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Energy Management through Encapsulated PCM Based Sorage
System for Large Building Air Conditioning Application
(December 2006)

R. Velrgj, M. Cheralathan* and S. Renganarayanan

Abstract - A detailed study done on the phase change material based cool thermal energy storage (CTES) system
integrated with a large building air conditioning system is presented in this paper. The major focus of this study is to
provide the technical information about the encapsulated phase change material (PCM) based storage system for air
conditioning application and the importance of careful design load calculation. The economic benefits of load shift
operations are highlighted. It has been found that the PCM based storage system reduces the monthly demand charges
of INR 1.2 million. It isalso estimated that cost saving of INR 2.26 million per annum through energy management by

scheduling the chiller operation.
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1. INTRODUCTION

A Cool Therma Energy Storage (CTES) technique " Storing
low temperature energy for later usein order to bridge the
time gap between energy availability and energy use" can
be considered as a useful tool to achieve peak load
management in large building air conditioning system. This
concept attracts the attention of the electric power utilities
as a viable strategy to reduce the high peak demand load
placed on their systems.

Braun [1] investigated the magnitude of cost savings
and peak electrical energy usage reduction through proper
control of the building's thermal storage. Braun [2] and
Simmonds [3] have compared ice storage system for
minimum energy costs, minimum demand charges, chiller
priority and simpleload limiting strategy. The use of phase
change materials for energy savings and management in
greenhouses has been widely studied by Karklu [4, 5].
Sawerset a. [6] devel oped guidelinesfor achieving capital
cost economicsin the application of cool thermal storage.
Siddhartha Bhatt [ 7] devel oped an analytical tool for energy
conservation measures and techno-economic evaluation
of the various options.

Dincer and Rosen [8] states that using thermal energy
storage system, substantial energy saving up to 50
percentages can be obtained when implementing
appropriate demand side management strategies. Several
methods were identified for lowering the energy
consumptioninair conditioning of buildings[9-14]. A study
on phase change material (PCM) based thermal storage
system for building air conditioning system was carried
out by Velrg et a. [15]. A review on cool thermal storage
technologies as a demand side management tool for
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electrical load management and asupply side management
tool for efficient and economical power production was
done by Hasnain[16]. Most of the above studies arerelated
withiceon coil and latent heat energy storage system. The
guantitative approach on energy management and cost
saving detailswere scarcely reported.

The present study was carried out on a cool thermal
energy storage system integrated with alarge building air
conditioning system located at Chennai, India. The air
conditioning plant was designed based on atypical office
building cooling load profile that usually exists between
8.00 a.m. and 7.00 p.m. and considering no load during the
remaining hours. Fig. 1 shows cooling load profiles of the
building.
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Fig. 1. Cooling load profiles

The design day profile has a peak load to average load
ratioof 2.8, whichisideal for CTES operation. But asper the
present operation cooling load is extended to 24 hours due
to change in occupancy schedule of various software com-
panies. Hence there is a deviation between design day and
present cooling load profiles. In addition the seasonal am-
bient temperature variation and fluctuating weather condi-
tions have significant effect on the cooling load profile.
Hence, the building services need sufficient flexibility for
load shifting and energy usage controlsin order to achieve
the most economical operation. The main objectivesof this
study areto providetechnical information on CTES system
operated in large building air conditioning application,
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importance of careful design load cal culations and energy
cost saving measures through effective utilization of stor-

age system.

2. BUILDING ENERGY CONSUMPTION PATTERN

The building considered in the present study is a large
software office compl ex where 10000 software professional's
work during different office hoursand the detailsare given
in Table 1. The air-conditioning systems of this building
incorporate a large PCM based energy storage system,
which isthelargest in the South Asiaregion and thethird
largest intheworld.

Table 1. Building details

Description Values
Carpet area (m') 93000
No. of floors 12
No. of occupants 10000
Annual energy consumption (kWh) 3.6 x 10’

Theedectrica energy consumption pattern of the build-
ing isshown in Fig. 2. It was found that air conditioning
formsthe major load accounting to 53.28% of total energy
consumed. Fig. 3 shows the monthly KVA peak demand
variation for oneyear from October 2004 to September 2005.
Thecool thermal energy storage system with a capacity of
24000 Ton-hr, reduced theingtal lation requirement of cen-
tralized air conditioning system from 6000 TR to 3000 TR.
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Fig. 2. Electrical energy consumption pattern in the
building.
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Fig. 3. KVA peak demand variation — month wise details.
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Each ton of refrigeration demandsapproximately 1.3 KVA
and the monthly demand charge is INR 300/ KVA (The
eectricity tariff in India includes demand charges and
consumption charges). This reduces the monthly demand
chargesof INR 1.2 million for 4000 (3000%1.3) KVA.

3. SYSTEM DESCRIPTION

The schematic layout of the air conditioning system
integrated with PCM based cool energy storage system is
shown in Fig. 4. The maximum capacity of the air-
conditioning systemis 3000 TR. Thistotal capacity issplit
intofour parallel pathsby chiller banksnamed asA, B, C,
D. Each of the 750 TR capacity chiller banks is provided
with 3 numbersof 250 TR refrigeration units. All thechiller
banks of the air-conditioning unit are connected to three
plate heat exchangers (PHE) of 2000 TR capacity each and
the system can deliver amaximum cooling load of 6000 TR
through the PHE. Theinstalled capacity of the cool thermal
energy storage system is 24,000 Ton-hr. This is provided
by four cool energy storage tanks each of 6000 Ton-hr
capacity. All the storagetanks are connected in parallel to
the four chiller banks, sothat each tank can becharged by
operating the corresponding chiller bank. Normally the
charging of one storagetank requiresthe operation of chiller
bank for about 9 hours (i.e. 3x 250 TR chillersx 9 hrs of
operation). The plate heat exchangers are located in the
ground floor and the refrigeration units are located at a
height of 10 meters from the ground. Each 250 TR
refrigeration unit consists of one chiller, four screw
compressors(C1, C2, C3, and C4), two air cool ed condensers
(CR1, CR2) and oneexpansion valve (EV). Thechillerisa
shell and tube evaporator wherethe cool energy from the
refrigerant is transferred to the heat transfer fluid -mono
ethylene glycol (Brine solution). The pump P1 circul ates
hest transfer fluid from thechiller totheplate heat exchanger.
The valve V1 regulates the flow rate of cool heat transfer
fluid passing through the plate heat exchanger. During off
peak period and nighttimethe storagetank ischarged. The
valve V2 regulates the flow of heat transfer fluid to the
storage tank.

The storagetanks are cylindrical in shape; 4 meter in
diameter and 30 meter in length made of 14 mm thick mild
steel plates with adesign pressure of 20 bar [17] and are
installed in ahorizontal manner. The tanks arefitted with
upper manholesfor filling thetank with spherical nodul es,
lower manholesfor emptying thetank and internal headers
with holesto attain better flow distribution and for uniform
heat transfer throughout thetank. Thetanksareinsulated
with polyurethane foams (PUF) of 100 mm thickness. The
photographic view of storagetanksis shownin Fig. 5.

Thecommercial phasechange material [17], COO0 (salt
hydrates) isfilled in thespherical nodulesof 100 mm diam-
eter. The spherical nodulesaremade of high-density poly-
ethylene material. The number of spherical nodulesin a
tank isapproximatey 4,65,000. During the discharge, the
heat transfer fluid (HTF) is allowed to pass through the
storage tank and thereby cool energy is transferred from
the PCM totheHTF.
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Fig. 4. Layout of 250 TR air-conditioning system integrated with CTES system

The heat transfer fluid is then circulated through the
PHE to exchange the cool energy to water. This chilled
water issupplied toair handling units (AHU) in thebuild-
ing and it cools the air. About 334 numbers of AHUswith
differentrating (25 TR, 20 TR, 15TR, 10 TR) areindalled in
variousfloorstomeet the cod air requirement of thebuild-
ing. Thetechnical specificationsof chiller circuit aregiven
inTable2.

Table 2. Technical specificationsof chiller circuit and storage

Utilities/ Devices | No's | Rated capacity (Each)
Compressor 48 65.5 kW
Brinepump primary | 16 7.5 kW
Brine pump secondary 4 45 kW
Chilled water pump 4 10 kW
Plate heat exchanger 3 2000 TR
Thermal storagetank | 4 6000 Ton-hr

Modes of Operation

The storage system must accept excess cool energy as
available from therefrigeration system and supply energy
tothe system load elements as needed. Thisis achieved by
proper controls and the controls determine theinteraction
between the refrigeration system, storage system and the
load at the end use. The plant comprisesthreeflow circuits
viz. theHTF circulation between chiller and PHE, chiller and
CTEStank and CTEStank and PHE. Theseflow circuitsare
properly controlled for 4 modes of operation to enabl e effi-

Fig. 5. Photographic view of cool thermal energy storage  cient energy managemen.
tanks.
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(i) Direct mode (Chiller mode)

When the cooling demand is lower than theinstalled
chiller capacity, the chiller d one setisfiesthedemand. There
isno flow through CTEStank. During thisdirect production,
the valve V1 regulates the flow of HTF passing through
the PHE and thevalve V2 isclosed.

(ii) Charging mode

During the nighttime the chiller is used to store cool
energy in the storage medium. HTF temperaturein therange
of —6°C iscirculated around thenodul es causing crystal li-
zation of the PCM. During the charging modevalveV1is
closed and the pump P1 pumps the flow of chilled HTF
through theregulating valve V2 to CTEStank. The bulk of
the stored energy is, therefore, stored at constant tempera-

tureaslatent heat duringtheliquid-solid transition.

(iii) Discharging mode

During the discharge mode the chiller is stopped and
pump P2 drawschilled HTF from the CTEStank to PHE and
return the fluid to the storage tank. The rate of energy
releasefrom the storageiscontrolled by thethree-way valve
to match the system demand.

(iv) Combined mode (Direct and discharging mode)

When the cooling demand isgreater than theinstalled
chiller capacity, the cool energy requirement is met directly
fromthe chiller and al so from the CTEStank. During this
mode valve V2is fully closed and valve V1 regulates the
chilled HTF flow between chiller and PHE and pump P2
circulatesthe fluid from CTEStank tothe PHE. Thechiller
worksat full capacity with the storage providing the short-
fal.

4. PERFORMANCE STUDY ON CHILLER PLANT

The performance studieswerecarried out for three chiller
banksnamedyA, C, D under direct modeof operation. Mass
flow rates of brine solution, temperatures at various
| ocations, energy consumption of compressors, fans, pumps
were measured at hourly interval for atypical day. Using
these values performance parameter like coefficient of
performance (COP), specifi c energy consumption (SEC) and
hourly ton of refrigeration (TR) were calculated for thedirect
mode operation. Similar studies were donefor one chiller
bank (C) during charging and discharging operation mode.
To quantify the energy and cost savings, the average SEC
of one chiller bank (C) under direct and charging modesare
calcul ated.

5. RESULTS AND DISCUSSI ON

The hourly cooling load is calculated, based on the field
measurement data for various monthsin winter and sum-
mer. Thiscooling load varieswith respect to building occu-
pancy schedule and ambient conditions during day and
nighttime. The variations of the cooling load profilein a
day for variousmonthsaregivenin Fig. 6.
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Fig. 6. Cooling load profile for various monthsin TR.

It is seen from thefigure that the cooling load never
reaches the maximum design day load (6000 TR) duetothe
present variation in the occupancy schedule. It isobserved
that the chiller load during winter months variesfrom 533
TR inthenight toashigh as2388 TR during daytime and
during summer it variesfrom 771 TR in thenight to ashigh
as4090 TR during daytime. From the previousrecord (plant
log book) it is observed that utilization of cool thermal
energy storage systemisalmost nil during winter anditis
utilized to the maxi mum extent in thesummer.

Energy Management by CTES Utilization

In order to achieve better load management in the
power plant production and distribution, many countries
and some of the statesin India are offering more than 50%
reduction in electricity tariff during the off peak hours. This
offer is being exploited by many industries by different
ways by having night shift operation and performing the
energy intensive operation only during off peak hours. In
largecommercial establishmentswhereair conditioningload
is very high this tariff benefit offer is being exploited by
shifting thechiller operation from on peak eectric hoursto
off peak electric hours by chiller operation management
combined with CTES systems.

During the charging process the set temperaturesin
the evaporator should be maintained at a very low
temperature. This reduces the COP of the system and
consequently the SEC of the system will increase. Hence,
thebenefit achieved by thetariff difference should be much
better than theincreasein cost incurred by the decreased
COP operation of the chiller system. However, since the
charging is done during the night hours the favorable
ambient conditions helps to improve the performance of
the system.

TheCOP and SEC of the chiller at direct and charging
modeisshown inFig. 7. It isobserved from the result that
theaverage SEC for direct operation of thechiller is1.306
kKW/TR and during charging mode the specific energy
consumption isincreased to 1.429 KW/TR, duetoreduction
in COP by lowering theevaporation temperature. Theactua
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air conditioning plant cooling load during winter and
summer season for 24 hours were studied in detail to
implement most favorabl e operating strategy.
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Fig. 7. Performance comparison of chiller plant during direct
and charging mode.

(i) Scheduling of chiller operation on winter season
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Fig. 8. Hourly cooling load on a winter day with reference
to outdoor temperature.

Figure 8 shows the hourly cooling load profile on a
typical winter day with reference to outdoor dry bulb
temperature.

The chiller plant has apeak load of 1811 TR and the
total coolingload requirement of the day is24440 Ton-hr.
The peak load ismuch lower than thetotal chiller capacity.
It isobserved from the load profile that 20.8 % of theload
fallsduring peak hours. Thiscan bemet directly by chiller.
However to reduce the energy cost, peak hours cooling
load isto be shifted to off peak hours. Figure 9 illustrates
the recommended operating strategies of chiller and stor-
ageon awinter day. Onebank of chillerswithatotal 750 TR
capacity is used for charging the storage system from 9
p.m. to 6 am. (9 hours charging). This stored energy is
discharged during on peak hoursof the next day. Hence by
the above said operation it is possible to shift 5085 Ton-hr
(whichis20.8 % of theload during peak hours) from peak
hoursto off peak hours. The use of multiplechillersin the
present application increases the flexihility of the system
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scheduling and optimal control of operation in meeting the
various load conditions.
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Fig. 9. Operating strategiesof chiller and storage on a winter
day.

(ii) Scheduling of chiller operation on summer season
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Fig. 10. Summer day hourly cooling load profile with
reference to outdoor temperature.

Thepeak summer day hourly plant cooling load profile
with outdoor dry bulb temperatureis presented in Fig. 10.
The chiller plant has a peak |oad of 3636 TR and thetotal
cooling requirement of theday is 44252 Ton-hr.

Figure 11 illustrates the effect of the load shifting
operation on building energy profile during a summer day.
Thechiller isnot allowed to operate during the peak hours
of 6am.to9am. and 6 p.m.to9p.m. daily. The CTESdone
is operated to meet cooling need of the building during
these hours.

Therefore 10306 Ton-hr cooling energy is to be
discharged from CTES tank during peak hours of the day.
During 12 noon to 5 p.m. the plant cooling load exceedsthe
total capacity of chiller (3000 TR). Thisexcessloadistobe
discharged from CTES system. Hencethe combined mode
of operation isrecommended and chiller should be operated
a maximum capacity and remaining excessload (1920 Ton-
hr) isto be obtained from storage. During theremaining 9
hours(from 10 p.m. to6 a.m.) thechiller should be operated
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at full capacity and the excess energy is to be used to
chargethe storage tank. Hence by the above said operation
it ispossibleto shift 10306 Ton-hr from peak hoursto off
peak hours. This accounts 23 % of total plant energy
consumption.
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Fig. 11. Operating strategies of chiller and storage on a
summer day.

Economicsof the Load Shift Operation

To quantify the energy saving due to the above said
operation for Chenna weather where the building is lo-
cated, it isassumed that the winter condition prevailsfor 4
monthsand summer condition prevailsfor 8 months. The
economics of load shift operation isgiven below. The elec-
tricenergy cost for thepeak (during 6 am.to9a.m. and 6
p.-m.to 9 p.m.) and off peak (night timeduring 10 p.m.to 6
am.) hoursare INR 4.2 and 3.325 per unit respectively.

Energy cost saving for winter season (4 months) in INR
1.306(SEC) x 4.2(Peak Tariff)

x 5085 x 120 = 3347069
1.429(SEC) x 3.325(Off peak Tariff)

x 5085% 120 = 2899320
Energy cost saving in winter operation = 447749

Energy cost saving for summer season (8 months) in INR
1.306(SEC) x 4.2(Peak Tariff)
x 10306 x 240 = 13567313

1.429(SEC) x 3.325(0ff Peak Tariff)

x 10306 x 240 = 11752365
Energy cost saving in summer operation = 1814949

Annual energy cost saving through storage

operation = 2262697

Hence using the CTES operation management, by shifting
the on peak hour energy requirement to off peak hour the
annual savingwill beINR 2.26 millions.
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6. SUMMARY

A detailed study has been done on the existing large PCM
based storage systems integrated with building air
conditioning system. Theexigting system hasthefollowing
advantages:

1 Reduction in monthly demand charges of INR 1.2
million for 4000 KVA. Further, there are additional
savings through reduced size of refrigeration system
componentsand piping, which resulted in significant
savingsin capital and operating costs.

2. Air conditioning plant has 12 numbers of chiller units
with each 250 TR capacity. The use of multiplechillers
in the present application, compressorsare running at
full load all the time which gives better efficiency for
the compressors.

3. The tariff difference during peak hours and off peak
hours is only 25% in Tamilnadu. The additional
expenditure incurred due to this charging and
discharging is calculated around 15%. From the
analysisitisfoundthat acost saving of INR 2.26 million
per annum (by considering sample day winter and
summer |oad) ispossiblethrough energy management
by scheduling the chiller operation in winter and
summer season. Henceit is strongly recommended to
exploit the benefit without any additional investment.
In placeswherethetariff differenceis higher between
the peaks and off peak hour operation the benefit will
be much better than the present situation.

Fromthe study it isfound that the advantages of PCM
based CTES system are many. The integration of cool
thermal storage system with refrigeration unit requires
careful design based on the proposed load pattern. In order
to explore the same technology for other applications the
study carried out in the present research work will bevery
useful.

7. CONCLUSIONS

The advantages of cool thermal storage system integrated
with refrigeration plant for building air conditioning are
many and the capacity of the storage system should be
based on the expected |oad pattern. Hence the design of
the cool thermal storage system requires careful attention
beforetheinstallation for optimum benefit. Theload shift
operation by CTES will not only provide benefit to the
consumer and it decreases the burden for the government
toreduce the capital investment on power plant sector and
hel ps the existing power plant to achieve maximum load
factor that in turn helps for clean environment. The cool
thermal storage system concept can be extended for other
applicationslike food preservation (cold storage) and dairy
industries.

ACKNOWLEDGEMENTS

The authors gratefully acknowl edge the support provided
for this work by The Management, TIDEL Park Ltd.,
Chennai, Tamilnadu, India



International Energy Journal: Vol. 7, No. 4, December 2006

NOMENCLATURE
AHU  air handling unit
COP  coefficient of performance
R condenser
hr hour
HTF  heat transfer fluid
PHE plate heat exchanger
PUF  polyurethane foams
INR Indian rupees
FC specific energy consumption (kW/TR)

TR ton of refrigeration
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