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Abstract: Steam Absorption Chiller (SAC) is the main 

component of Cogeneration Plant which provides chilled water by 

utilizing the steam as system input for the cooling purpose. In this 

paper, the performance of a double effect lithium bromide-water 

steam absorption chiller was analyzed by conducting the energy 

and exergy analysis. An excel spreadsheet program was developed 

to calculate the exergy destructions within the systems and total 

exergy loss of the system in guiding future improvement of the 

plant. Various operating conditions like steam inlet temperature, 

chilled water inlet temperature and load factor were analyzed in 

detail. The result showed that the highest exergy destruction 

occurred at the high temperature generator followed by the 

absorber. Increasing the load factor, steam and chilled water inlet 

temperature will increase the system performance.  

Keywords: Cogeneration, COP, Energy Analysis, Exergy 

Analysis, Steam Absorption Chiller.  

I. INTRODUCTION 

District cooling system in Malaysia involves an 

environmental friendly technology that re-uses the waste heat 

from the electricity generation to lower the plant and system 

operating cost. This technology is known as cogeneration in 

which the waste heat encounters several processes that 

produce steam and this has been used in chilled water 

production with the help of an absorption chiller [1]. 

Cogeneration is also called as a combination of heat and 

power (CHP) system that is planned to produce both heat and 

power and will reduce more than 35% electricity cost as well 

as plenty of free cooling and, or heating for the industry [2]. 

The standard components for the absorption system are 

evaporator, absorber, condenser and generator. Vapor 

absorption system using water as the refrigerant and lithium 

bromide as the absorbent due to the negative effect of 

ammonia that contributes to greenhouse effect and ozone 

layer depletion [3]. The simplest and common type of vapor  
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absorption system is the single effect absorption system 

that uses low temperature of steam as the heat source [4].  

The performance and operation of steam absorption chiller 

for gas district cooling plant at various operating conditions 

were studied. Kaushik et al. analyzed lithium bromide-water 

solution for single and double effect series flow vapor 

absorption system by energy analysis. The result shows that 

the COP double effect series flow lies between 1.0 and 1.28 

while the single effect lies between 0.6 and 0.75 [5]. Lamine 

and Said performed the energy analysis of single effect 

absorption chiller and found that increasing the generator and 

evaporator temperature will increase the COP up to 0.8 [6]. 

Hongxi et al. studied an experiment model for a micro-scale 

double-effect absorption chiller and found that the increasing 

of actual cooling load from 4 to 17 kW will increase the 

performance up to 1.10 [7]. 

The entropy generation of each component and the total 

entropy generation of the entire system component were 

obtained [8]. A number of researchers performed an exergy 

analysis for a single and double effect water-lithium bromide 

absorption system and found that the largest exergy 

destruction has been recorded at the absorber and generator 

[9] – [11].  Mohtaram et al. analyzed the exergy analysis for 

an absorption refrigeration cycle with the working fluid of 

water lithium bromide by simulation. The result showed that 

the absorber is the highest contribution to exergy destruction 

[12]. Mehyo et al. determined the destruction and losses of 

exergy in system components under operating conditions by 

MATLAB® computer program and found that the 

efficiencies for cooling and heating applications have reached 

up to 0.295, 1.295 respectively [13]. Lake et al. also proved 

that the absorber, generator and condenser are the largest 

contribution to exergy destruction using engineering equation 

solver [14].  

The study of SAC performance at PJ1 plant is important as 

the plant operates 24 hours a day and the chilled water supply 

depends on the SAC. Therefore, the current performance of 

the SAC needs to be evaluated continuously to make sure that 

it gives the decent performance throughout the day. This 

study is to analyze the energy and exergy efficiency at PJ1 

plant based on 1st and 2nd law of thermodynamics and also to 

identify the effect of different operating conditions on the 

performance of SAC system.  
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II. SYSTEM DESCRIPTION 

The SAC system used in PJ1 Cogeneration plant is the 

double effect lithium-bromide/water type as presented in Fig. 

1. The steam boiler and heat recovery steam generator will 

supply saturated steam to the SAC at the pressure of 8 bar and 

temperature of 178
o
C that are used for heat driving sources 

for the chilled water production. The capacity for this SAC 

system is 19000RT and it supplies the chilled water with the 

temperature range of 6
o
C – 14

o
C. Heat recovery steam 

generator receives condensate water from the SAC that flows 

through the hot water tank and generates saturated steam from 

that water source. Heat from the SAC is extracted with the 

help of water that comes from the cooling tower with 28
o
C 

enter temperature and 32
o
C temperature that returns back to 

the cooling tower. 

The double-effect lithium bromide-water steam absorption 

chiller mainly consists of a high and low temperature 

generator, condenser, evaporator, absorber, high and low 

temperature heat exchanger, solution pump, expansion valve 

and refrigerant pump. The working principle starts with the 

weak lithium bromide solution at state 4 which is pumped to 

the high temperature generator at state 9 through high and low 

temperature heat exchanger. Saturated steam at state 25 will 

boil the weak solution and vaporize the refrigerant into 

primary refrigerant vapor and the weak solution is 

transformed into medium solution. Primary refrigerant vapor 

at state 10 is used as the heating source at low temperature 

generator to transform medium solution at state 14-15 into 

strong solution at state 17-18. The secondary refrigerant 

vapor at state 13 is introduced.  

Primary refrigerant vapor flows into the expansion valve to 

reduce its temperature and pressure and it transforms into 

state 12. Refrigerant vapor from state 12 and 13 condenses in 

the condenser by using the cooling water from state 19 and it 

transforms into water at state 1 before flows into the 

expansion valve and transforms into state 2. In the evaporator, 

water from state 2 absorbs heat from the chilled water that 

comes from state 21 and causes it to evaporate. The evaporate 

water at state 3 flows into the absorber and the strong solution 

from state 18 absorbs the water while the weak solution at 

state 3 is pumped back to state 9 and the cycle starts over 

again. 

A. Theoretical Consideration: 

The following assumptions have been made for the analysis 

of the system: 

• The cycle in steady state conditions; 

•   The heat losses and pressure drop in all cycle lines and 

system components are negligible. 

• The processes at all expansion valves are assumed to be 

adiabatic, resulting in constant enthalpy processes. 

• Heat transfer from surroundings to the system or vice 

versa is negligible. 

•    Steam inlet to be saturated vapor and steam outlet to be 

saturated liquid. 

• The refrigerant states leaving the condenser is saturated 

liquid and refrigerant states leaving the evaporator is 

saturated vapor. 

• The atmospheric surrounding temperature and pressure 

is assumed at 25˚C and 1 atm to simplify the analysis. 

• The concentration of lithium bromide can be calculated. 

Thermodynamic properties of lithium bromide-water 

solution are referred to Ahmadul Ameen [15]. 

• This analysis is applied on a steam absorption chiller in 

PJ1 Plant which is SAC-0130-E. 

 

 

 

 
Fig. 1. Schematic diagram of the double effect steam absorption chiller 
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III. THERMODYNAMIC ANALYSIS 

The first and second principles of thermodynamics are 

applied to analyze the SAC systems which involve the 

application of conservation of mass, conservation of 

concentration, energy and exergy equations. The equations of 

these principles are stated below [5], [9] and [11]: 

A. Conservation of mass: 

Conservation of mass law for each component in the system 

can be expressed as: 

 

Σ i = Σ o                                                 (1)   

 

The principle for each component of the cycle is written as: 

 

1  =  2  =  3                                           (2) 

3 +  18 =  4                                (3) 

4  =  5  =  6  =  7  =  8                            (4)  

8  =  9  +  16                                             (5) 

9  =  0.7 8                                               (6)                                                       

16 =  0.3 8                                                (7)                                         

9  =  14  +  10                                  (8)                                                        

14  =  15                                                 (9) 

17  =  18                                              (10) 

16  +  15  =  13 +   17                               (11)                                                       

10  =  11 =  12                               (12) 

19  = 20  =  23  =  24                        (13) 

21  =  22                                  (14) 

25  =  26  =  27 =  28                                          (15) 

B. Conservation of concentration 

The principle of concentration conservation for each 

component is written as: 

 

Σ iXi = Σ oXo                          (16) 

 

The principle for each component of the cycle is written as : 

 

18X18  =  4X4                       (17) 

9X9  =  14X14                        (18) 

X4=X5=X6=X7= X8=X9= X16                    (19) 

X14  =  X15                           (20) 

X17  =  X18                          (21) 

C. Energy analysis 

The first law of thermodynamics for the system is written 

as: 

Qnet – Wnet =  Σout out ( hout + KEout + PEout ) - Σin in ( hin + 

KEin + Pein )                       (22) 

 

The changes of kinetic and potential energy in the system 

are neglected and assuming that the systems are in steady state 

conditions, the first law of thermodynamics per unit mass is 

written as: 

 

q  +  hi  =  ho  + w                  (23) 

 

The first law for different components is written as: 

 

h1 ≈ h2                             (24) 

h11  ≈  h12                            (25) 

QC  =  20( h20 – h19 )                        (26) 

QL  =  21( h21 – h22 )                    (27) 

QA  =  24( h24 – h23 )                    (28) 

QHTG  =  25( h25 – h26 )                   (29) 

COP   =                         (30) 

 

The circulation ratio is written as: 

 

CR =                                  (31) 

 

The load factor is written as: 

 

LF =                                          (32) 

D. Exergy analysis 

The analysis of the system exergy is written as follow: 

Σ iei  -  Σ oeo  +   ( 1 -  ) -    -  D  =  0      (33) 

 

The third term is the heat exergy, where it is positive when 

the heat is transferred to the system.   is the mechanical 

work transferred from or to the system. D is the exergy 

destroyed due to the inside irreversibility. The kinetic and 

potential energies are neglected and noting that the chemical 

exergy is zero, the specified exergy is written as [18]: 

 

ex =  ( h- ho ) – To (s – so )                 (34) 

 

The exergy losses for each system component are written 

as: 

ΔECOND.  =  13e13 + 12e12 + 19e19 - 20e20 - 1e1  (35) 

ΔEEVAP.  =  2e2 + 21e21 - 22e22 - 3e3        (36) 

ΔEABS.  =  3e3 + 18e18 + 23e23 - 4e4 - 24e24       (37) 

ΔEHTG  =  25e25 + 9e9 - 26e26 - 10e10 - 14e14       (38) 

ΔELTG  =  16e16 + 15e15 + 10e10 - 13e13 - 11e11 - 

17e17`                       (39)        

 ΔEHEI  =  5e5 + 17e17 - 6e6 - 18e18           (40) 

 ΔEHEII  =  7e7 + 14e14 - 8e8 - 15e15           (41) 

ΔEvalve1-2  =  1e1 - 2e2                  (42)  

ΔEvalve11-12  =  11e11 - 12e12              (43) 

Exergetic Efficiency (ECOP)   =             (44) 
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 The performance analysis was carried out using an excel 

spreadsheet program. The initial condition read into the 

program includes the ambient conditions, all state 

temperatures and mass flow rate. The spreadsheet program 

determines all the points of the cycle inclusive of enthalpy, 

entropy, coefficient of performance and exergetic efficiency. 

The results are presented in Table I, Table II and Table III.  

The work input to the solution pump and the frictional losses 

are negligible to simplify the analysis.   

 

Table- I: The thermodynamic properties for different 

states of the system 

 
 

Table- II: Energy flows for various components of SAC  

 

 

 

 

 

 

 

 

Table- III: Exergy flows at various components of SAC 

IV. RESULTS AND DISCUSSION 

The study on the performance of SAC system was 

conducted based on the energy and exergy analysis, and 

different operating conditions such as steam inlet 

temperature, chilled water inlet temperature and load factor. 

The result obtained is shown in Fig. 2 until Fig. 10. 

Fig. 2 shows the exergy loss of SAC components in the 

system. The HP generator contributed to the highest exergy 

losses followed by the absorber and condenser. The HP 

generator contributed about 44.60% of the total exergy losses 

followed by the absorber with 26.22% and condenser with 

17.64%. The highest losses in the HP generator is caused by 

the separation losses in which a great amount of heat is needed 

to separate the refrigerant from the lithium bromide solution 

and to evaporate the refrigerant into the refrigerant vapor 

state. Another reason related to the losses is the high 

temperature difference between the working fluid and the 

input heat. The exergy loss in the absorber is caused by the 

heat of mixing to evaporate the refrigerant vapor with the 

strong lithium bromide solution. The extra cooling 

requirement to condense the refrigerant vapor from the 

generator is the reason for the exergy loss in the condenser. 

The HP generator contributed to the highest exergy losses 

followed by the absorber [10] and [16] which well matched to 

the results of this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Component Energy flow, kW 

Evaporator, QL 7588.08 

Absorber, QA 14019.41 

Condenser, QC 16250.66 

High Temperature 

Generator, QHTG 

6371.83 

COP 1.19 

Component 
Exergy 

losses, kW 

Exergy 

losses (%) 

Evaporator, ΔEL 54.04 2.23 

Absorber, ΔEA 635.79 26.22 

Condenser, ΔEC 427.86 17.64 

High Temperature 

Generator, ΔEHTG 
1080.71 

44.57 

Low Temperature 

Generator, ΔELTG 
120.32 

4.96 

Heat Exchanger I, ΔEHEI 31.49 1.29 

Heat Exchanger II, ΔEHEII 23.12 0.95 

Valve 1-2, ΔEVALVE1-2 23.21 0.96 

Valve 11-12, ΔEVALVE11-12 28.41 1.17 

Total exergy losses 2424.95 - 

ECOP - 22 
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Fig. 2. The exergy losses of the SAC components.

A. Coefficient of performance (COP) and Exergetic 

Efficiency (ECOP) of the SAC system 

Fig. 3 shows the different value of COP and ECOP for a 

week period starting from day 1 until day 7. The COP of the 

system fluctuated with the highest value for the COP was 

recorded on day 6 and the lowest value for the COP was 

recorded on day 1 which was 1.69 and 1.24 respectively. Day 

6 recorded the highest COP due to the fact that Monday is the 

first working day that needs a higher cooling capacity; thus 

this increases the system performance while day 1 and day 2 

are public holidays that require less cooling capacity 

compared to the working day. The ECOP for the system 

shows the same behavior like the COP. The highest ECOP 

was reported on day 4 and day 6 and the lowest ECOP was 

reported on day 1 and day 2 which were 0.27 and 0.23 

respectively. This can be explained by the fact that the 

exegetic efficiency can perform well with the lower operating 

temperature and higher cooling capacity on the absorber. 

 

 
Fig. 3. Average COP and ECOP for a week period 

B. Average Load Factor (LF) of SAC system 

Fig. 4 shows the different value of Load Factor (LF) for a 

week period. The average LF for the system fluctuated with 

the highest LF recorded on day 6 which was 1.136 and the 

lowest was recorded on day 1 which was 0.879. The decent 

value for the load factor is strongly influenced by the daily 

production capacity of chilled water for a week period. There 

are several factors that influence the production capacity of 

chilled water which are water quality, pipe condition, pump 

capacity and system performance. The good water quality 

with no debris will ensure the smooth and steady flow of the 

chilled water. The good pipe condition with no leaking part 

will ensure the smooth production of the chilled water and  

 

also the suitable pump capacity will pump the water 

steadily throughout the system. Moreover, the good system 

performance can be related with the system components that 

are in good working condition and well function. The lowest 

possible temperature of chilled water can be produced when 

the important factors are well managed.  

      

 
Fig. 4. Average LF for a week period 

C. Variable Operating Conditions 

 Steam Inlet Temperature: Fig. 5 shows the different 

value of COP and ECOP with the variation of steam inlet 

temperature. Increasing steam inlet temperature from 170
o
C 

to 200
o
C will slightly increase COP system from 1.34 to 1.41. 

The increasing value for the COP of the system is strongly 

influenced by the operating temperature within the system. 

The increase of steam inlet temperature slightly reduces the 

amount of energy flow in the High Pressure Generator (HPG), 

thus increases the system performance. The COP is expected 

to increase more with the increasing of steam inlet 

temperature. On the other hand, the system ECOP slightly 

decreases from 0.269 to 0.252 with the increase of steam inlet 

temperature. The different behavior shown by the ECOP is 

caused by the fact that more exergy losses occur in the 

generator during the heat transfer process when more input 

exergy is supplied to the system. The COP and ECOP against 

steam inlet temperature show a positive understanding with 

the study conducted by others [5], [17] – [19].  
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Fig. 5. Variation of COP & ECOP vs. Steam Inlet 

Temperature 

Fig. 6 shows the different value of exergy loss in the HPG 

with the variation of steam inlet temperature from 170
o
C to 

200
o
C. The exergy losses moderately increase from 778.43 

kW to 908.46 kW with the increase of steam inlet 

temperature. The exergy losses at the other system component 

remain stable due to the theoretical assumption that there is no 

change on other temperature component of the system. The 

increasing value of exergy losses in HPG is strongly 

influenced by the temperature difference between the working 

fluid and the input steam. The exergy loss at other component 

is expected to increase with the increasing of other component 

temperature especially the temperature of primary refrigerant 

vapor and medium lithium bromide solution that flows out 

from the HPG. In addition, Gebrelassie et al. performed the 

exergy analysis on absorption system and found that the total 

exergy losses increase with the increasing of steam inlet 

temperature [10].  

    

Fig. 6. HPG loss vs. Steam Inlet Temperature 

 Chilled Water Inlet Temperature:  Fig. 7 shows the 

different value of COP and ECOP with the difference of 

chilled water inlet temperature. The system COP rapidly 

increases from 1.12 to 1.56 with the gain of chilled water inlet 

temperature from 11⁰C to 13⁰C. The increasing value for the 

COP of the system is influenced by the cooling capacity 

produced by the evaporator. More cooling capacity can be 

produced with the increasing chilled water inlet temperature. 

The COP is expected to increase more with the increasing of 

chilled water inlet temperature. The system ECOP slightly 

decreasing from 0.225 to 0.219 by increasing the chilled 

water inlet temperature. The different behavior shown by the 

ECOP is caused by the fact the absorption cooling system has 

higher ECOP at lower operating temperature in which low 

temperature has high potential to create the cooling effect at 

the same mass flow rate. The COP and ECOP against chilled 

water inlet temperature show a good result with the study 

conducted by others [5] and [18]. 

 
Fig. 7. COP & ECOP vs. chilled water inlet 

temperature 

Fig. 8 shows the different value of exergy loss at different 

system component with the increasing of chilled water 

temperature. The increment of exergy loss at the system 

component especially at the absorber and condenser is 

strongly influenced by the mass flow rate of the system. The 

increment of chilled water inlet temperature by 0.50⁰C will 

increase the system mass flow rate by 9.89%, thus increases 

the exergy losses of the system component. The exergy loss at 

the HPG shows different behavior by increasing the chilled 

water inlet temperature will reduces the exergy losses from 

957.21kW to 599.83kW. The increment of chilled water inlet 

temperature does not affect the mass flow rate of the steam. 

The increasing value of the working fluid mass flow rate that 

thermodynamically reacts with the constant value of steam 

mass flow rate will reduces the exergy loss at the HPG 

component. The circulation ratio (CR) for the system remains 

constant due to the increasing mass flow rate of refrigerant 

vapor which also increasing the mass flow rate of the weak 

lithium bromide solution. The increase of total exergy losses 

of the system is also related to the chilled water inlet 

temperature [18]. 

     

 
Fig. 8. Exergy losses vs. chilled water inlet temperature 

for system component 

 Load Factor: Fig. 9 shows the different value of COP 

and ECOP with the variation of load factor. The load factor is 

increased by manipulating the mass flow rate of the chilled 

water. The COP increases due to the fact that the cooling 

effect in the evaporator 

increases with the increasing of 

chilled water mass flow rate. 
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The COP is expected to increase more with the increase of 

load factor. The ECOP of the system also increases from 0.26 

to 0.34 due to the fact that the absorption cooling system has 

higher exegetic efficiency at lower operating temperature. 

The increase in mass flow rate will increase the potential to 

create the cooling effect at higher rate than before. Similar to 

COP, ECOP is also expected to increase with the increase of 

load factor. 

 
Fig. 9. COP & ECOP vs. Load Factor 

   Fig. 10 shows the different value of exergy losses at 

different system component with the variation of load factor. 

The increase of load factor by 0.05 will increase the system 

mass flow rate by 5.80%. The exergy loss at the absorber and 

condenser component increase rapidly with the load factor 

variation. This can be explained with the mixing losses at the 

evaporator and the increase in cooling capacity to condense 

the refrigerant vapor in the condenser. The exergy loss at the 

other component slightly increases due to high efficiency of 

the heat transfer and low temperature difference between the 

water and lithium bromide solution. For the exergy losses at 

the HPG, it shows a different behavior. The reason for this 

behavior is already explained in the previous section in which 

the load factor increase does not affect the mass flow rate of 

steam; thus it reduces the exergy loss from 796.77kW to 

483.20kW. However, the total exergy losses of the system 

increases with the increment of load factor and this shows a 

good agreement with the study conducted by [16].  

 

 
Fig. 10. Exergy losses vs. load factor for system 

components 

V. CONCLUSION 

In this paper, the thermodynamic analysis for energy and 

exergy was carried out. The performance of the SAC system 

at PJ1 plant was monitored based on the COP, ECOP and 

Load Factor (LF) for a week period. Based on the system 

study, several conclusions have been made: 

i. The average COP lies in the range of 1.24-1.69, average 

ECOP lies in the range of 0.252-0.269 and the LF lies in the 

range of 0.879-1.136 which show that the SAC system is in 

good working condition.  

ii. For the exergy loss of the component, the HPG contributed 

the highest exergy losses followed by the absorber and the 

condenser. It shows that the HPG is the main important 

component in the SAC and it gives the highest effect on the 

system performance.  

iii. The COP increasing slightly with the manipulation of 

steam inlet temperature. The increasing of steam inlet 

temperature reduces the temperatures difference between the 

working fluid. ECOP decreases slightly due to highest exergy 

losses in the generator. 

iv. The COP increases rapidly by the manipulation of 

chilled water inlet temperature which shows the producing 

cooling capacity will increase the energy flows in the 

evaporator. From different point of view, ECOP decreases 

slightly as the lower operating temperature has high potential 

to create the cooling effect. 

v. The COP and ECOP increase with the increment of the 

load factor. This can be explained with the fact that the COP 

and ECOP operate well in lower operating temperature with 

the increase of chilled water mass flow rate. 

vi. The manipulation for the variable operating conditions 

increases the total exergy loss of the system. 
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