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ABSTRACT 

The Gas District Cooling (GDC) plant at Universiti Teknologi PETRONAS (UTP) is 

responsible for supplying chilled water to the main campus, where it is used as the source of 

chilled water for air conditioning. Current operations at GDC, electric chillers (EC) are used 

to charge the Thermal Energy Storage (TES) at night and then discharge the chilled water 

during the day to support chilled water requirements during peak period. Steam Absorption 

Chiller (SAC) operation is to supply the chilled water during the day and not during 

operation at night. However, this practice does not take the advantage of 24 hours operation 

of gas turbine that produced waste heat. This project is focus on using the SAC to charge the 

TES tank during night to support EC in order to optimize the use of waste heat. A two-stage 

charging is proposed. Current configuration is charging the TES tank from 5 p.m. to 7 a.m. 

only by EC. The proposed wo-stage configuration, the TES tank is charged by SAC as the 

first stage to cool the chilled water from l3°C to 9°C, then, the second stage is charged by 

EC to cool the chilled water from 9°C to 6°C. The time of the both charging process is 

maintained from Sp.m. to 7a.m. The operation of two-stage based on one SAC in operation 

and three EC's in operation. 
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CHAPTER! 

INTRODUCTION 

1.1 Project Background 

Gas District Cooling Plant supply electric power and chilled water to Universiti Teknologi 

PETRONAS. The electric power is supplied by the gas turbines. The chilled water is 

supplied by the Steam Absorption Chiller, Thermal Energy Storage and Electric Chiller. The 

main production of chilled water is from SAC. There are two SAC's which have same 

capacity which is 1250RT. The SAC is operated by steam from Heat Recovery Steam 

Generator (HRSG). The waste heat from turbine will enter the HRSG to produce the steam. 

The steam then is collected on the steam header before entering the SAC. In here, thermal 

energy storage system is consisted with equipment such as thermal energy storage tank 

(TES), four Electric Chillers, and pumps. The TES has a capacity is able to store chilled 

water of 5,400 m3 or 10 000 RTh. The TES tank is charged during night by EC and 

discharged the water during daytime. There are 4 EC's in the plant. Each of EC have 

capacity of325 RT. The EC is charging the TES tank at night. However, nowadays the EC 

is operated during the day because ofthe requirement for chilled water has increased. 

The TES system use at UTP is sensible heat system and it using water as the storage media. 

The steam required for the operation of the absorption chiller is supplied by 2 units of Heat 

Recovery Steam Generator (HRSG) which operate using waste heat from 2 units of Gas 

Turbine Generator (GTG). The system operates on a temperature differential of 7°C, with 

chilled water temperatures of 6°C and 13°C for the supply and return passages. TES system 

includes distribution chilled water system, TES system, and SAC system to be taken into 

consideration. 
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Figure 1: UTP Cogeneration I District Cooling Plant 

1.2 Problem Statement 

The current charging system for chilled water storage tank at UTP GDC plant is using 

Electric Chillers (EC). As per designed the Electric Chillers are to charge the tank at night. 

However, due to limited period and increase in academic and non-academic activities in 

academic complex, the requirement for chilled water has increased; therefore the tank is not 

able to achieve maximum capacity during the period of charging. This is due to insufficient 

capacities of the Electric Chillers. Currently the Thermal Energy Storage (TES) is charged 

by EC and the available steam absorption chillers (SAC) are not incorporate into the current 

charging system. The current practice does not take advantage of availability of waste heat 

at night which can be used to charge TES. To enhance the charging, SAC should be 

incorporated into charging system function directly supply chilled water for cooling demand 

and also to be used for charging the TES. 
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1.3 Objective 

The main objective for this project is to design a two-stage charging for sensible thermal 

storage system using SAC for the first stage and EC for the second stage. 

1.4 Scope of Study 

The first stage of charging is to charge the TES tank from 13°C to 9°C using SAC. While 

the second stage of charging is from 9°C to 6°C using EC. Both of charging will cover from 

5 p.m. to 7 a.m. From this design, one SAC and three EC will be used to charge the TES 

tank. During the night, only one gas turbine is operated, therefore only one SAC can be used 

to charge. The capacity of the steam required for SAC operation is depend on HRSG. The 

waste heat is supplied to HRSG and converts to steam before use by SAC. The calculation is 

focus on energy required to charge the TES tank, and also the time to charge the TES tank 

for single stage and the two-stage. Based on the calculation, the cumulative graph is 

produces to show the pattern of the charging. 
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CHAPTER2 

LITERATURE REVIEW 

District Cooling Plant is needed because of large and growing demand for cooling within 

modern large buildings include in Universiti Teknologi PETRONAS. This situation occurs 

caused by growth in the use of cool-producing office and class environment. There are 

environmental and economic benefits from district cooling. There is the avoidance of use 

chemicals that destroy the stratospheric ozone layer. Another advantage is avoidance of the 

increases in ambient temperatue, humidity, and noise that occur outside buildings. District 

cooling system consist of sub-system to move overall operation, this chapter will describe 

the sub-system. 

2.1 Energy Storage System 

Energy storage (ES) media are matter that store some form of energy at a later time to 

perform some useful operation. ES systems have a potential to increase the effectiveness of 

energy conversion equipment and for substitutions of the fuel usage in the world's economy. 

Explained by I. Dincer and M.A Rosen [1], ES provides an alternative method of supplying 

peak energy demands. Therefore, ES system can improve the operation of cogeneration, 

solar, wind, and run-of-river hydro facilities. Some details on these applications follow [1]: 

• Utility - Relatively inexpensive base load electricity can be used to charge energy 

storage systems during evening or off-peak weekly or seasonal periods. The 

electricity is then used during peak periods, reducing the reliance on conventional 

gas and oil peaking generators. 

• Industry - High temperature waste heat from various industrial processes can be 

stored for used in preheating and other heating operations 

• Cogeneration - Since the closely coupled production of heat and electricity by a 

cogeneration system rarely matches demand exactly, excess electricity or heat can be 

stored for a subsequent use. 
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• Wind and run of river hydro - Conceivably these system can be operate around 

the clock, charging an electrical storage system during low-demand hours and later 

using that electricity for peaking purpose. ES increases the capacity factor fur these 

devices usually enhancing their economy value. 

• Solar system - By storing excess solar energy received on sunny days for use on 

cloudy days or night, ES system can increase the capacity factor for solar energy 

systems. 

There are several methods to store the energy. ES device can be classified and categorized 

in other ways. Each category considers the storage of one form of energy. Below are the 

several possible storage options [1]. 

ENERGY 
STORAGE 
METHOD 

Mechanical Chemtcal Biological Magnetic Thermal 
Energy Energy Energy 
Storage Storage Storage Storage Storage 

Hydrostorage Electrochemic Sensible heat - (Pumped - al batteries - Storage storage) 

Compressed Organtc Latent Heat 
I- air storage - Molecular ... 

Storage Storage 

... Flywheels 

Figure 2: Classification of Energy Storage Method [1] 
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Development of ES can make a huge different to the world because it sustain advantages 

more than conventional energy that being use now such as fuel and gas. The benefits of 

using ES system are: 

• Reduces energy costs 

• Reduce energy consumption 

• Improved indoor air quality 

• Increased flexibility of operation 

• Reduced initial and maintenance costs 

In addition, I.Dincer et al (1997a) [1] point out some further advantages ofES: 

• Reduced equipment size 

• More efficient and effective utilization of equipment 

• Conservation of fossil fuels 

• Reduced pollutant emission 

2.2 Chiller 

A chiller is a machine that removes heat from a liquid via a vapor-compression 

or absorption refrigeration cycle. The basic different between the Electric Chillers (EC) and 

Absorption Chiller (AC) that an EC use an electric motor for operating a compressor used 

for raising pressure of refrigerant vapors and AC required thermal energy (steam or hot 

water) as the primary source energy. The rejected heat from the power-generation 

equipment (e.g. turbines, micro turbines, and engines) may be used with an ACto provide 

cooling in the system. AC has fewer and smaller moving parts and it is quieter during 

operation than EC. 

2.2.1 Electric Chiller 

The Electric Chiller can coo I the inlet air to much lower temperatures and maintain any 

desired inlet air temperature down to as low as 42"F [12]. The systems could be driven by 

electric motors. Drawing tbe inlet air across cooling coils, in which either chilled water or 
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refrigerant is circulated, cools it to the desired temperature. The chilled water can be 

supplied directly from a chiller or from a TES (Thermal Energy Storage) tank that stores ice 

or chilled water [8). 

Figure 3: Electric Chiller at District Cooling Plant 

Electric Chiller system have the essential components of a simple vapor-compression 

refrigeration system, are as follows [8]: 

• Evaporator. This is the device where there is heat exchange for providing 

refrigeration, and therefore it boils the liquid refrigerant at a low temperature, 

which causes the refrigerant to absorb heat. 

• Suction line. This is the tube between the evaporator and the compressor. After the 

liquid has absorbed the heat, the suction line carries the refrigerant to the 

compressor. In this line, the refrigerant is a superheated gas. 

• Compressor. This device separates the low-pressure side of the system from the 

high-pressure side and has two main goals: (i) to remove vapor from the evaporator 

to keep the evaporator's boiling point low and (ii) to compress the low-temperature 

refrigerant vapor into a small volume, creating a high-temperature, high-pressure 

superheated vapor. 
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• Hot gas discharge line. This tube connects the compressor with the condenser. 

After the compressor has discharged the high-pressure, high-temperature 

superheated refrigerant vapor, the hot gas discharge line carries it to the condenser. 

• Condenser. This device is used for heat exchange, similar to the evaporator, except 

that its job is to expel heat, not absorb it. The condenser changes the state of the 

superheated refrigerant vapor back into a liquid. This is done by creating a high 

pressure that raises the boiling point of the refrigerant and removes enough heat to 

cause the refrigerant to condense back into a liquid. 

• Liquid line. This line connects the condenser with the refrigerant control device, 

including the expansion valve. Only liquid refrigerant should be in this line. Also, 

the line will be somewhat warm because the refrigerant is still under high pressure. 

• Refrigerant control. This last control works as a metering device. It monitors the 

liquid refrigerant that enters the evaporator and makes sure that all the liquid is 

boiled off before the refrigerant goes to the suction line. If liquid refrigerant enters 

the suction line, it will enter the compressor and cause it to fuil. 

There are pros and cons of using electric chiller. Operation and maintenance costs for this 

type of chiller will vary by sizing, application and compressor type. Screw and scroll type 

compressors generally are more costly to purchase, however are more durable and last 

longer reducing replacement and maintenance costs. Other advantage of electric chiller is 

they do not require the space or area to locate the liquid cooled chiller. This allows 

installation fur limited space applications. 

2.2.2 Steam Absorption Chiller 

Based on the book written by Ibrahim Dincer, the absorption cycle is a process by which the 

refrigeration effect is produced through the use of two fluids and some quantity of heat 

input, rather than electrical input as in the more familiar vapor-compression cycle [8]. In 

Absorption refrigerant chillers system (ARS), a secondary fluid (i.e., absorbent) is used to 

circulate and absorb the primary fluid (i.e., refrigerant), which is vaporized in the 

evaporator. The success of the absorption process depends on the selection of an appropriate 

combination of refrigerant and absorbent. The most widely used refrigerant and absorbent 

combinations in ARSs have been ammonia-water and lithium bromide-water. 
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Absorption cooling systems can be used to cool the inlet air to about 50°F. These systems 

can be employed with or without chilled water TES systems. Absorption chillers can be 

single-effect or double-effect chillers. The single-effect absorption chillers use hot water or 

15-psig steam (18 lb.lhr.RT) whiJe the double-effect chillers require less steam (I 0 

lb.lhr.RT) but need the steam at higher pressure (115 psig) [6]. Refer to the book written by 

Y.A. Cengel and M.A. Boles, absorption chiller perform best when the heat source can 

supply the heat at a higher temperature with little temperature drop [7]. The chillers perform 

at lower temperature, but their cooling capacity decreases sharply with decreasing source 

temperature. 

Main production for chilled water in chilled water system is from Steam Absorption Chiller. 

There are two SAC which have same capacity, consisted with cooling water system, steam 

system, and steam condensation water system, and these systems are operated at the same 

time. Chilled water return at 13.5°C from distribution pipe is sent to SAC by pump, and it is 

cooled to 6°C in SAC, and then the chilled water supply from SAC is supplied to 

distribution pipe. 

Figure 4: Steam Absorption Chiller at District Cooling Plant 
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Based on Keith, Reinhard and Sanfurd [ 12], the process is started when the liquid is pumped 

from the low pressure in the absorber to high pressure in the generator. The heat at the 

generator is supplied from external. The required temperature level is governed by the 

properties of working fluid. The reason is the solution, the heat have to boil the water or the 

absorbent. When heat is applied in the generator, the vapor is generated and vapor flows to 

the condenser. Remaining liquid solution exist in the generator and flows back to the 

absorber. This process is partial evaporation. The concentrated LiBr leaving the generator 

passes through a solution leaving the absorber. 

At heat exchanger, the processes occur between two liquid and involves only sensible heat. 

The purpose of the internal heat exchanger is to reduce the external heat input requirement 

by utilizing energy available within the equipment. The consequence of using internal heat 

exchanger is to reduce the heat rejected. Then the solution is steam is return to absorber. The 

team gives up energy in the solution heat exchanger and arrives at the flow restricted sub 

cooled. 

In the absorber, the concentrated salt solution is brought into contact with vapor supplied by 

the evaporator. The absorption process occur if the absorber is cooled by the external sink or 

cooling tower. Since vapor is absorbed into the solution, the mass flow rate ofliquid leaving 

the absorber is greater than the liquid entering the absorber. This process is vice versa for 

generator. 

The lithium bromide-water pair is available for air-conditioning and chilling applications 

(over 4 °C, because of the crystallization of water). Anunonia-water is used for cooling and 

low-tempemture freezing applications (below 0 "C). The absorption cycle uses a heat-driven 

concentration difference to move refrigerant vapors (usually water) from the evaporator 

to the condenser. Heat is then used to drive off these refrigerant vapors thereby increasing 

the concentration again. [9] 
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4 

Low pres...., 

6 

Figure 5: A basic Absorption Refrigeration Systems [1] 

The connection ofTES and SAC occur at the evaporator. Thus to measure the heat absorb 

by the SAC, it is suitable to calculate the heat transfer rate at evaporator. However, it is 

important also to measure the hold power generate from the equipment. At the evaporator 

the calculation is [ll ]; 

[1.1] 

Where ril; = m0 , the mass flow rate of the system. h, is the enthalpy input from the 

condenser and h, is enthalpy water from the evaporator to the absorber. 

At the condenser, the energy equation used is as the same from the evaporator; 

[1.2] 

The mj = mk and equal to in; = m0 • The flow rate is considerably constant through all the 

system. hi is the enthalpy of water from the generator and hk is enthalpy water from the 

condenser. Therefore hk and ho is the same enthalpy taken from temperature of the 

condenser. 

2.3 Thermal Energy Storage 

Thermal energy storage (TES) function is to store the energy in certain amount of time and 

release when it is needed. This equipment is one of the oldest technologies in energy 

management, and now considered one of the important advanced technologies. The function 
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of TES for thermal applications such as space and water heating, cooling and air 

conditioning has gain more attention to the world. Explained by Brian Silvetti about [2], 

Thermal energy is stored by adding or removing energy. The main application ofTES at hot 

climate is cold storage, because of the large electricity peak demands and consumptions for 

air conditioning. Most of conventional cooling system has two major components which are 

chiller and distribution system. Function of chiller is to cools water or other fluid while 

distribution system is to transport the cold fluid from the chiller to the where it is needed. 

At District Cooling Plant provided for the purpose of reduction of total chillers capacity, by 

utilizing stored chilled water inside TES tank to serve customer cooling load demand during 

peak hours. Electric consumption by the plant at these peak hours can be deducted, due to 

reduction of total chillers capacity. The thermal energy storage (TES) system purpose is to 

stored chilled water in TES at peak time of customer chilled water demand and also reduced 

electric consumption in the plant at peak time due to reduction of total chiller's capacity. 

The thermal layer storage tank is type of thermal energy storage used in this plant; therefore 

the chilled water is stored from bottom part in tank by difference of the specific gravity for 

chilled water temperature. 

There are four pumps to discharge chiller water from TES to chilled water distribution 

pipeline for distribute the chilled water to the customer. Inlet nozzle is made from 20" 

Nominal Pipe Size (NPS) while outlet nozzle has dimension of 12" NPS 

At District Cooling Plant provided for the purpose of reduction of total chillers capacity, by 

utilizing stored chilled water inside TES tank to serve customer cooling load demand during 

peak hours. Electric consumption by the plant at these peak hours can be deducted, due to 

reduction of total chillers capacity. 
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Figure 6: Thermal Energy Storage at District Cooling Plant 

2.3.1 TES Process 

A complete storage process involves at least three steps: charging, storing and discharging 

[I]. This step must be taken onto consideration for an exact energy and analysis. 

b 
Charging Storing 

,-

l 

:_s ~Q, 
_:- .. 
r-

nme 

Discharging 

Figure 7: Process of Cooling Capacity [ 1] 
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A general balance for a quantity in a system may be written as 

Input + Generation - Output- Consumption =Accumulation 

Input and output refer respectively to quantities entering and exiting through system 

boundaries. Generation and consumption refer respectively to quantities produced and 

consumed within the system. Accumulation refers to build up of the quantity within the 

system. 

Following energy balance for the overall storage process can be written as 

Energy input- [Energy Recovered + Energy Loss] = Energy Accumulation 

Or 

[1.3] 

Where Ha, Hb, Hd. He are the total enthalpies of the flows at states a, b, c and d, respectively; 

Q1 denotes the heat losses during the process and llE the accumulation of energy in the TES. 

In Equation ( ) (H.- Hb) represent the net heat delivered to the TES and (Hd - H,:) the net 

heat recovered from the TES. The quantity in square brackets represent the net energy 

output from the system. The terms !ill and Q1are given by 

[1.4] 

[1.5] 

Here Ei and Erdenote the initial and fmal energy contents of the storage, and Q1i denotes the 

heat losses during the period j, where j = l, 2, 3 corresponding to the charging, storing and 

discharging periods, respectively. In the case of identical and initial and final states, !ill = 0 

and overall energy balances is simplifies. 

The net rate of energy transfer to or from the storage tank due to water flow through the 

inlet and outlet is termed as instantaneous capacity. For charging and discharging 

instantaneous capacity can be expressed as 

[1.6] 
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Where m, Ta and Tb all may be the function of time. 

For charging: 

Ta = Temperature start of charging 

Tb =Temperature out of the chiller 

For discharging 

Tb= Temperature start of discharging 

Ta = Outer water temperature at cooling coils 

2.3.2 TES Charging 

TES charging is when the energy (heat) is removed from the thermal energy storage (cold 

storage). One of the device to done this operation is the chiller water, if the is the storage 

medium. Chilled water storage can shift part of the cooling requirement to off-peak hours, 

resuking in improved utility load factors, in addition to allowing the chillers to operate 

during the cooler night temperatures, resulting in improved coefficient perfurmance [1]. 

Since the equipment does not have to handle the peak load its size is minimized, resuking in 

savings in capital investment. As been written by Kurt Roth, when the building requires 

cooling during the day, the chilled water line passes through the TES tank to chill the water 

and provide cooling, decreasing the chiller's load during the day [9]. That is, instead of 

installing two chillers two operate at full load during peak hours and at partial load during 

the rest of the demand period, we may install a smaller single chiller operating 24 hours per 

day to charge the storage tank during of demand period. The tank in tum assists the chiller 

during the demand period. Therefore, at night when the demand is low and the air is cool, 

water chilled and stored fur use during daytime peak demand period 

Principle of charging operation is based on the natural process of stratification; it involves 

both forced and natural convection. In cold storage, based on Dincer and Marc [I] the hot 

fluid is withdrawn from the top of the tank is cooled at the chiller or cooled sources and 
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replaced by cold water introduced at the bottom. The incoming flow processing momentum 

will tend to mix with the fluid in the tank. The flow momentum tend to blend the incoming 

fluid with the fluid in the tank while the buoyancy acting downward to make the incoming 

stream flow in a gravity current form below the relatively warmer fluids. As more fluid is 

introduced, the fluid in the mixing region is pushed up, leaving behind a region of uniform 

temperature equal to the inlet temperature. The region of intermediate temperature 

separating this uniform temperature region is thermo cline. It is defined as the region of 

steepest temperature gradient separating the hot and cold fluid in the region. Thus, the 

thermocline is act as physical barrier. The thickness of the thermocline region is an 

important indicator on how well stratified tank is designed. 

Hot Water 

Cooling load Chiller 

Thermocline Region 

Cold Water 

Figure 8: Schematic diagram ofTES tank [1] 

The charge cycle is achieved by charging the chilled water from the chiller into the storage 

tank that content warm water through the diffuser until all the warm water completely 

replaced by chilled water. 
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Figure 9: General temperature profile [ 1] 

Figure 6 show the general temperature profiles in a stratified storage tank during a charge 

cycle. The chilled water at a temperature l4°c is charged through the bottom ofthe diffuser 

in to the tank at the same rate as the warm water is displaced through the top of the storage 

tank. The thermocline forms at the bottom and slowly moves up to the top as charging is 

continued. During charging, the available cooling capacity of charged water degrades due to 

mixing ofthe charged with stored water. 
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CHAPTER3 

METHODOLOGY 

The methodology implement in this project to achieve the objective based with the 

development of models for two stages charging ofTES tank. 

3.1 The Charging Models 

The model that involve is based on temperature change to charge the TES tank. The 

charging models were discussed in term of charging parameters and development of the 

models for single stage and enhancing fur two-stage of charging stratifies TES tank. The 

charging parameters based on temperature taken at the tank. The steps in the design are the 

following: 

i. Single stage Charging model. 

ii. Two-stage charging model were obtained from enhancement of the single stage 

charging. 

The methodology step in this research is presented in Figure 3.1. The single stage charging 

model was verified using data of operating stratified TES system. The historical data was 

also used a basis for a selection temperature distribution function. 
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Model For Charging 

Stratified TES Tank 

Study on The Current TES 

System 

l 
Formulation Charging 

Parameter 

Development on Single 

Stage Charging 

Enhanced to Two-Stage 

Charging 

Figure 10: Methodology Steps 

3.2 Historical Data of Operating TES Tank 

TES tank from Gas District Cooling plan acquired for this study. The designed TES tank has 

a capacity oflO OOORTh (35 161.7kWh) which also consist of two steam absorption chillers 

has designed capacity of 1250RT (4932kW) and electric chillers (ECs) which has designed 

capacity of 325RT (1142.8kW). The designed plant of district cooling plan is to provide 

cooling load in demand of facilities at Universiti Teknologi PETRONAS. On usual day, 

cooling demand is supplied during on-peak by circulating chilled water from steam 

absorption chillers and discharging TES tank within working hours. 
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The TES tank has cylindrical vertical tank with inside diameter and height of22.3 m and 15 

m. The volume of the tank is 5400 m3 water storage capacities. Lower pipe nozzle which 

has diameter of20" Nominal Pipe Size (0.508 m) located at 1.842 m height, while the upper 

pipe nozzle is 12" Nominal Pipe Size (0.305 m) at elevation of 12.3 m. Both nozzles has 

equipped with diffuse on its end connection in the storage tank. Overflow line is connected 

at elevation of 14.025 m. The entire tank is insulated with polystyrene of 300m thickness at 

the external. In the internal, the tank is coated with epoxy paint. SACs has specification of 

504 m3/hr flow rate while ECs has designed flow rate of 131 m3 /hr. Both SACs and ECs 

have designed inlet and outlet temperature of 13.5°C and 6°C. 

The tank is installed with 14 temperature sensors, installed at approximately I m vertical 

interval for measuring the water temperatures inside of the tank. The lowest temperature 

sensor is located at 0.51 m elevation. All temperatures are hourly recorded with acquisition 

data system. 

3.3 Formulation ofthe Design 

The design of the two stage design is based on the right formulation to develop function 

analysis of stratified TES tank. Based on literature review the net energy transfer is 

calculated using equation [1.2]; 

[3.1] 

However, to develop based on data from the TES Tank, the formula should be changed first 

so that appropriate with the condition of the tank. The value of mass of water will be 

exchange with the volume, and have to muhiply with density of water to balance the 

equation. Therefore the formula will become 

[3.2] 

Another important equation involve is RTh. This equation use to determine the time needed 

to completely charge the TES tank. The complete equation is 

RTh =RTxh [3.3] 
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Based on the energy equation, another parameter that involve in the calculation is charging 

capacity. Charging capacity is the value of energy equipment can deliver over a time. The 

formulation of the charging capacity is similar to equation of power. 

Charging Capacity = Q!second [3.4] 

3.3.1 Parameters ofthe Equation 

The volume ofthe tank is constant for both configuration single stage and two-stage. 

V= 5400m3 

Q = 10 OOORTh 

Current configuration (Single Stage of Charging); 

Find the energy operation using equation 3.2 

T. = 13"C 

The TES tank is charging by EC which have capacity of 325 each. Based on 3.3 equations, 

we can find suitable unit to charge the TES tank. There are four EC operated at the plant. 

EC/unit = 325 RT 

Time of charging= 14 hours (5 p.m. -7 a.m.) 

Design configuration (Two-Stage of Charging); 

Find the energy operation using equation 3.2 

First Stage of Charging using SAC; 

Ta = l3°C 
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The TES tank is charging ftrst by SAC which have capacity of 1250 each. Based on 3.3 

equations, we can ftnd suitable unit to charge the TES tank. There are two SAC operated at 

the plant. 

EC/unit = 1250 RT 

Time of charging = using only one SAC until reach 10 000 RTh (from 5 p.m. - calculated 

time) 

Second Stage of Charging using EC; 

T.=9°C 

The TES tank is charging ftrst by SAC which have capacity of 325 each. Based on 3.3 

equations, we can fmd suitable unit to charge the TES tank. There are four EC operated at 

the plant. 

EC/unit = 325 RT 

Time of charging = using suitable SAC until reach I 0 000 RTh (remaining time after SAC 

charging) 
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3.4 Developing Single Stage Charging 

The TES charging is the process of introduce the cool water at the bottom of the tank or 

lower nozzle then mix in the middle to create thermocline region and the warm water will be 

withdrawn at the upper nozzle. The system is called open charging system because of the 

outlet charging water is not re-circulated in to the lower nozzle. 

Electric Chiller 

Figure II: Schematic Flow of Single Stage Charging 

As shown on figure above, charging is performed by Electric CbiJier to introduce the cold 

water in the lower part ofthe TES tank, with inlet temperature Tin. The inlet from the EC is 

equal to average cool water temperature, hence Tin is equal to Tc. The hot water temperature 

Thalso similar to Tout which will be withdrawn back to the chiller. 

1. Assumptions ofthe single stage charging 

The assumptions during the single stage charging are like below 

a. Temperature Tin and T 0111 is similar throughout the charging process. Therefore the 

parameters of average cool and warm temperature are constant 

b. The volume ofthe water in the tank is constant even though the cool water depth is 

increases with respect to time. 
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n. Charging parameters of single charging 

Formulation as described in section is used to determine energy use for charging of the 

single stage model. The charging parameters are cool water temperature and hot water 

temperature, charging duration and charging capacity. 

a. Cool water temperature and hot water temperature are the temperature range in the 

TES tank during the charging. Cool water temperature is the introduced water from 

the chiller to the warm water in the TES tank. The chiller for the single stage 

charging is electric chiller, and the temperature of the cool water is similar to Tm 

from the chiller. The formula use is equation 3.2 and 3.4 

b. Charging duration is defined as time required for performing charging from initial 

state to final state. It was determined based on energ} to charge the tank and the full 

capacity of the charging. In this stage the equation 3.3 and 3.4 will be used. 

3.5 Two-Stage Charging Model 

This step is focus on enhancing the single stage charging to two-stage charging model. The 

modified from single stage is adding SAC and EC to charge the TES tank sequentially. 

Steam Absorption 

Chiller 

Electric Chiller 

Figure 12: Schematic Flow of Two-Stage Charging 
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The model is enhanced fur implementation with two-stage of charging stratified TES tank. 

On this operation, SAC will charge the TES tank first as the first stage, while EC in the 

second stage charging. The reason of this configuration is because of limitation temperature 

on SAC. The limit temperature in the absorption can be considered as change state between 

the first and second stage charging. 

The steps in two stage charging model is similar to first stage charging with additional 

energy calculation. The parameters that are determined in the process namely cool water 

temperature and hot water temperature, charging duration and charging capacity. 

1. Cool water temperature and hot water temperature are the temperature range in the TES 

tank during the charging. There are two range of the temperature because of the two

stage charging. The temperature difference is based on limitation temperature of the 

SAC. Cool water temperature is the introduced water from the chiller to the warm water 

in the TES tank. The formula use is equation 3.2 and 3.4 

ii. Charging duration is defmed as time required for performing charging from initial state 

to fmal state. It was determined based on energy to charge the tank and the full capacity 

of the charging. In this stage the equation 3.3 and 3.4 will be used. 
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CHAPTER4 

RESULT AND DISCUSSIONS 

4.1 Current Conf~guration (Single Stage) 

The single stage charging only uses Electric Chiller to introduce cool water to the TES tank. 

The charging takes duration from lOp.m. to 7a.m. every day before discharge to the user. 

For four EC's, the design capacity for each equipment is 325RT and to charge the TES tank 

to reach 10 000 RTh for complete charging. The calculation of the current charging is: 

RTh =RTxh 

= (325 x numbers ofEC) x hours of charging 

The frrst calculation using 2 EC's during charging, result of the equation is based on graph 

below. 
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Figure 13: Graph of2 EC's charging, Times of charging versus charging capacity 
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Figure 15: Graph of 4 EC 's charging, Times of charging versus charging capacity 

The comparison between these three graphs shows the charging time is less when using 4 

EC's (1300 RT) rather than 2 (650 RT) and 3 EC's (975 RT). However when use 3 EC's, 
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the charging still reach the capacity within 14 hour. Therefore, it is sufficient to use only 3 

EC' s during charging 

Then next calculation is to determine the energy needed to reduce the water temperature in 

the TES tank and the capacity of the charging for the time given. 

Parameters of the TES tank: 

=5400 

Temperature ("C) = 6 (T u.) and 13 (Tout) 

Density of water (kg/m3
) = 999.1026 at 13"C and 999.7026 at 6"C 

I kJ/s =0.2843RT 

Below show the calculation for the energy to charge the TES tank for the single stage by 

electric chiller based on equation (3.2): 

Where: 

V = volume of space 

p =density ofthe water 

Cp= specific heat ( 4.186kJ/kg.K) 

T =Temperature ("C) 

For single stage charging, the energy use to charge the TES tank by EC: 

Q = (5400) (999.7026) (4.186) (13-6) 

Q = 158,183,742.2 kJ 
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After fmd the charging energy, another way to fmd the charging capacity can be found 

based on charging duration. 

Time to charge = 5p.m.- 7a.m. (14 hours= 50,400 sec) 

Charging Capacity = Q/second 

Charging Capacity = 158,183,742.2 kJ I 50,400 

= 3138.6 kJ/s = 892.45 RT 

Based on the finding, the best configuration is to use 3 EC's to charge in 10 hours to reach 

the maximum capacity of TES tank which is 10 000 RTh. If 2 EC's is used, the time to 

charge the TES tank exceeds the design time to charge the TES tank which is 15 hours. If 4 

EC's is used, the charge can reach the capacity ofTES tank quickly, but waste the energy to 

run the EC. The energy needed to charge the TES tank is 158,183,742.2 kJ and the charging 

capacity is 3138.6 kJ (892.45 RT). If compare to design capacity ofEC, which are 1142.8 

kW (325 RT) each (there are 3 EC), the total capacity is 3428.9 kW (975 RT). These 

calculations show the 3 EC's able to charge the TES tank alone. 

4.2 Proposed Configuration 

The enhancement of the charging at two-stage charging SAC will be charge the TES tank as 

the frrst stage and EC as the second stage. The reason of this configuration is because of 

limitation temperature on SAC until 9°C. The calculation will fmd the energy needed for 

both equipment and the charging capacity for the configuration. 

4.2.11" Stage SAC 

After that, to enhanced further to two-stage of charging, the calculation need to be done to 

find the separation time of charging SAC and EC. The equation use for determine charging 

hour for SAC is 

RTh =RTxh 

= (1250 x numbers of SAC) x hours of charging 
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Figure 16: Graph of I SAC charging, Times of charging versus charging capacity 

Based on the graph, using one SAC to charge the TES tank is required seven hours. The 

remaining time to charge the TES tank from 9°C to 6°C is seven hours also. If two SAC's is 

use during first stage charging, the result is below. 
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Figure 17: Graph of2 SAC's charging, Times of charging versus charging capacity 
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After change to two SAC's, the charging ofTES tank is faster than using one SAC's. The 

graph show significant change from 10 hours to 4 hours of charging. However, because at 

night only one gas turbine is operated, only one SAC is sufficient enough to charge the TES 

tank. This is because it still in the hour of charging. EC will be operate for the remaining 

time of charging. 

Then the energy to charge the TES tank by SAC is calculated from l3°C to 9°C. 

Parameters of the TES tank: 

=5400 

Temperature drop ("C) = 9 (T m) and 13 (Tout) 

Density of water (kg/m3
) = 999.1026 at 13"C and 999.7026 at 6°C 

For first stage charging, the energy use to charge the TES tank by SAC: 

QsAc = (5400) (999.1026) (4.186) (13-9) 

QsAC = 90,336,459.3 kJ 

After find the charging energy, another way to find the charging capacity can be found 

based on charging duration. 

Time to charge = 7 hours= 25,200 sec 

Charging Capacity = Q/second 

Charging Capacity = 90,336,459.3 kJ /25,200 

= 3584.78 kJ/s = 1019.31 RT 
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4.2.2 2"d Stage EC 

The remaining 7 hours needed for EC to charge the TES tank for the second stage. 
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Figure 18: Graph of 4 EC 's charging, Times of charging versus charging capacity (second 

stage) 

Therefore, the energy to reduce the temperature from 9°C to 6°C is calculated below. 

Parameters of the TES tank: 

=5400 

Temperature drop ("C) = 6 (Tu.) and 9 (Tout) 

Density of water (kg/m3
) = 999.1026 at l3°C and 999.7026 at 6°C 

For second stage charging, the energy use to charge the TES tank by EC: 

C2Ec = (5400) (999.7026) (4.186) (9-6) 

C2Ec = 67,793,032.4 kJ 
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After find the charging energy, another way to fmd the charging capacity can be found 

based on charging duration. 

Time to charge = 7 hours = 25,200 sec 

Charging Capacity = Qlsecond 

Charging Capacity = 67,793,032.4 kJ I 25,200 

= 2690.2 k.Jis = 764.95 RT 

4.2.3 Charging Capacity based on Energy equation 

Another method to fmd the charging capacity is using try and error method. This method 

use the current energy result from the calculation above and divide with separated time 

between EC and SAC to get suitable charging capacity with the design capacity from the 

equipment. The equation is equation 3.4. Value of Q is taken from the calculation above 

divide by time. 

Charging CapacitysAc = QsAc I tsAc 

Charging CapacityEc = Qoc I tEe 

tEe= total time - tSAc 

QsAC = 90,336,459.3 kJ 

= 67,793,032.4 kJ 

Total time = 14 hours 
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The result of the calculation shows at table below. 

Charging hours Charging Charging 
Times for Times for Times for Times for Capacity SAC Capacity EC 

SAC (hours) SAC( sec) EC (hours) EC (sec) (kJ/s) (kJ/s) 

I 3600 8 28800 25093.4609 2353.924735 

2 7200 9 32400 12546.73045 2092.377542 

3 10800 10 36000 8364.486967 1883.139788 

4 14400 1 I 39600 6273.365225 1711.945261 

5 18000 12 43200 5018.69218 1569.283156 

6 21600 13 46800 4182.243484 1448.569067 

7 25200 14 50400 3584.780129 1345.099848 
Table I: Charging Capacity for SAC and EC based on Chargmg Hours 
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Figure 19: Graph of Charging Capacity by Charging Hours by SAC and EC 
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The graph shows the possibility of charging capacity for SAC and EC. The vertical axis 

mean if the charging hours for SAC is 7 hours, therefore the charging hours for EC is 7 

hours. Based on the graph the first hour of charging, the power required to reduce the 

temperature of chilled water is high. However, the energy is reducing because of from time 

to time, the chilled water become cooler and the charging capacity is reduced. The charging 

capacity from EC is continued to reduce from 9°C to 6°C for next seven hours 

Di!«:ussions 

The calculation of both single stage and two stage shows the change of energy use and 

charging capacity if the SAC is incorporated with the charging the TES tank. The resuh for 

energy use for charging for single stage is 158,183,742.2 kJ. Based on the design capacity of 

EC (325 RT), the time to charge the TES tank for single stage is required 10 hours to fully 

charge using three of EC's. However, if the two-stage charging is applied for this 

configuration, the energy will reduce to 90,336,459.3 kJ for SAC and 67,793,032.4 kJ for 

EC. The decreasing of energy use shows the benefit for equipment because operation to 

reduce the temperature for EC can be given to SAC. The SAC charge the TES tank fuster 

from l3°C to 9°C which is around 7 hours. The remaining charging will be taken by EC to 

reduce to 6°C 

For the charging capacity, the single stage charging needs the value of 3138.6 kJ/s (892.45 

RT) electric chiller to charge the TES tank for 14 hours. According to the design capacity, 

an electric chiller can produce 1142.8 kJ/s (325 RT) charging capacity, therefore 3 EC can 

produce exactly 3428.93 kJ/s (975 RT). Based on the calculation its show that current 

configuration for charging is meet the requirement design. The enhancement to two-stage 

design shows that the the Electric Chiller charging capacity can be reduced. The first stage, 

one SAC charging for seven hours required 3584.78 kJ/s or 1019.31 RT. This capacity 

below the design capacity of single SAC which is 1250 RT or 4396.07 kJ/s. SAC run by 

excess waste heat produce by gas turbine. The second stage, 3 EC's use to charge the TES 

tank for next seven hours, the capacity of the operation is 2690.2 kJ/s or 764.95 RT. The 

value also meet the requirement of design capacity EC's. 
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The two stage charging configurations also reduce the usage ofEC alone to charge the TES 

tank. It reduce dependant on electricity use to operate the EC. However, SAC operation use 

the waste steam from the Gas Turbine Generator, the source of energy to run the equipment 

is always available because GTG run 24 hours to supply electricity to UTP. 

iii. Design System 

The two stage of charging is modified by installing new pipe system from SAC to the TES 

tank with a few numbers of valve and pump. General design consideration like below: 

I. The stratified TES tank is based on design and current configuration 

2. The temperature of chilled water is similar from the single stage which are chilled 

water leaving the tank at 6°C and warm water return at 13.SOC 

3. The SAC and EC operating hour based on the optimum charging capacity 

4. The SAC will charge the TES tank first until 9°C than EC will take place for further 

charging 

At the new piping system, the valve from SAC to academic complex will be close and the 

valve to TES tank is opened to flow the chilled water fur charging the TES tank. The chilled 

water will he stored until the temperature at the TES tank reach 9°C then the charging 

continues by the EC. At this moment, the valve to flow the water to TES tank is closed and 

wait until demand is high to open the valve flow the chilled water to the academic complex 

(day time). 
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CHAPTERS 

CONCLUSION AND RECOMMENDATION 

Based on results, the two-stage charging reduces the energy and time use to charge the TES 

tank. The energy required to charge the TES tank for two-stage charging is 90,336,459.3 kJ 

for SAC and 67,793,032.4 kJ for EC. This value is lower than current configuration which 

needs 158,183,742.2 kJ for EC's only to charge the TES tank. This value shows that the 

two-stage charging use less energy to charge compare to single stage. The calculation also 

shows the optimum configuration use only one SAC and three EC to charge the TES tank 

from 5 p.m. to 7 a.m. The best configuration is charging using SAC for 7 hours and EC's for 

the next 7 hours. Based on the graph, the two-stage configuration completes charging the 

TES tank in eight hours. The time for single stage to complete charging using three EC' is 

ten hours. The value shows two-stage charging charge TES tank faster than single stage. 

The advantage ofless time charging is the energy to charge the TES tank is reduces. For the 

conclusion, the propose project of two-stage charging give more advantages compare to the 

current single stage configuration. The advantages are in time to charge the TES tank and 

energy used to charge. 

The recommendation for this project is to include efficiency of Heat Recovery Steam 

Generator and gas turbine in the calculation. The efficiencies of HRSG and gas turbine will 

give more accurate result of energy use and time to charge for the two-stage charging 

propose project. 

37 



REFERENCE 

[I] Ibrahim Dincer, Marc A Rosen, "Thermal Energy Storage, Systems and 

Applications", John Wiley & Sons, 2002 

[2] Brian Silvett~ "Chapter 163, Thermal Energy Storage: Encyclopedia of Energy 

Engineering and Technology -3 Volume Set", CRC Press 2007 

[3] 0. Ercan Ataer. "Storage of Thermal Energy- Energy Storage Systems, 

Encyclopedia of Life Support Systems" 

[4] Halime 0. Paksoy, ''Thermal Energy Storage for Sustainable Energy Consumption

Fundamenta~ Case Studies and Design" Springer, 2007 

[5] M.A. Rosen. "Appropriate Thermodynamic Performance Measure for Closed 

Systems for Thermal Energy Storage", ASME Journal of Solar Energy Engineering 

114 (1992) 100-105 

[6] K.M Clark, "The Application ofThermal Energy Storage for District Cooling and 

Combustion Turbine Inlet Air Cooling (Proceedings ofthe International District 

Energy Association, Vol. 89, pp. 85-97, Westborough, Massachusetts) 

http://www.turbineinletcooling.org/technologies.html 

[7] Yunus A. Cenge~ Michael A. Boles, ''Thermodynamics, An Engineering 

Approach", McGraw Hill, 2007 

[8] Ibrahim Dincer, "Refrigeration Systems and Applications" John Wileys and Sons, 

2003 

[9] Kurt Roth, Robert Zogg & James Brodrick, "Cool Thermal Energy Storage" 

ASHRAE Journal Vol. 48 September 2006. 

38 



[1 OJ Herbert W. Stanford "HV AC Water Chillers and Cooling Towers, Fundamentals 

Application and Operation" Marcel Dekker, Inc. 2003 

[ 11] Abmadul Ameen "Refrigeration and Air Conditioning" Eastern Economy Edition, 

Prentice-Hall India,2006. 

[12] Keith E Herald, Reinhard Radermarcher, Sanford A. Klein "Absorption Chillers and 

Heat Pumps" CRC Press, 1996, Taylor and Francis Group. 

39 


