This 
assumption resulted in a dense population, increasing the percent OA 
required for the zone making a 100% OA system logical for these zones. 
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2.0 Design Load Estimation 
 

Carrier’s Hourly Analysis Program (HAP) was used to model George W. Hays 
facility to find a design load estimation.  This estimation is based off of data 
taken from design documents and heating and cooling outdoor air conditions 
from the ASHRAE Handbook of Fundamentals, 2005.  The summer design 
conditions are based off of the temperature that weather data has shown to 
exceed 0.4% of the time.  Conditions beyond these values are not part of the 
summer design conditions because the building has a thermal mass that will 
be able to absorb energy as long as the OA conditions do not exceed the 
0.4% range for an extended period of days.  A dry bulb temperature of 93oF 
and a wet bulb temperature of 74oF are the conditions that meet the 0.4% 
condition.  For cooling design the 99.6% condition of 4oF was used, meaning 
that 99.6% of the days in Cincinnati, Ohio are shown to exceed 4oF.  The exact 
values for lighting were used in all spaces by looking at the electrical 
schedules and drawings for each space.  The space occupancies and square 
footages were determined from building drawing documents. 
 
The design simulation resulted in a total cooling load close to what the 
drawings suggested.  The scheduled chiller has a nominal capacity of 170 tons 
(165 actual tons according to design documents) and the HAP analysis called 
for 158 tons of refrigeration.  Discrepancies between the modeled systems 
and the way the two different programs interoperate the systems may be a 
reason for error.  The HAP analysis finding that the building required 158 tons 
of peak cooling capacity was used as the basis of the analysis of the building. 
 
Despite the HAP analysis calling for the proper nighttime shutdown of the 
system, the HAP output was still showing nighttime cooling requirements.  For 
future analysis of the building, this output was used as a base comparison and 
foundation for the redesign ideas. 
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3.0 Design Goals 
 
According to the mechanical engineer, the main mechanical focus for all 
projects for the Cincinnati Public Schools is energy conservation.  From 
previous experience, the design team anticipated a high percentage of OA in 
each of the three zones.  Zone 1, consisting of mainly classrooms and Zone 2, 
consisting of a mixture of classrooms, offices, and general spaces were 
expected to have an OA percentage around 50%.  The zone for the 
gymnasium and the gymnasium support area, Zone 3, was expected to have 
an even higher OA percentage around 70%.  Due to the high percentage of 
required outdoor air, complete enthalpy wheels were implemented as an 
early design objective.  The design team was also focused on implementing 
high efficiency boilers to supply the decoupled heating and domestic hot 
water systems.   
 
Thermal comfort is a goal that is incorporated into every design by the 
mechanical designer.  Thermal comfort means creating an atmosphere at 
which the occupants are expected to be comfortable in terms of both Dry Bulb 
Temperature (DBT) and Relative Humidity.  This goal is achieved by 
combining design experience and advice from professional journals such as 
ASHRAE to combine the components of work level and clothing level to 
determine a desired DBT and Relative Humidity along with providing a 
reasonable level of occupant control. 
 
Mechanical designers are also restrained by space limitations.  Though there 
were no initial specific floor area limits on the mechanical system, an initial 
goal by a mechanical designer is to place the equipment within an area that is 
agreeable by the architect and owner.  Excess mechanical space can result in 
lost rentable space, or even the possibility of affecting the overall aesthetics 
of the building. 



 

 - 11 - 

4.0 Design Conditions 
 
Design conditions include the desired Indoor Air (IA) temperature in addition 
to the various determined design OA temperatures.  The specific values for 
these various conditions can be found on Table 4.1. 
 
Table 4.1    

 

 
*Design condition based off of DBT 
**Design condition based off of WBT 
†Summer OA conditions based off of 2% ASHRAE Fundamentals 
2001 
††Winter OA conditions based off of 99.6% ASHRAE Fundamentals 
2001 

Design Conditions 
 

 
All of the OA conditions were determined by the mechanical engineer using 
ASHRAE Fundamentals 2001.  Two different possible summer design OA 
conditions were of interest to the designer.  The first condition is the 2% DBT 
condition.  This value is the DBT that is surpassed 2% of the hours in a year 
(175 hours per year).  A 2% design condition is acceptable because of the 
thermal mass of a building allowing the building to maintain indoor air 
conditions when the OA conditions exceed design for a limited span of time.  
This span of time is not expected to be exceeded when using a 2% design 
condition.  Associated with the design DBT is a Wet Bulb Temperature (WBT).  
This value gives the designer a point on the psychrometric chart to base the 
design of the system on.  The other potential design condition is the 2% WBT 
condition.  Similar to the 2% DBT condition, the 2% WBT condition is the WBT 
that is surpassed 2% of the hours in a year.  This design WBT has the potential 
of accumulating a latent load large enough to require more tons of cooling 
then would be required if looking at the design DBT alone. 
 
The IA conditions were decided by analyzing the conditions of the respective 
spaces keeping in mind energy usage and thermal comfort.  Specific 
variables taken into account include the amount of clothing occupants are 
expected to wear, the expected level of activity for the occupants, and the OA 
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conditions.  Clothing has an effect on the amount of heat the occupants’ bodies 
are able to reject due to varying thermal resistance.  Activity level has been 
proven to have a direct effect on the occupant’s metabolic rate, or the energy 
that the person is creating.  This metabolic variance changes the occupant’s 
perception of what defines comfortable conditions.  Finally, the OA 
temperature has two major influences on the decided space temperature.  
First, cooling summer air requires more energy then cooling winter air and 
the converse is also true.  Therefore to be energy conscious, summer IA 
conditions can be decided to be warmer then the winter IA conditions.  The 
second effect deals with acclimation.  A human body adjusts over time to 
different temperatures.  Therefore, in the winter months the occupant will 
define thermal comfort as being cooler then the defined thermal comfort in 
the summer. 
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5.0 Proposed Redesign Ideas 
 

All proposed redesign ideas were analyzed in comparison to the current 
building design with respect to cost, the effect on the occupants of the 
building, the building’s effect on the community around it, and the 
educational value. 

 

5.1 Mechanical Components 
 
The redesign idea for the mechanical components of the building includes the 
introduction of an ice storage system.  Three main components of ice storage 
were inspected: proper equipment selection, proper controls methodology, 
and proper simulation.  The ice storage system lends itself to the Hays School 
because of a summer load profile indicating several large load peaks (Figure 
5.1).  Distributing cooling energy into the nighttime hours should reduce the  
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Figure 5.1 

Annual Thermal Load Profile 
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electric bill by lowering the peak electric demand.  In addition to lowering 
costs, this will also lower the demand required for the city power, providing a 
service that will benefit the community as a whole.  The ice storage system 
will have two expected drawbacks: increased mechanical space and 
complications with low supply temperatures from the chiller.  The design day 
data was gathered from the Trane Hourly Analysis Program (HAP) file used to 
analyze the building.  This data was then used to look at designing the system 
based off of full storage, load leveling partial storage, or demand limiting.  
The method used to select the size of the ice storage system has a direct 
influence on the method of controls chosen.  Using the yearly data from the 
HAP file and the controls method chosen, an Excel worksheet was created to 
run a yearly analysis of the system.  A lifecycle cost comparison between ice 
storage and a system not using ice storage was used to determine the 
practicality of the proposal. 

5.2 Breadth Components 
 
The ice storage system will have direct impacts on both the structural and 
electrical components of the building.  Four different scenarios will be 
analyzed.  First is the current scenario where the ice storage is not 
implemented and the electrical and structural components remain 
unchanged.  The next three scenarios use different sized ice storage tanks.  
An additional grade level component will serve as support for the physical ice 
storage tanks.  The manufacturer of the ice storage system was contacted for 
recommendations on the type of support system that would be best.  In 
addition to a slab on grade, several electrical components were downsized as 
a result of the ice storage system.  The redesigns of these components were 
evaluated for a more in-depth look at the cost comparison of an ice storage 
system. 
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6.0 Controls Methodology 
 

The controls help to define a basis for sizing the equipment and analyzing 
energy savings.  These early decisions must be made based off of 
professional recommendation and considering how the system will respond.  
The original building design already called for a detailed controls system that 
would be important for ensuring the ice storage system is working properly.  
The four main components of the controls methodology are: chiller operation, 
charging cycle, operation sequencing, and chiller placement in the system. 

 
6.1 Chiller Operation 

 
The two main chiller operation strategies considered were full storage and 
partial storage, load leveling.  Demand limiting strategies were not 
considered because of the complexities of predicting the load.  A mixture 
between full storage and load leveling partial storage was applied to the Hays  
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Figure 6.1 

Relationship Between Required Ice Storage Size and Required Chiller Size 
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School.  Some of the factors that influenced the design were, peak monthly 
chiller kW, chiller ice storage size denominations, and a cost analysis of three 
different chiller size and ice storage tank size combinations.  It was 
determined early on that a full storage system would most likely not be cost 
effective.  Since Cincinnati does not have a reduced off-peak kilowatt-hour 
(kW-hr) charge, the increased energy usage required for only running the 
chiller at night in ice-making conditions could result in an overall more 
expensive electric bill.  Another factor as to determining the chiller size for a 
partial storage system was the relationship between the reduced chiller size 
and the increased required ton-hr of storage capacity, as shown in Figure 6.1.  
As this figure shows, smaller chiller sizes results in a nonlinear increase in 
required ice storage capacity.  This figure implies that chillers under 85 tons 
will result in too large of an increase in the ice storage system to be 
considered economical.  The chiller size was also determined in part by the 
analysis of the annual thermal load profile shown in Figure 5.1.  This figure 
shows large spikes throughout the summer months.  To reduce these spikes 
and level the thermal load profile again, a chiller size between 80 and 100 
tons would be ideal.  In accordance with these two comparisons, an 85, 90, 
and 100 ton chiller were all analyzed to ensure the most cost effective system 
selection. 

 
6.2 Charging Cycle 

 
A daily charging cycle was considered to be the most economical based off of 
professional advice and other similar projects.  There would not be enough 
space for an ice storage system of that size and there is nothing in particular 
about the load profile of the Hays School that would suggest that a week-long 
load profile would be beneficial.  However, with the three analyses that were 
performed, it was acknowledged that for the 85 ton chiller system it was not 
possible to achieve as a daily charging cycle.  At around 85 tons it becomes 
necessary for the system to build up ice over multiple days to be able to 
handle the design day.  This raises immediate concerns about the reliability of 
this system because it was not intended to be analyzed as an extended 
charging cycle system.  If there are multiple high demand days in a row that 
the HAP file had not prepared for, this ice storage system would lose control.  
To the best of my understanding, the HAP program was not designed with the 
intention of preparing the designer for a design week and it is possible that 
this data is not useable for a week analysis.  However, this analysis was 
completed in its entirety similarly to the other two systems for educational 
reasons and interest in whether or not a chiller of this size would be 
economical if there was not a concern about losing control of the system. 
 



 

 - 17 - 

6.3 Operation Sequencing 
 
The two main strategies of the system operation are chiller priority and 
storage priority.  In a storage priority system, at the point in the month when 
the demand charge is being met, it is likely that the ice storage system is only 
meeting a small portion of the load.  This is unlikely to make up for the extra 
costs involved in the large storage system or the increased off-peak electric 
usage while the ice is being made.  Since ice priority systems increase the off-
peak electric consumption while decreasing the on-peak electric 
consumption, ice priority systems are the most ideal in a scenario where the 
off-peak electric utilization charge is less than the on-peak charge.  A chiller 
priority system will limit the amount of ice created at inefficient temperatures 
by only making ice on days that exceed the chiller capacity load.  For these 
reasons a chiller priority system was favored over an ice priority system. 
 

6.4 Chiller Placement
 
Through literary review and recommendations made by CALMAC, it was 
determined that the most effective place for the chiller is upstream of the ice 
storage device.  With the chiller upstream of the ice storage system, the 
temperature of the glycol solution entering the chiller will be warmer then it 
would be in a scenario where the chiller is downstream of the ice storage 
system.  This will allow the chiller to run at a higher efficiency; however, this 
also means that the temperature of the solution entering the thermal storage 
tanks is already slightly cooled.  Since the temperature of the ice cannot be 
changed, there is a decreased delta T in the ice storage tanks.  This smaller 
temperature drop will mean that the ice storage discharge rate will be slower 
than it would be in a chiller down stream system.  The chiller upstream system 
will naturally lend itself well to a chiller priority system.  However, if it was 
feared that the ice storage charging or discharging rate was a potential 
problem, this component of the system may be modified. 
 

6.5 Ice Storage Tank Type 
 

The two considered types of ice storage tanks were internal freeze- internal 
melt and internal freeze- external melt.  With an internal melt system, the ice 
gathered on the coils will begin to melt from the inside which will create a 
layer of water insulation between the glycol solution and the ice.  Internal melt 
systems will have a greater range of discharge temperature and discharge 
rate than an external melt system.  An external melt system has complications 
with introducing a new flow cycle of water.  In an external melt system, a 
glycol system flows through the pipes to freeze the ice, but then water is run 
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directly over the ice in the discharge cycle.  Despite the more steady 
temperatures and increased discharge rate, the extra complications of adding 
in a new flow cycle are not beneficial.  For this analysis only internal freeze- 
internal melt systems will be analyzed. 
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7.0 Mechanical Equipment Simulation  
 

There is limited software available with quality ice storage simulation ability.  
To ensure that I was aware of the calculations I was performing, I only used 
data from the mechanical analysis software up until the point of normal chiller 
and electric analysis data.  To extend that data into analyzing an ice storage 
system I created my own program that would do a complete hour by hour 
analysis of the ice storage system. 

 
7.1 Chiller Load Simulation 

 
The mechanical equipment simulation was performed using HAP and the 
Excel sheet made for designing the equipment.  Initially, all of the data for the 
system was entered up to the system level.  This data was then extracted and 
used to determine the hour by hour load on the building.  By implementing a 
system for charging an ice storage system I was able to divert daytime chiller 
use to the nighttime.  The system assumed a 98% thermal storage efficiency 
and adjusted load capacities of the chiller based upon whether or not ice was 
being created.  From this I was able to determine the chiller load for each 
hour of the day, which led to the selection of the chiller.  As shown in 
Appendix A, a 30% glycol solution sees a 97% reduction in chiller capacity.  
To convert this into energy usage I had to then multiply the chiller load by the 
proper kW/ton.  This value for kW/ton took into account the leaving water 
temperature (changing depending on if ice was being formed) and the part 
load efficiency.  For tonnage values within 5% of the total chiller capacity I 
used the design kW/ton.  For other tonnage at a supply temperature of 44oF, I 
used the (Integrated Part Load Value) IPLV.  I could not use the IPLV for the 
upper 5% because this would have a direct affect on my electric demand 
value.  Since the rest of the values were primarily for simulation purposes I 
decided that the IPLV would be a reasonable estimate.  I was not able to 
account for change in efficiencies due to outdoor air dry bulb temperature.  
Though this does have a significant affect on an air-cooled chillers load 
capacity and efficiency, I was not able to include it into my calculations.  I 
consider this to be safe because it would aid the ice storage system which is 
using nighttime air over the base case which is drawing in more summertime 
hot air.  Table 8.1 shows the kilowatts per ton used in each situation for the 
overall system design.  Values that could be found in Appendix A were, but 
calculations were performed on values not directly found in Appendix A. 
  
To determine the values in Table 8.1 not found in Appendix A, calculations 
and estimations were performed.  It was assumed that the Carnot efficiency 
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(ηcarnot) would remain constant in all conditions as long as the same chiller was 
being used.  ηcarnot is simply defined as the actual Coefficient Of Performance 
(COP) divided by the Carnot COP (COPcarnot).  ηcarnot is initially found by using 
some reference location of data, where the value for COP can trivially be 
derived from Appendix A.  The values for COPcarnot are then calculated using 
Equation 7.1. 
 
 COPcarnot = Tlow/(Thigh-Tlow)  Eqn. 7.1 
 
In the reference condition the COPcarnot is used to find ηcarnot, in the charging 
condition, COPcarnot is used with ηcarnot to find the actual COP.  This actual COP 
was then used to estimate the energy usage of the chiller at those conditions.  
IPLV values were found on the cut sheets in Appendix A and factored by the 
ratios of peak kW/ton to obtain an estimated energy consumption of the 
chiller in all modes. 
 
There was not Trane chiller data available for 85 ton chillers.  As will be 
discussed in the next section, the 85 ton chiller was shown to be a dangerous 
choice and is only being done for educational reasons.  Because this is being 
done for educational reasons, assuming the COP of the 85 ton chiller was 
equal to that of the shown 80 ton chiller was acceptable. 
 
Table 7.1 

 
Chiller Conditions 80 Tons IPLV

Low T High T Tons kW COP COPcarnot η Carnot kw/Ton kw/Ton
Reference 499.7 544.7 78.8 75.6 3.7 11.1 0.3 1.1
Charging 484.7 544.7 44.4 58.5 2.7 8.1 0.3 1.3 1.2

Discharging 509.7 554.7 79.8 85.4 3.3 1.1 1.0
As Designed 503.7 554.7 1.1 0.8

Chiller Conditions 90 Tons IPLV
Low T High T Tons kW COP COPcarnot η Carnot kw/Ton kw/Ton

Reference 499.7 544.7 89.9 88.9 3.6 11.1 0.3 1.1
Charging 484.7 544.7 60.0 81.5 2.6 8.1 0.3 1.4 1.3

Discharging 503.7 554.7 90.8 99.8 3.2 1.1 0.9
As Designed 509.7 554.7 1.1 0.8  
Chiller Conditions 100 Tons IPLV

Low T High T Tons kW COP COPcarnot η Carnot kw/Ton kw/Ton
Reference 499.7 544.7 99.9 101.7 3.5 11.1 0.3 1.1
Charging 484.7 544.7 55.7 78.0 2.5 8.1 0.3 1.4 1.2

Discharging 509.7 554.7 100.6 113.6 3.1 1.1 1.0
As Designed 503.7 554.7 1.1 0.8

Chiller properties at different loading conditions 
 

 



 

 - 21 - 

In addition to these values, special calculations were performed within the 
Excel program to account for changes in capacity and COP that are 
dependant on how the chiller responds when its set point is exceeded.  
Chiller priority ice storage systems only discharge ice when the chillers load 
is exceeded.  The system knows when the chiller is exceeded because of an 
increase in temperature of the supply temperature.  A valve can then be 
modulated to allow for some of the chiller water to be sent through the ice 
storage system to maintain a constant supply temperature.  When the 
compressor’s capacity is exceeded, both the motor amps and the capacity of 
the chiller increase as a result of the system attempting to achieve a supply 
temperature that it cannot achieve, and the supply temperature of the chiller 
increasing.  At this point, instead of the chiller controlling the system, the 
chiller is being controlled by the system.  It was estimated that for a screw 
chiller, COP increases of 3 %/oF can be expected because of the 
disproportionate high increase in capacity over the increase in amps after the 
chiller exceeds the designed supply temperature.  The temperature exiting 
the chiller was estimated in the program by doing a direct interpolation 
between the maximum chiller temperature (calculation shown in Section 8) 
and the supply temperature in relation to the respective chiller load.  As a 
best estimate for the new capacity, the designed capacity of the chiller was 
then increased by a factor half as much as the COP was raised. 

 
7.2 Ice Storage System Simulation 

 
The ice storage simulation began with the building thermal load data from the 
HAP file.  From this a “charging potential” was determined for each hour.  
This potential was found by determining if the chiller was either in a potential 
charging mode or in a potential discharging mode by comparing the building 
loads with the respective charging and non-charging chiller capacities.  
Negative values would indicate that the chiller had the potential for charging.  
These values were then broken up into either positive charging or 
discharging.  For each hour, it was determined if charging or discharging was 
possible.  This was a result of the load and the previously charged amount of 
the ice storage system.  If the ice storage system could discharge, then the 
load on the chiller that exceeded the chiller capacity was subtracted from the 
capacity of the ice storage system.  Once the load of the building drops to be 
lower then the tonnage capacity of the chiller reduced for ice making 
capacity, the chiller switches onto ice making mode and the ice storage 
system begins to charge.  A check in the system was put in to ensure that the 
ice storage system was not dropping bellow zero ton-hrs. 
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7.3 Building Electric Load Simulation 
 
A further HAP analysis was done on the building to combine the cooling 
system with the heating system in a complete building analysis.  This data was 
used to create an output of the building’s total electric consumption.  From this 
data and in corroboration with the Duke Energy electric rate structure (shown 
in Appendix C), the annual electric bill for the base case building conditions 
was determined.  To find the electric consumption for any given hour of the 
ice storage building I subtracted the chiller kW that I calculated for the base 
case from the total building kW, and then added the ice storage system chiller 
kW.  Special attention had to be paid to the kW consumption of the chiller.  
Each hour of the year was analyzed to determine which kW/ton category from 
Table 7.1 it fell into.  This was done for each hour of the year so that a monthly 
electric bill could be developed.  Because of a requirement that the minimum 
demand charge for a month is no less then 85% of the highest demand charge 
in the summer months, there is a variation in required demand and billed 
demand.  The month by month breakups of these demands are shown in 
Figures 7.1 & 7.2. 
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Figure 7.1 

The Monthly Required Demand for Each Scenario 
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Monthly Billed Demand
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Figure 7.2 

The Monthly Billed Demand for Each Scenario 
 

 
The minimum demand charge requirement lends a strong advantage to an ice 
storage system.  In Figure 7.1 during the winter months of the year, the ice 
storage system scenarios show an increased demand need.  However, for 
those same months in Figure 7.2, the billed demand for the ice storage system 
scenarios is lower then in the base case. 
 
Table 7.2 gives a summary of the estimated annual electric bill.  It shows an 
inverse relationship between electric consumption and chiller size.  This is 
because the smaller chillers tend to have a lower COP and because these 
systems rely more heavily on the ice storage system.  As Table 7.1 displayed, 
each chiller has a drastically decreased COP in the ice making stage as a 
result of a low supply temperature.  Therefore, for each ton of cooling done 
using the ice storage system there is a greater amount of energy required 
than there would be had the chiller directly cooled the space.  Despite the 
increase in kW-hr, each of the ice storage systems showed an annual savings 
in the electric bill due to a decreased demand charge. 
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Table 7.2 

 

85 90 100 Base Case
535795 530902 539144 513111

85 90 100 Base Case
241 248 261 281

85 90 100 Base Case
35507 36162 37911 39486 Annual Bill ($)
10% 8% 4% 0% % Annual Savings
0.066 0.068 0.070 0.077 $/kW

Anual kW-h

Demand Peak kW

Annual Electric Bill

 
Annual Electric Bill Summary 
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8.0 Mechanical Equipment Selection
 

8.1 Chiller and Ice Storage Tank 
 

According to the CALMAC representative, a chiller under an ice storage 
system is expected to be 55% smaller than in an equal system without an ice 
storage system.  This brings a rough estimate of the size of the chiller for the 
Hays School to go from 170 tons to around a 100 ton chiller.  The mechanical 
drawings called for either a screw or a scroll chiller.  According to the 
ASHRAE Design Guide for Cool Thermal Storage, “Reciprocating and rotary 
screw chillers are adaptable to a wide range of leaving temperatures and can 
generally be applied to ice storage systems with little difficulty.”  A 
centrifugal chiller could also be applied to the system but there are further 
complications involving the specifics of the operating conditions and the 
compression ratio.  To help keep parallelism between the base condition and 
the proposed idea, a screw chiller was decided upon. 
 
The condenser for the base case was designed to be air-cooled.  On the 
CALMAC website there is an article showing an elementary school with a load 
of 190 tons where ice storage was implemented.  In this case an air-cooled 
chiller was also used.  It was perceived early on that air-cooled would be the 
most economical for a small chiller and to keep similarities with the base case, 
an air-cooled system was chosen. 
 
To determine the exact sizes of the equipment, the hourly excel program was 
used.  The program used the hour-by-hour analysis of the building, user 
defined ice storage system information, and user defined chiller information 
to determine the minimum amount of ton-hr of capacity left in the system for 
an entire year. 
 
The first goal was to establish the flow rate required by the chillers.  To 
maintain the same delta T called for in the base case, the ice storage system 
needs to drop a 58oF return solution to a 43oF supply.  The specific heat of this 
solution is 0.89 btu/(lb-oF).  By comparing these with a design day of 158 tons, 
Equation 8.1 can be used to solve for the required mass flow rate of 146000 
lb/hr. 
 
             .     . 

Q=mcp∆T.  Eqn. 8.1 
 
The specific gravity of the solution is 1.057, giving it a density of 8.77 lb/gal, 
and a total required flow rate of 277 gpm. 
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8.1.1 Small 85 Ton Chiller Scenario  

 
The 85 ton chiller was based of a pseudo extended charging cycle as opposed 
to a daily charging cycle as the other chillers are.  This is because the small 85 
ton chiller does not have the capabilities of charging enough ice in a single 
night to overcome the design day.  For this reason, the 85 ton chiller scenario 
will not be selected, but is still being analyzed for educational reasons.  
Figure 8.1 shows this extended cycle over one entire week, beginning with 
Monday morning.  For these days, the ice storage system is not able to 
recharge each night. However, over the course of one week, the system does 
recharge itself to maximum capacity.  Another aspect of the program is 
revealed by the level portions of the ice storage system on the weekends.  
This is a display of a safety in the program to ensure that the chiller does not 
attempt to make ice during the daytime hours.  By implementing this, the 
system will only charge ice during the nighttime hours when the outdoor air 
dry bulb temperature is the coolest, maximizing the chiller efficiency. 
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Figure 8.1 

90 Ton Chiller Design Week Chiller, Charged Ice, and Thermal Load Profiles 
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8.1.2 Medium 90 Ton Chiller Scenario  

 
The 90 ton chiller had a total of 1,910 ton-hrs of required cooling on the design 
day and works with a normal daily charging cycle.  The analysis in the 
program resulted in an ice storage system with a useable capacity of 486 ton-
hrs.  This demand could be met with three CALMAC 190A, 162 ton-hr ice 
storage tanks. 
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Figure 8.2 

90 Ton Chiller Design Day Chiller, Charged Ice, and Thermal Load Profiles 
 

 
Figure 8.2 shows how this system responds on the design day.  The ice 
storage capacity in ton-hrs is shown to charge while the building load is 
smaller then the building capacity and discharge during the hours that the 
cooling load exceeds the capacity of the chiller.  It is also shown that the 
chiller capacity varies depending upon whether ice is being formed or 
discharged, and by how much the chiller’s nominal capacity is being 
exceeded. 
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On an off-design day, a similar effect is seen but to a lesser extent.  Figure 8.3 
shows how the system responds on a non-design summer day with a 
considerable amount of required cooling (140 out of 158 tons).  This figure 
displays how the chiller output follows the building load, until the chiller 
capacity is exceeded.  At this point, the ice storage system begins to 
discharge to bring the solution to supply temperature.  Another interesting 
component of this figure is how the ice storage system still has an available 
225 ton-hrs of cooling available despite this day still being a reasonably warm 
day. 
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Figure 8.3 

90 Ton Chiller Medium Day Chiller, Charged Ice, and Thermal Load Profiles 
 

 
Finally, Figure 8.4 shows how the building responds on a spring day when the 
building load is only around 55 tons.  ARI IPLV ratings for chillers presume the 
buildings load seen by the chiller system 50% of the design for 57% of the 
time that the chiller system is running.  This implies that Figure 8.4 is typical of 
a large portion of the days that the chiller system is running.  On these days 
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the chiller and the load profile are perfectly in sync.  This means that the ice 
storage system is not used.  The benefit of this is that the electrical demand is 
limited on the peak days, but the decreased chiller efficiency from making ice 
is not a disadvantage on most days.  This profile is perfectly representative of 
every day in which the building load does not exceed 90 tons.  This figure 
also portrays another advantage of an ice storage system.  The total ton hours 
of cooling required on this day is 617.  The ice storage system has the ability 
to do 486 ton-hrs of cooling.  This presents a redundancy in cooling that is not 
available with typical one chiller systems.  This means that if there is a chiller 
malfunction that the ice storage system can take care of the entire building 
load for more then half of the day.  This could be very important for a school 
that may have plays or sporting events in the evening.  With the base case 
system, if there is a chiller failure before the event, then there are no 
provisions to ensure that cooling can be done.  This can result in canceled 
sporting events or performances.  With the ice storage system, if there is an 
unexpected chiller failure before an event, then the ice storage system will be 
able to provide several hours of cooling without the chiller. 
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Figure 8.4 

90 Ton Chiller Average Day Chiller, Charged Ice, and Thermal Load Profiles 
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Figure 8.5 shows how this system helps to decrease the electrical demand 
charge and why the overall electrical usage increases.  During the peak 
portion of the day, the ice storage building uses less electricity; however, 
during the night, from the poor COP’s, the electrical consumption for the ice 
storage building goes up.  It is obvious that the overall effect is a decreased 
demand for the ice storage system with an increased overall daily electrical 
usage. 
 

 

Design Day Profile

0

50

100

150

200

250

300

3844 3849 3854 3859 3864
Hour of Year

To
ns

 o
r

kW
 B

ui
ld

in
g 

Lo
ad

Base Case Building kW

Ice Building kW

 Figure 8.5 
Design Day Electrical Comparison – 90 Ton Chiller and Base Case 

 
Appendix B outlines specific information about the selected ice storage tanks.  
For charging and discharging rates the CALMAC Model 1190 was used.  This 
is the only model that CALMAC released charge and discharge information 
for.  Since the 90-ton chiller scenario is the only scenario that exclusively uses 
this ice storage tank, the charging and discharging analysis will not be 
performed for the other scenarios.  As shown in Figure 8.2, the ice storage 
system must be capable of charging at a rate of 36 tons/hr.  Distributed evenly 
among the three tanks in parallel, this results in a requirement of 12 
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tons/hr/tank.  As shown in Figure 8.6, an average charging brine temperature 
of 25oF suggests a minimum flow of around 50 GPM/tank.  In four tanks, this 
would total 200 GPM, significantly less then the 277 GPM that the proposal 
calls for.  Though there is no specific data about the discharge rates, the 
CALMAC representative did agree that the system as setup is within the 
capabilities of the ice storage system. 
 

 

 
Figure 8.6 

Charging Rates for CALMAC Ice Storage Tank 
 

 
 

8.1.3 Large 100 Ton Chiller Scenario  
 
The large 100 ton chiller system runs very similar to the 90 ton system, as 
shown in Figure 8.7.  The larger chiller will naturally result in an increased 
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demand charge, as already stated in Table 7.2.  This is counterbalanced by 
lower electricity consumption then the 90 ton case.  The 100 ton system also 
only requires a 358 ton-hr ice storage system which will result in a lower first 
cost. 
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Figure 8.7 

100 Ton Chiller Design Day Chiller, Charged Ice, and Thermal Load Profiles 
 

 
8.2 Piping and Cooling Coils 

 
The original drawings called for a coil Entering Water Temperature (EWT) of 
43oF and a Leaving Water Temperature (LWT) of 58oF.  This high delta T limits 
the possibilities of an ice storage system saving money on piping.  CALMAC 
recommends a constant water supply temperature of 43oF and a returning 
temperature of 60oF, or a 17oF delta T.  The flow rate of the base case system 
called for 300 gpm, the proposed redesign system was designed for 277 gpm.  
Typically there would be a greater reduction in flow with an ice storage 
system.  The low temperature ability of the chiller presents an opportunity to 
obtain a large delta T across the cooling coils.  However, in this scenario both 
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the base case and the proposed case have large delta T’s so there is only a 
small reduction in supply flow.  Most of the advantages to this small supply 
flow were offset by the higher viscosity of the 30% glycol solution.  This 
means that the piping and cooling coil will be close to the same size as called 
out in the base case drawings.  The main reduction in size between the piping 
and coils came from a reduction of 43’ of main 6” piping to 5”.  This 
conclusion was drawn by analyzing the pipe loss equation. 
 
 ∆P=λ*(1/dn)*(ρV2/2)          Eqn. 8.1 
 
From this equation the only direct reference to fluid properties is the density.  
The Specific Gravity (SG) can be used as a multiplier to the equation, yielding 
the new equation, 
 
 ∆P=λ*(1/dn)*(ρV2/2)* SG         Eqn. 8.2 
 
The λ term, D’Arcy-Weisbach friction coefficient, also includes data referring 
to the specific fluid properties. 
 

1 / λ  = -2 log ( (2.51 / (Re λ ) ) + ( (k / d ) / 3.72) ) Eqn. 8.31/2 1/2
h

 
The Reynolds Number, Re, in this equation is dependant directly on fluid 
properties.  Since Re is a function of the ratio of density over viscosity, the 
Reynolds Number may be adjusted by multiplying it by a factor of the specific 
gravity (1. 057) over the ratio of viscosities, (34.03/31.5 = 1.080) to equal a Re 
factored by 0.98.  Because of the log relationship, and because both scenarios 
are well within the turbulent, more level portion of the relationship, the 0.98 
multiplier on the Reynolds Number will not significantly affect the value of the 
D’Arcy-Weisbach friction coefficient. 
 
The specific gravity of a 30% glycol solution is 1.057.  To determine if a pipe 
could be downsized, the original pressure drop in the pipe was found.  The 
pipe for the new glycol solution flow of 277 gpm was then sized for the 
original pressure drop in the system divided by the specific gravity.  In all 
cases the piping came out to require the same nominal pipe size with the 
exception of the 43’ of main piping that was downsized from 6” to 5”. 
 
However, more piping will be required to connect the ice storage tanks to the 
chiller.  Including the bypass around the ice storage tanks, an additional 70 ft 
of 5” copper pipe is required. 
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8.3 Refrigerant and Mixing Equipment 
 
To prevent freezing in the chiller system a 30% glycol solution was chosen.  
This is in part due to the recommendations of the CALMAC representative.  
This decision was checked with the freezing point of the solution to make sure 
that the selection was correct.  As shown in Table 8.1, a 30% glycol solution 
will freeze at 2oF, well below the expected temperatures of 25oF.  The volumes 
of the piping in the building were summed up to be almost 1500 gallons and 
the volume of the four tanks combined is 400 gallons.  This combines for a 
total requirement of 1900 gallons of the 30% glycol solution.  In addition to a 
different refrigerant, the ice storage system requires a lifting bar, a makeup 
system, and an inventory meter required for maintaining and instigating the 
glycol solution.  The system also requires an annual monitoring of the system 
and a semiannual addition of biocide. 
 
Table 8.1 

 

 
Freezing temperatures for Ethylene Glycol Solutions 

 
 

The glycol solution will limit the capacity of a chiller with respect to a water 
system.  According data from Appendix A, these chillers will have a capacity 
reduction of 97%.  For this reason it is important to note that all of the required 
chiller capacities shown are assumed to be after the 97% reduction.  This will 
be taken into account in the cost analysis, because this will result in a slightly 
larger chiller.  This is not expected to have a significant effect on the energy 
consumption of the chiller, according to Appendix A the energy data is in the 
vicinity of 1%. 

 
8.4 System Design 

 
To determine the required change in temperature across the chiller during 
peak demand, a quick analysis on the system must be done.  At peak load, a 
277 GPM of a water solution with a density of 8.3 lb/gal would have a 
calculated flow rate of 2299 lb/min, or 137,946 lb/hr.  To translate this value 
into the glycol solution, it must be multiplied by the specific gravity of a 30% 
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glycol solution, 1.057, giving a value of 145,809 lb/hr of the glycol solution.  
To interpret this value as a thermal load Equation 8.4 was used, 
 
             .     . 

Q=mcp∆T.  Eqn. 8.4 
 
Using the flow rate calculated, a cp of 0.89, and the maximum discharge of the 
ice storage system equal to 60 tons, a ∆T of 5.5oF was found.  By adding this 
value to the desired supply temperature of 43oF, a maximum supply 
temperature of 48.5 is required from the chiller.  The ice storage system is 
then responsible for cooling the water to the supply temperature of 43oF.  This 
temperature was the temperature used in determining the COP and capacity 
of the increase of the chiller. 
 
The system is setup in a manner typical of CALMAC’s recommendations.  In 
the charging stage, a 25oF chiller discharge temperature at 277 gpm is 
required.  Figure 8.9 shows the expected charging cycle of the ice storage 
system.  If the building does have a thermal load while charging is being 
done, Valve V2, will open to supply a mixed 44oF to the air handlers. 

 

 
Figure 8.9 

Ice Storage System Charging Cycle 
 

Figure 8.10 shows the conditions of the system during peak unloading.  
According to the CALMAC representative, the ice storage system discharges 
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the solution at temperatures ranging from 28oF to 34oF.  Valve V1 adjusts to 
ensure that the mixed temperature between the 49oF solution leaving the 
chiller and the solution leaving the ice storage tanks maintains a 43oF supply 
temperature.  This solution is then sent to valve V2 which adjusts to maintain 
the desired flow through pump P2 and maintain a final supply temperature of 
44oF.  The solution is then expected to return to the chiller at 58oF where it is 
cooled to 25oF and repeats the cycle.  Because this is a chiller priority system, 
the chiller will always attempt to handle the entire load of the building.  Since 
the building load is larger then the capacity of the chiller, the chiller will not 
maintain the designed supply temperature of 43oF.  As mentioned, this will 
result in an increased chiller capacity.  The warmer solution will then be 
sensed by Valve V1 which will modulate to send a portion of the water 
through the ice storage tanks.  The 49oF solution shown in Figure 8.10 is the 
maximum water temperature that will leave the chiller.  This corresponds to 
hour 3,854 on Figure 8.2. 
 

 
Figure 8.10 

Ice Storage System Peak Discharging Cycle 
 

 
The systems with the ice storage tank should not require much more 
maintenance then a typical chiller system. 
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9.0 Electrical Equipment Selection
 

The buildings Main Distribution Panel (MDP) was designed for a connected 
load of 1014.92 kVA and 1223 A.  After demand factors and a 15% spare 
capacity for expansion the demand load was 1087.05 kVA and 1310 A.  The 
final engineer’s selection was for a three pull, four wire 480Y/277V 2000 A 
MDP.  The chiller had two panels of equal size responsible for a load of 333 
Minimum Current Ampacity (MCA).  The wires to the chiller were originally 
designed to be three #350 and one #1 ground requiring 2-1/2” conduit, 
resulting in a voltage drop of 1.09 volts or 0.39 % from the MDP. 
 

 
Figure 9.1 

Designed and proposed electrical equipment 
 

 
The electrical data for the chiller, shown in Appendix A, shows the MCA for 
the wire to be 194.  The manufacture decided this value by adding 125% of 
the largest compressor plus 100% of the second compressor and the sum of 
all of the condenser fans.  Because this load is going to motors, it was 
multiplied by 125% for selecting a wire size.  250 MCM wire rated at 255 A 
was used.  The voltage drop table in Appendix D showed that in magnetic 



 

 - 38 - 

conduit, a 3/0 AWG wire sees 0.054 voltage drop for every 1000 ampere-feet. 
With a total wire length of 83’ a 0.86 change in voltage was calculated or 0.5%.  
The ground fault protection device was designed to 80% smaller then the wire 
capacity which was 204 A resulting in a 250 A breaker, which is smaller in 
capacity then the wiring and larger then the expected amperage.   The non-
fused switch was reduced from 600 A to 300 A.  According the chart in 
Appendix D outlying the ground wire size, a 250 A wire requires a #2 AWG 
ground and a 250 amp MOP requires a # 4 AWG ground, a #2 AWG was 
chosen.  The conduit for the system was sized at 2-1/2” according the NEC 
table in Appendix D.  This reduction in electrical equipment should bring a 
reduction in the upfront cost of the proposed ice storage design. 
 
The other two scenarios were similarly analyzed and the results are shown in 
Table 10.1. 
 
Table 9.1 

 

Chiller MCA MOP Time Delay Qty wire gauge ground conduit
80 164 200 225 1 4/0 #2 2"
90 194 250 250 1 250 #2 2-1/2"
100 218 250 300 1 300 #2 2-1/2"
170 333 450 2 #350 #1 2-1/2"  

Electrical System Downgrade Summary 
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10.0 Ice Storage Tanks Placement 
 

In order to implement the ice storage system a separate concrete slab on 
grade will be required.  The ice storage system requires the implementation 
of two 89” diameter tanks and two 74” diameter tanks.  The largest tanks are 
16,765 lb (P).  The soil was stated on the drawing documents to have an 
allowable bearing, qa, of 2000 psf.  To determine the minimum area needed to 
support the tank on the soil, Equation 10.1 is solved for the footing area, AFTG. 
 
 qa > P/AFTG  Eqn. 10.1 
 
 

 
 Figure 10.1 

Ice Storage System Layout 
 

The minimum area is solved to be 8.38 ft2, significantly smaller then the area 
of a single tank, 43 ft2.  It is therefore safe to design the area of the slab based 
upon tank size and maintenance space.  Figure 10.1 shows the proposed 
layout of the four tanks.  Each tank is a minimum of 4 inches from the edges 
and 14 inches from other tanks.  This will allow enough space for any possible 
cleaning that must be done.  Other then cleaning, the tanks are not expected 
to have any other maintenance issues that would require workers to enter 
between the tanks.  The total slab width is 318” by 102”, yielding a slab area 
of 225 ft2.  To determine the amount of steel reinforcement required, a quick 
pressure analysis was done.  Each tank is designed to sit on a 6” flange that 
surrounds the tank.  On the larger tank, this flange has an area of 1,564 in2.  
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With a weight of 16,765 lb distributed across the flange, the pressure on the 
concrete is equal to 10.7 psi. 
 
This pressure is small enough to ensure that reinforcement will only be 
necessary to prevent thermal breakage.  Building codes require that in order 
to prevent thermal breakage, a minimum of 0.0018% of the face of the slab 
must be reinforcement.  Reinforcement bars must also be a minimum of 3” 
from the bottom of the slab and 2.5” from the top of the slab to prevent 
cracking.  After including the probable width of the reinforcement, the slab is 
found to be a minimum of 6” deep.  This defines the concrete slab to be a total 
of 4.17 C.Y.  The face that is 318” has a minimum required reinforcement area 
of 3.4344 in2.  With 12” spacing and ensuring that the reinforcement is not 
within 3 inches of any side, there needs to be 26 bars (this also allows for a 
minimum of 3” between a bar and the edge of the concrete).  Dividing the 
total area by the number of bars gives that each bar must be at least 0.132 in2.  
The smallest bar that meets this requirement is a #4 bar.  A #4 bar is 0.668 
lb/ft, bars running perpendicular to the 318” face have a total summed length 
of 96” long times 26 bars, equaling 2,496” (allowing 3” at either end).  The 
bars running perpendicular to the 102” face must have a minimum area of 
1.1016 in2.  Eight bars at 12” requires a bar area of 0.13377 in2.  This again 
requires a #4 bar.  The total length of the bars running perpendicular to the 
102” face is 312” long times 8 bars, equaling 2,496”.  The total length of the 
rebar is 416 ft which is equal to 0.139 tons. 
 
The 100 ton chiller system required three ice storage tanks of an equal 
diameter to those called out in the 90 ton system.  Since none of these tanks 
are heavier then for the 90 ton system, the concrete slab will be the exact 
same size for the 100 ton system as it was in the 90 ton system. 
 
The 85 ton chiller system requires six ice storage tanks.  Two have a diameter 
of 89” and four have a diameter of 74”.  Like the 90 ton system, each tank is 
designed to sit on a 6” flange that surrounds the tank.  On the heaviest, 74” 
tank, this flange has an area of 1281 in2.  With a weight of 10,760 lb distributed 
across the flange, the pressure on the concrete is equal to 8.4 psi.  This 
pressure is small enough to ensure that reinforcement will only be necessary 
to prevent thermal breakage. 
 
The total dimensions on the slab are 204” by 273” and 6” deep.  The bars 
running perpendicular to the 204” side require 2.2032 in2 and 16 bars 
meaning that again, this side uses 4272” of #4 bars.  The bars perpendicular 
to the 273 side need 2.9484 in2 of reinforcement which again is 22 #4 bars 
totaling 4356”.  The total 719’ of #4 reinforcement bars weighs 0.24 tons. 
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Figure 10.2 shows the proposed location of the ice storage tanks.  There is 
plain grass space behind the building and away from any areas such as 
playgrounds and basketball courts.  This space also shares a wall with the 
chiller room.  The only restraint on this location is the possibility of adding a 
6” curb along one edge of the slab to account for a 6’ rise in the grade.  
However, because of the small size of the slab, this portion could be easily 
excavated to be a uniform height.  The tanks are not complicated pieces of 
equipment and do not involve any extra consideration concerning a level, 
dry, or exposed surface.  All of the critical maintenance and hookup locations 
are at the top of the 8’-5” tanks. 
 

 
 Figure 10.2 

Site Plan 
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11.0 Cost Analysis 
 
The major cost reductions of the proposed chiller systems was a result of 
electrical demand savings, pipe size reductions, electrical equipment 
reductions and chiller size reductions.  These were balanced against extra 
costs involving ice storage tanks, electrical consumption increases, and a 
glycol solution and the neccisary equipment for managing the system.  Each 
of the three scenarios simulated resulted in a payback period less then 10 
years resulting in a favorable lifecycle cost. 
 
Values for the overall cost analysis were found from a mixture of R.S. Means 
and manufacturer price estimates with an estimated instillation charge.  The 
final cost summary is shown in Appendix E, a summary of these results are 
shown in Table 11.1. 
 
Table 11.1 

 

100 ton 90 ton 85 ton
Extra First Cost 7876 8633 25046
Annual Savings 1575 3324 3979

i 0.060 0.060 0.060
n 6.12 2.91 8.14

PV 7876 8633 25046

Case

 
Total Cost Comparison and Summary 

 
 
As shown, the case involving a 90 ton chiller and 486 ton-hrs of ice storage 
tanks is the most cost effective scenario with a payback of 2.91 years.  As the 
summary shows, the annual electrical savings are not very significant, only 
around $3,000.  However, the extra first costs of the system are also very small 
at only around $8,633.  Despite the quick three year payback period, because 
of the low order of magnitude in money, it is reasonable to state that the 90 ton 
case is approximately the same cost as the original chiller system and that it 
does not result in a significantly reduced energy bill, nor does it result in a 
significant increase in first cost. 
 
The first cost in the 85 ton chiller scenario is much larger then the other two 
because of the extended charging cycle that requires much larger ice tanks.  
This was predicted in Table 6.1 as to not bringing a favorable life cycle cost.  
Though it does bring an increased annual savings, this savings is not large 
enough to justify the increase in first cost and storage tank size. 
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The 100 ton chiller cost was similar to that of the 90 ton, but to a lesser degree.  
The annual savings were half as much as in the 90 ton case, but the extra first 
cost was $1000 less resulting in a six year payback.  This analysis shows that 
there are no direct economic advantages of the 100 ton chiller over the 90 ton 
chiller. 
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12.0 Final Discussion 
 

The 85 ton chiller scenario will require the school to sacrifice a significant 
portion of space with very little payback.  As expected, the economics of an 
extended charging cycle do not turn out to be favorable in this scenario. 
 
The 90 ton and 100 ton chiller scenarios both resulted in a small annual 
savings and a small first cost.  Since these values are small, the decision as to 
whether these are proposals that should be implemented into the design must 
be based on the pros and cons that do not deal directly with economics.  A 
major concern with a one chiller system, like the one in the Hays School is a 
lack of redundancy.  The failure of the chiller means no cooling for the 
building.  With the ice storage system, on non-design days there is the 
availability of some redundancy.  As the analysis in Section 8.1.2 displayed, 
even with chiller failure on a warm day, the ice storage system can account for 
cooling the building for half of the day.  On a typical day (under 486 ton-hrs of 
cooling), a charged ice storage system can handle the entire day of cooling.  
This results in a higher system reliability and the opportunity to work on a 
chiller for a couple of hours on the design day, without losing control of the 
system.  This benefit is far more apparent in the 90 ton system then it is with 
the 100 ton system, making the implementation of the 90 ton chiller with 486 
ton-hrs of cooling the most reasonable choice. 
 
Cincinnati does not currently have any time of use electrical charge 
reductions.  If in the future Cincinnati was to implement a reduction in 
electrical costs at night, the annual energy savings would increase to more 
significant values.  Despite relatively small energy savings with the current 
electric bill, there is the potential that in the future the proposed ice storage 
system could see very significant energy savings.  By using less on-peak 
electricity, the Hays School will be doing a service to the community by 
decreasing the likelihood of brownouts.  Though one school will not have a 
significant impact on the electrical grid, if more of the Cincinnati schools were 
run with a similar system it could have a significant positive influence on the 
community as a whole. 
 
Implementing a 90 ton chiller with a 486 ton-hr ice storage system would 
benefit the George W. Hays by granting a favorable lifecycle cost, increased 
redundancy and reliability, along with the potential of benefiting the 
community as a whole. 
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Appendix A – Selected Chiller Data 
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Appendix B – CALMAC Ice Storage Data 
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Appendix C – Duke Energy Electric Rates 
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Appendix D – NEC Tables 
 

Table D.1 

  
Electrical System Downgrade Summary 
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Table D.2 

  
Electrical System Downgrade Summary 
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Table D.3 

 

 
Electrical System Downgrade Summary 
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Table D.4 

  
Electrical System Downgrade Summary 
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Table D.5 

  
Electrical System Downgrade Summary 
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Appendix E – Detailed Cost Data 
  

Proposed Systems Equipment
per item units items Price

Glycol 9 Gal 283.44 3051
98A with Lifting bar, makeup system and invitory meter 7664 item 2.00 17728
105A with Lifting bar, makeup system and invitory meter 8105 item 0.00 0
1190A with Lifting bar, makeup system and invitory meter 11700 item 1.00 12900
Primary Pump 7050 item 1.00 7050
Seccondary Pump 8050 item 1.00 8050
Screw Chiller - item 1.00 62000
5" Piping 92 ft 157.00 14444
3-1/2" Piping 58 ft 904.00 52432
3" Piping 48 ft 180.00 8640
Concrete 105 CY 4.17 438
#4 bar 2550 ton 1.67 4259
4/0 840 CLF 0.00 0
250 MCM 900 CLF 0.00 0
300 MCM 1050 CLF 2.49 2615
2" Conduit 17.7 CLF 0 0
2-1/2" Conduit 24 CLF 1.64 39
#2 GND 229 CLF 1.66 380
300 Amp Non-Fused Switch - item 1.00 1300
250 A GFP 735 item 1.00 735

TOTAL 196060

per item units items Price
Glycol 9 Gal 289.89 3109
98A with Lifting bar, makeup system and invitory meter 7664 item 0.00 0
105A with Lifting bar, makeup system and invitory meter 8105 item 0.00 0
1190A with Lifting bar, makeup system and invitory meter 11700 item 3.00 38700
Primary Pump 7050 item 1.00 7050
Seccondary Pump 8050 item 1.00 8050
Screw Chiller - item 1.00 55000
5" Piping 92 ft 157.00 14444
3-1/2" Piping 58 ft 904.00 52432
3" Piping 48 ft 180.00 8640
Concrete 105 CY 4.17 438
#4 bar 2550 ton 1.67 4259
4/0 840 CLF 0.00 0
250 MCM 900 CLF 2.49 2241
300 MCM 1050 CLF 0.00 0
2" Conduit 17.7 CLF 0 0
2-1/2" Conduit 24 CLF 1.64 39
#2 GND 229 CLF 1.66 380
300 Amp Non-Fused Switch - item 1.00 1300
250 A GFP 735 item 1.00 735

TOTAL 196817

100 ton

90 ton

 



 

per item units items Price
Glycol 9 Gal 392.7709 4034.938
98A with Lifting bar, makeup system and invitory meter 7664 item 2 17728
105A with Lifting bar, makeup system and invitory meter 8105 item 4 37220
1190A with Lifting bar, makeup system and invitory meter 11700 item 0 0
Primary Pump 7050 item 1.00 7050
Seccondary Pump 8050 item 1.00 8050
Screw Chiller - item 1.00 51000
5" Piping 92 ft 157.00 14444
3-1/2" Piping 58 ft 904.00 52432
3" Piping 48 ft 180.00 8640
Concrete 105 CY 7.16 751.8
#4 bar 2550 ton 2.88 7344
4/0 840 CLF 2.49 2091.6
250 MCM 900 CLF 0.00 0
300 MCM 1050 CLF 0.00 0
2" Conduit 17.7 CLF 1.64 29.028
2-1/2" Conduit 24 CLF 0.00 0
#2 GND 229 CLF 1.66 380.14
300 Amp Non-Fused Switch - item 1 1300
250 A GFP 735 item 1.00 735

TOTAL 213231

Base Case System Equipment market price Total 
per item units items Price

CHW Pump 8600 item 1.00 8600
Chiller 77000 item 1.00 82000
6" Piping 225 ft 87.00 19575
4" Piping 65 ft 904.00 58760
3" Piping 48 ft 180.00 8640
350 MCM 1150 CLF 4.98 5727
2-1/2" Conduit 24 CLF 0.83 20
#1 GND 390 CLF 1.66 647
600 Amp Non-Fused Switch 3425 item 1.00 3425
450 A GFP 790 item 1.00 790

TOTAL 188184

85 ton
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