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Abstract
This study investigates a coupled system combined by a LiBr/H2O absorption refrigeration cycle and a Kalina cycle, to 
recover waste heat from a hydrate-based CO2 capture process. The optimal system operation has been obtained. Payback time, 
Return on investment, Net present value and Discounted cash flow rate of return are selected as the evaluation indicators for 
a comprehensive economic analysis. Cash flow patterns are obtained for different discounted interest rates and electricity 
prices. Exergy analysis is conducted and the exergy loss of each component is calculated. Results show that in comparison 
with the individual Kalina cycle, the net electricity generation is increased by around 45%. The highest thermal efficiency 
of this coupled system is 16.78%. Payment balance can be achieved with a payback time of 6 years. The purchase price of 
heat exchanger occupies the largest capital investment. Exergy efficiency of this system is obtained as 36.89%. Major system 
irreversibility occurs in heat transfer processes of heat exchangers and the largest exergy loss is found in generators of both 
subcycles. Reducing the heat transfer irreversibility and the size of heat exchangers are greatly encouraged in future efforts.

Keywords  Economic analysis · Exergy analysis · LiBr/H2O absorption chiller · Kalina cycle · Low-grade waste heat · CO2 
capture

Abbreviations
CEPCI	� Chemical Engineering Plant Cost Index
COP	� Coefficient of performance
CS	� Carbon steel
DCFRR	� Discounted cash flow rate of return
HT	� High-temperature
KC	� Kalina cycle
LBAC	� LiBr/H2O absorption chiller
LiBr	� Lithium bromide
LMTD	� Logarithmic mean temperature difference
LT	� Low-temperature
NPV	� Net present value
ROI	� Return on investment
SS	� Stainless steel
TBAB	� Tetra-n-butylammonium bromide

1  Introduction

Kalina cycle (KC) is a promising approach of low- and 
medium-temperature waste heat utilization. Compared with 
the isothermal evaporation, the ammonia–water mixture of 
KC provides a better match to sensible heat sources. It is 
because the ammonia vaporizes at first when heated, the 
temperature and the solution concentration are both vary-
ing during the heat transfer process [1]. Low temperature 
heat of solar energy [2], cyclone preheater exhaust gases [3] 
and power plant exhaust gases [4] can be transformed into 
electricity using the Kalina cycle. This bottoming cycle has 
several types according to heat sources. Types of KCS-11 
and KCS-34 are the most proper types for heat source tem-
perature below 200 °C [5–7]. Absorption refrigeration sys-
tem can also utilize the thermal energy from low temperature 
heat sources. In comparison with vapor compression system, 
absorption chiller has a low electricity consumption. It also 
requires low maintenance fees because of having no moving 
components [8] and causes less environmental pollution [9]. 
In the absorption chiller, working pairs such as ammonia/
water and lithium bromide/water cause no global warming 
and ozone depletion effects. Absorption refrigeration cycle 
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using ammonia/water is more complex because of the sepa-
rate rectifier process [10]. Investigation on LiBr/H2O absorp-
tion chiller (LBAC) has been extensively carried out, such 
as in low-concentrating photovoltaic modules [9], detergent 
production factory [11], low- and medium-temperature solar 
collectors [12] and even with multi-heat source waste heat 
[13].

Exergy analysis locates the position of exergy destruction 
and finds the causes for the process irreversibility. It is criti-
cal for both energy savings and resource conservations. A 
combined system of absorption–compression refrigeration 
was developed by Mohammadi and Ameri [14]. They used 
the absorption chiller to enhance the compression chiller and 
investigated the efficiency through the first and the second 
laws of thermodynamics. Irreversibility and exergy destruc-
tion in different components of a single-effect absorption/
vapor compression-coupled system were calculated [15], the 
maximum exergy destruction was found in the condenser 
and generator. They also reported that the minimum sys-
tem exergy destruction occurs at generator temperature of 
60 °C. Eleven configurations of an LBAC/transcritical CO2 
compression-coupled system were designed and energy and 
exergy analysis were conducted individually [16]. Exergy 
analysis of a single effect LBAC with a flat-plate-collector 
array was conducted and the generator inlet temperature 
from 70 to 80 °C was recommended for achieving high 
exergetic efficiency [17]. Absorption chiller was integrated 
to make full use of the heat of the lean solution in a Kalina 
cycle before it enters the recuperator [18]. Results shown 
that the coupled system presents a higher exergy efficiency 
and more net power output than separate systems. Exergeo-
conomic analysis of an ammonia–water absorption refrig-
eration/KC-coupled cycle was carried out to investigate the 
effect of the ambient temperature on the exergy efficiency 
and total product unit cost [19]. Wang et al. [20] employed 
the turbine exhaust gas to achieve higher ammonia con-
centration and to produce cold output at the same time. 
Their exergy analysis results shown that the major exergy 
destruction is in the heat exchangers. Two absorption refrig-
eration/KC combined cycles were also studied by Shokati 
et al. [21, 22]. They pointed that the largest exergy losses 
were obtained in the boiler, absorber and rectifier. Besides, 
this double effect absorption refrigeration/KC has a higher 
thermal efficiency while a longer payback period. Energy, 
exergy and economic analysis was performed to investigate 
and to make comparison between the Kalina cooling-power 
cycle and Kalina LiBr–H2O absorption chiller cycle systems 
[23, 24]. It was suggested to make system modifications to 
reduce the inefficiency in the absorber and heat exchangers. 
A hybrid system was developed using the low-grade heat 
from the solar cells [25]. This system generated electrical 
power with an exergy efficiency of 26.5%. The waste thermal 
energy was converted into cold energy production, which 

was employed to cool the turbine-outlet stream [26]. Com-
pared with the individual Kalina cycle, the total electrical 
power production was enhanced because of higher expan-
sion ratio of the turbine. In our previous effort, a LiBr/H2O 
absorption refrigeration cycle and a Kalina cycle were inte-
grated in cascade [27]. A detailed parametric analysis was 
carried out. However, this coupled system of LBAC and KC 
has never been investigated from the exergetic and economic 
aspects.

Hydrate-based CO2 capture is a novel technology for CO2 
emission reduction which has a simple capture process and 
produces no by-product. However, this technology has a 
higher energy penalty than conventional CO2 capture tech-
nologies [28]. Hydrate-based CO2 capture is a technology 
of reducing CO2 emission by forming CO2 hydrate. While 
forming hydrate using the flue gases always requires higher 
pressure and lower temperature [29–31]. With the help of 
hydrate promoters, such as tetra-n-butylammonium bromide 
(TBAB), the formation condition would be greatly alleviated 
[32]. Flue gas is compressed to the equilibrium pressure and 
cooled to the equilibrium temperature at first. It then enters 
the formation unit to form hydrate with the additive solution. 
Forming CO2 hydrate requires much lower pressure than 
forming N2 hydrate at the same temperature, CO2 would 
be captured in the hydrate slurry [33, 34]. The hydrate is 
introduced into the dissociation unit to release this acid gas 
through heating or depressurization [34, 35]. In this way, 
the gaseous carbon dioxide is concentrated. Kalina cycle 
and organic Rankine cycle were integrated with CO2 capture 
by Pan et al. [36], they utilized the low-grade waste heat to 
achieve greenhouse gas emissions reduction. In this work, to 
reduce the energy penalty of hydrate-based CO2 capture, this 
integrated system is employed to recover the waste heat from 
a two-stage hydrate-based CO2 capture process. Employing 
the absorption chiller as an auxiliary cooling cycle for the 
power generation cycle, the wasted thermal energy is fully 
utilized in cascade. Economic analysis and exergy analysis 
are then carried out in this research for an in-depth under-
standing of this absorption chiller/Kalina cycle-coupled 
system. This research will also be useful for energy penalty 
reduction in the hydrate-based CO2 capture process.

2 � System Description

The coupled system consists of an absorption chiller using 
lithium bromide/water as the working pair and a Kalina 
cycle of type KCS-34. The integration is realized relying 
on the heat transfer process in an evaporator. The absorp-
tion refrigeration cycle is regarded as an auxiliary cooling 
cycle for the electrical power generation enhancement in the 
Kalina cycle. Both subcycles are driven by a given low tem-
perature waste heat. This low temperature thermal energy 
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contains two parts. The part with higher temperature QH 
is for electrical power generation in the Kalina cycle. The 
other part QL is for cooling output in the absorption chiller. 
The cooling output is to cool down the exhaust stream of 
the power generation cycle. Eventually, this specific thermal 
energy is fully recovered by the coupled system in a cascade 
process. The coupled system is illustrated in Fig. 1. In the 
absorption chiller, the absorbent is lithium bromide and the 
refrigerant is water. The lean solution absorbs the thermal 
energy QL in Generator 1 and turns into the refrigerant vapor 
and the strong solution. The former stream is cooled down 
in Condenser, throttles in Valve 1 and then flows into the 
cold side of the Evaporator to provide cold energy to the 
Kalina cycle. The strong solution releases heat in the Heat 
exchanger, throttles in Valve 2 and then enters the Absorber 
with the saturated vapor to become a lean solution. The lean 
solution is then pressurized in the Pump 1, recovers heat 
in the Heat exchanger and then goes into the generator for 
continuous cycle operation. In the Kalina cycle, the strong 
solution absorbs the thermal energy QH in Generator 2 and 
becomes an ammonia vapor and a dilute solution. The vapor 
expands in the Turbine for electricity production. The dilute 
solution discharges heat in the high-temperature recuperator 

(HT recuperator), throttles in Valve 3 and then mixes with 
the turbine exhaust gas in the Mixer to become a strong solu-
tion. This strong solution discharges heat in the low-temper-
ature recuperator (LT recuperator) and is further cooled in 
the hot side of the Evaporator. It is pressurized in Pump 2, 
recovers heat in the low-temperature and high-temperature 
recuperators and then it enters the generator for continuous 
power generation.

3 � Methodology

3.1 � Basic Assumptions

Process simulation of this coupled system is developed in 
Aspen Plus software. ELECNRTL model is suitable for 
various electrolyte solutions in medium pressure systems 
hence it is selected for the absorption chiller. PSRK model 
is chosen for the Kalina cycle, because it runs at relatively 
high pressure [37]. Electrolyte properties for the LiBr/H2O 
absorption chiller and the binary parameters for the Kalina 
cycle have been obtained in our previous research [38, 39]. 
Detailed block type and parameter specification are given 

Fig. 1   Schematic diagram of the 
coupled system
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in Table 1. Generators in both subcycles are replaced by a 
Heater model as well as a Flash2 model. The binary solu-
tions absorb heat in the Heater models. The vapor streams 
are separated in the Flash2 models. To guarantee the accu-
racy and correctness of these simulated results, the LiBr/
H2O absorption refrigeration cycle has been validated pre-
viously [37]. The simulated results of the Kalina cycle is 
also compared with the published literature [26] and good 
agreement has been obtained [27].

A low temperature waste heat is specified in present 
research with a temperature ranging from 90 to 150 °C. It 
has. This given waste heat can be divided into two parts 
using a certain segment temperature. The segment tempera-
ture is determined when the absorption chiller fully covers 
the cooling demand in the Kalina cycle. In addition, this 
temperature has to make sure that the given waste heat is 
fully recovered in this cascade process. Thus, there is only 
one segment temperature for each operation status. The 
low-temperature part is unsuitable for electricity generation 
hence it is utilized for cooling output from the absorption 
chiller. The segment temperature determines the generator 
temperature of the Kalina cycle (considering the minimum 
temperature approach is 10 °C). The generator temperature 
of the absorption chiller is 80 °C (considering a tempera-
ture decrease of 10 °C from the lower temperature limit 
90 °C). Refrigeration temperatures of 2, 3, 5, 7 and 10 °C are 
assumed for the cooling output from the absorption chiller. 
The temperature of cooling water in present work is con-
sistent with the ambient temperature of 30 °C. Considering 

the minimum temperature approach of 5 °C, the absorber 
temperature and condenser temperature are assumed to 
be 35 °C. Based on the literature review, some reasonable 
assumptions are currently made: (1) The whole process is 
at steady state [18–20, 24, 40]; (2) Changes in the kinetic 
and potential energy are thought as negligible [18, 19, 40]; 
(3) Heat discharged to environment as well as pressure drop 
in the devices and pipes are neglected [5, 18–20, 24, 40]; 
(4) Ammonia solution at the generator inlet/absorber outlet 
is saturated liquid and the ammonia at the generator outlet/
absorber inlet is saturated vapor [18–20, 24, 40]; (5) LiBr/
H2O solution at the generator/absorber outlet is saturated 
liquid and the refrigerant at the condenser inlet and the evap-
orator outlet is saturated vapor [24]; (6) Isentropic efficien-
cies are specified for the turbine and the pumps [19, 20]; (7) 
Leakage of working fluids is assumed to be negligible [18]; 
(8) All the throttling processes are thought as isenthalpic 
[18, 20, 40]; (9) Ammonia concentration of Kalina cycle is 
specified as 0.7 (mass based) [1, 18, 26, 41].

3.2 � Mathematical Model

On the basis of the energy balance and mass balance algo-
rithms, the mathematical models of this integrated system 
have been established in this section. Calculation and evalu-
ation of individual device and each stream are hence carried 
out. The calculation equations of each device are given as

(1) LiBr/H2O absorption chiller:
Generator 1:

Table 1   Block type and 
specification

Block name Type Specification

LiBr/H2O absorption refrigeration cycle
Generator 1 Heater

Flash2
Inlet heat stream, specified; Pressure drop, 0 kPa
Duty, 0 kW; Pressure drop, 0 kPa

Condenser Heater Vapor fraction, 0; Pressure drop, 0 kPa
Valve 1 Valve Outlet pressure, specified
Evaporator (cold side) Heater Vapor fraction, 1; Pressure drop, 0 kPa
Absorber Heater Vapor fraction, 0; Pressure drop, 0 kPa
Heat exchanger HeatX Hot outlet-cold inlet temperature approach, 5 °C
Valve 2 Valve Outlet pressure, specified
Pump 1 Pump Discharge pressure, specified; Efficiency, 0.90
Kalina cycle
Generator 2 Heater

Flash2
Temperature, specified; Pressure drop, 0 kPa
Duty, 0 kW; Pressure drop, 0 kPa

Turbine Turbine Isentropic; Discharge pressure, specified;
Isentropic efficiency, 0.88

Mixer Mixer Pressure drop, 0 kPa
High-temperature recuperator HeatX Hot outlet-cold inlet temperature approach, 5 °C
Valve 3 Valve Outlet pressure, specified
Low-temperature recuperator HeatX Hot inlet-cold outlet temperature approach, 5 °C
Evaporator (hot side) Heater Temperature, specified; Pressure drop, 0 kPa
Pump 2 Pump Discharge pressure, specified; Efficiency, 0.90
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where the subscripts A1, A2 and A6 refer to streams in the 
absorption refrigeration cycle; m is the mass flow rate; h is 
the specific enthalpy; QL is the thermal energy enters the 
Generator 1; x is the LiBr concentration of streams.

Condenser:

where Qcondenser is the thermal energy removed out of the 
system from the condenser.

Valve 1:

Evaporator (cold side):

where Q0 is the cooling capacity output from the LiBr/H2O 
absorption chiller.

Heat exchanger:

Valve 2:

Absorber:

(1)mA1 = mA2 + mA6

(2)mA1hA1 + QL = mA2hA2 + mA6hA6

(3)mA1xA1 = mA6xA6

(4)mA2 = mA3

(5)Qcondenser = mA2hA2 − mA3hA3

(6)mA3 = mA4

(7)mA3hA3 = mA4hA4

(8)mA4 = mA5

(9)Q0 =
||mA4hA4 − mA5hA5

||

(10)mA6 = mA7

(11)mA6hA6 − mA7hA7 = mA1hA1 − mA10hA10

(12)mA6xA6 = mA7xA7

(13)mA10 = mA1

(14)mA10xA10 = mA1xA1

(15)mA7 = mA8

(16)mA7hA7 = mA8hA8

(17)mA7xA7 = mA8xA8

(18)mA5 + mA8 = mA9

where Qa is the thermal energy taken away from the 
Absorber.

Pump 1:

where Wpump 1 is the electrical power consumption of Pump 
1; ηp is the overall efficiency.

(2) Kalina cycle:
Generator 2:

where the subscripts K4, K5 and K7 refer to streams in the 
Kalina cycle; QH is the thermal energy into the Generator 2; 
x is the ammonia concentration of the streams.

Turbine:

where Wturbine is the electricity output from the Turbine by an 
expansion process; ηt is the efficiency of the turbine.

High-temperature recuperator:

Valve 3:

(19)mA5hA5 + mA8hA8 = mA9hA9 + Qa

(20)mA8xA8 = mA9xA9

(21)mA9 = mA10

(22)mA9xA9 = mA10xA10

(23)Wpump 1 =
1

�p

mA9(hA10 − hA9)

(24)mK4 = mK5 + mK7

(25)mK4hK4 + QH = mK5hK5 + mK7hK7

(26)mK4xK4 = mK5xK5 + mK7xK7

(27)mK5 = mK6

(28)Wturbine = mK5(hK5 − hK6) × �t

(29)mK5xK5 = mK6xK6

(30)mK7 = mK8

(31)mK7hK7 − mK8hK8 = mK4hK4 − mK3hK3

(32)mK7xK7 = mK8xK8

(33)mK3 = mK4

(34)mK3xK3 = mK4xK4

(35)mK8 = mK9
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Mixer:

Low-temperature recuperator:

Evaporator (hot side):

where Q0′ is the heat discharged from the Kalina cycle.
Pump 2:

(3) Coefficient of performance (COP):

where T is the segment temperature.

(36)mK8hK8 = mK9hK9

(37)mK8xK8 = mK9xK9

(38)mK6 + mK9 = mK10

(39)mK6hK6 + mK9hK9 = mK10hK10

(40)mK6xK6 + mK9xK9 = mK10xK10

(41)mK10 = mK11

(42)mK10hK10 − mK11hK11 = mK3hK3 − mK2hK2

(43)mK10xK10 = mK11xK11

(44)mK2 = mK3

(45)mK2xK2 = mK3xK3

(46)mK11 = mK1

(47)Q0
� =||mK11hK11 − mK1hK1

||

(48)mK1 = mK2

(49)mK1xK1 = mK2xK2

(50)Wpump 2 =
1

�p

mK1(hK2 − hK1)

(51)Q = QH + QL

(52)QH =
150 − T

150 − 90
× Q

(53)COP =
Q0

QL

(54)� =
Wturbine −Wpump 2

QH

where COP is the coefficient of performance of the LiBr/
H2O absorption chiller; η is the thermal efficiency of the 
Kalina cycle.

(4) Exergy analysis
Exergy analysis provides guidelines for achieving better 

process integration, which can save both primary energy 
and raw materials. It explains what makes a process ineffi-
cient and also quantifies the irreversibility of this process. 
The exergy in a stream is a combination of physical exergy, 
chemical exergy and mixing exergy. Physical exergy is the 
amount of work arising when reversibly changing a stream 
of pure component from a certain process status (T, P) to 
the reference state (T0, P0):

where i refers to component i; Hi
0 and Si

0 are the enthalpy 
and entropy of component i at reference state (T0, P0); Hi and 
Si are the enthalpy and entropy of component i at a certain 
process status. The physical exergy presents the change of 
state without considering the mixing effects. The chemical 
exergy can be calculated as follows:

where xi represents the mole fraction of component i; Ex0,i is 
the standard chemical exergy of component i; R represents 
the universal gas constant.

Mixing has a negative effect on the work potential, 
because unmixing the components in a stream consumes 
work. The mixing exergy is the work arising when streams 
of pure components are mixed at process conditions (T, P):

where H and S are the enthalpy and entropy of a stream at a 
certain status. Exergy of this stream is given as

Exergy efficiency is the second law efficiency of a cer-
tain system or process. It is a major criterion to evaluate 
the irreversibility of this system or process. Exergy effi-
ciency can be calculated by

where ηex is the exergy efficiency; Extotal is the total exergy 
input in a process; Exloss means the exergy loss during a 
process; W is the work produced in this process.

(55)Exphy = −(Hi − H0
i
) + T0(Si − S0

i
)

(56)Exchem =
∑

i

xiEx0,i + ∫ RT0

∑

i

xilnxi

(57)Exmix = (H −
∑

i

xiHi) − T0(S −
∑

i

xiSi)

(58)Ex = Exphy + Exchem + Exmix

(59)�ex =
Extotal − Exloss

Extotal
=

W

Extotal
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4 � Results and Discussion

4.1 � Energy Efficiency Analysis

The segment temperature determines the generator tem-
perature of the Kalina cycle. Higher generator tempera-
ture might lead to a better process performance. However, 
the higher the segment temperature is, the less thermal 
energy enters this cycle. The cold energy output increases 
with higher refrigeration temperature, while the electrical 
power generation decreases with the increase of refrigera-
tion temperature. The best performance of the absorption 
chiller is obtained at refrigeration temperature of 10 °C, 
while that of the Kalina cycle is obtained at refrigera-
tion temperature of 2 °C. The thermal energy QL into the 
absorption chiller is the waste heat from the Kalina cycle. 
It drives the auxiliary cycle to enhance the power gen-
eration cycle. For this reason, thermal efficiency of the 
Kalina cycle is the major criteria of this coupled system. 
The highest thermal efficiency of 16.78% is obtained at 
refrigeration temperature of 2 °C, turbine-inlet pressure 
of 3200 kPa and turbine-outlet pressure of 293 kPa. Thus, 
these are the optimal operation condition of this coupled 
system. This coupled system is also compared with an 
individual Kalina cycle at the same condition. After the 
integration, the working medium at the turbine outlet is 
further cooled to a lower temperature of 7 °C. It allows a 
lower discharge pressure from 768 to 293 kPa. The turbine 
expansion ratio increases, because the inlet pressure is the 
same. As a result, more electricity generation is obtained 
and the net output increases from 35.36 to 51.24 kW with 
an enhancement of 45%.

In the hydrate-based CO2 capture process, compressing 
the flue gases to the hydrate equilibrium pressure leads 

to a significant temperature rise. Thus, the pressurized 
stream needs to be cooled down by cooling water and a 
huge amount of sensible heat would be wasted if the ther-
mal energy is not recovered at all. It is necessary to make 
efforts to recover this wasted thermal energy by employing 
the coupled system mentioned above. A two-stage hydrate-
based CO2 separation process in pilot-scale was developed 
to improve the CO2 concentration from 17 to 90% [42]. In 
this section, the flue gas is assumed to have a composition 
of 17% CO2/83% N2 from a coal-fired power plant. It has 
a temperature of 323 K and a pressure of 0.1 MPa. The 
hydrate formation condition of the first stage is assumed 
as 282 K and 3 MPa, while the corresponding value is 
282 K and 2.5 MPa for the second stage [43]. During each 
hydrate dissociation process, the pressure loss is typically 
around 105 Pa hence it can be assumed as 0.5 MPa based 
on this research. Accordingly, the molar concentration of 
0.29% is adopted as the appropriate TBAB concentration 
for post-combustion CO2 capture in this work [44]. The 
formation enthalpy of CO2-TBAB hydrate was measured 
as 313.2 kJ/kg (hydrate) (around 139 kJ/mol CO2) [45]. 
Split fractions for CO2 and N2, the selectivity towards 
these gaseous substances during hydrate formation [46], 
are assumed to be 0.53 and 0.10, respectively [32, 47].

Simulated results of this capture process are illustrated 
in Fig. 2, including the temperature, pressure and mass flow 
rate of the main streams. Detailed block types and param-
eters specification are given in Table 2. The capture process 
operates in a pressure range from 1.9 to 3 MPa, being much 
higher than the possible pressure loss in each component 
and pipes. Thus, the pressure drop is also thought as neg-
ligible in this capture process. It can be easily noticed in 
Fig. 2 that the temperature of the gaseous stream emitted 
from the Compressor 1 is very high. In addition, the com-
pression process in this compressor is actually a multi-stage 

Fig. 2   Simulated results of the two-stage hydrate-based CO2 capture
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compression with intercooling. Considering the mass flow 
rate of the pressurized flue gas being very large, the thermal 
energy containing in this pressurized stream would be huge. 
This part of energy would be totally wasted with the cooling 
water if no waste heat recovery action is taken. Therefore, it 
is worth to recover this wasted thermal energy by utilizing 
the aforementioned coupled system.

Figure 3 shows the schematic diagram of this waste heat 
recovery process. The waste heat with temperature lower 
than 150 °C is not easy to be re-utilized in many recov-
ery efforts. This integrated system works efficiently in the 
temperature range from 90 to 150 °C. Thus, only the waste 
heat in this temperature range is in current consideration. 
The wasted thermal energy contains two parts: the high-
temperature part and the low-temperature part. The Kalina 
cycle takes in the higher temperature part to realize electrical 
power generation. The latter one is for cold energy produc-
tion in the absorption chiller. Thus, this given waste heat 
is fully used through the cascade utilization process. Thus, 

only this part of wasted thermal energy will be recovered in 
cascade in this research. The net power output is obtained 
as 4065 kW in the process simulation and this value is used 
in the following economic analysis.

4.2 � Economic Analysis

Process economics is a critical part in the process design 
and it includes several major roles, such as evaluation of 
design options, process optimization and overall project 
profitability [48]. Therefore, economic analysis of the waste 
heat recovery process from the CO2 hydrate-based capture 
system is absolutely necessary in this work. The economic 
analysis is conducted according to the procedure, e.g., Eqs. 
(60)–(64), described in the book of Robin Smith [48]:

(60)C0
E
= CB

(
Q

QB

)M

Table 2   Block types and 
parameters specification

Block name Type Specification

Cooler 1 Cooler Pressure drop, 0 MPa; Temperature drop, −15 K
Compressor 1 Compressor Centrifugal; Discharge pressure, 3 MPa;

Adiabatic efficiency, 80%
Cooler 2 Cooler Pressure drop, 0 MPa; Outlet temperature, 303 K
Refrigerator 1 Cooler Pressure drop, 0 MPa; Outlet temperature, 282 K; COP1 = 3
Formation/Dissociation
Unit 1

Component Splitter Overhead/bottoms split fractions 0.53/0.10;
Pressure drop, 0.5 MPa

Pump 1 Pump Discharge pressure, 3 MPa; Adiabatic efficiency, 80%
Refrigerator 2 Cooler Pressure drop, 0 MPa; Outlet temperature, 282 K; COP2 = 3
Compressor 2 Compressor Centrifugal; Discharge pressure, 2.5 MPa;

Adiabatic efficiency, 80%
Refrigerator 3 Cooler Pressure drop, 0 MPa; Outlet temperature, 282 K; COP3 = 3
Formation/Dissociation
Unit 2

Component Splitter Overhead/bottoms split fractions 0.53/0.10
Pressure drop, 0.5 MPa

Pump 2 Pump Discharge pressure, 2.5 MPa; Adiabatic efficiency, 80%
Refrigerator 4 Cooler Pressure drop, 0 MPa; Outlet temperature, 282 K; COP4 = 3

Fig. 3   Schematic diagram of the 
waste heat recovery process
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where QB is the base size of an equipment and CB is the base 
cost for this equipment with capacity QB; Q is the actual size 
of the equipment and CE

0 is the cost for this equipment with 
capacity Q; M is the cost exponent index depending on dif-
ferent equipment types:

where fM is the correction factor for construction material 
of an equipment; fP is the correction factor for design pres-
sure of this equipment; fT is the correction factor for design 
temperature; CE is the actual cost for this equipment. Cost 
index should be employed in this economic analysis to keep 
the equipment price up to date:

where INDEX2000 is the cost index in year 2000; INDEX2019 
is the cost index in year 2019; CE, 2000 is the equipment price 
in 2000; CE, 2019 is thought as the latest price for this equip-
ment in 2019. The cost index adopted in present work is 
Chemical Engineering Plant Cost Index (CEPCI), a widely 
used resource for plant construction costs. The CEPCI2000 
is 394.1 and CEPCI2019 is 607.5 (CEPCI of 2020 is not 
available yet) [49]. According to the reference [48], the 
purchase prices (delivered prices) of all the devices in the 
proposed system are estimated and calculated. The proposed 
system contains corrosive fluids (ammonia vapor, ammo-
nia solution and LiBr solution) and operates at high pres-
sure condition. For this reason, stainless steel is selected 
as the construction material for all the equipment except 
for the condenser. The inflow fluid (A2 in Fig. 1) and 
outflow fluid (A3) of this condenser are both pure H2O. 
Hence, carbon steel is selected as the construction mate-
rial of Condenser for the cost-effectiveness of this proposed 
system. Table 3 lists the purchase price of each equipment 
in this coupled system. The total purchase cost of these 
devices is calculated as $ 7.54 × 106 (U.S. dollar). It can be 
noticed that the purchase cost for heat exchanger occupies 
the largest portion (more than 50%) of the total cost. The 
gas turbine is the most expensive equipment in the whole 
system. However, it should be mentioned that the price 
information of turbine is not provided in this reference so 
the price of compressor is adopted for the cost estimation 
for gas turbine. In the work of Turton et al. [50], the price 
calculation of turbine is recommended to use the correla-
tion equation: log10CE

0 = 2.7051 + 1.4398 × log10(Wturbine) 
− 0.1776 × [log10(Wturbine)]2 (where Wturbine is the work out-
put of turbine). For comparison and validation, the same 
correction factors and cost index are employed. The calcu-
lated value CE, 2019 of turbine is obtained as $ 2.15 × 106, 

(61)CE = CB
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which is close to the estimated price $ 2.02 × 106 in Table 3 
(with a relative error of less than 7%). However, the recom-
mended range of Wturbine for this correlation equation is from 
100 to 4000 kW. While Wturbine in this work is obtained as 
4316 kW, being slightly higher than the recommended upper 
limit. Thus, the estimated value in Table 3 is retained for the 
economic analysis. Except for the equipment delivered price, 
there are still many other expenses should be considered for 
the practical operation of the proposed system. The fixed 
capital cost of the whole system can be calculated as

where i refers to the equipment i; fpip is the correction factor 
for pipe connection; fer is the correction factor for equipment 
erection; finst is the correction factor for instrumentation and 
controls; felec is the correction factor for electrical; futil is the 
correction factor for utilities; fos is the correction factor for 
off-sites; fbuild is the correction factor for buildings; fsp is the 
correction factor for site preparation; fdec is the correction 
factor for design, engineering and construction; fcont is the 
correction factor for contingency; fws is the correction fac-
tor for working capital; and CF is the fixed capital cost for 
the complete system. The specific value of each correction 
factor and the fixed capital cost for the whole system are 
given in Table 4. The fixed capital cost is calculated as $ 
2.09 × 107. For a complete economic analysis of this system, 
some specifications have to be made in advance. Consider-
ing the influence of currency devaluation on the system eco-
nomic performance, the effective discount rate is specified 
as 5% [51]. The world average electricity price for business 
users is 0.12 dollar per kWh [52]. To calculate the benefits of 

(63)

CF =
∑

i
[fMfPfT(1 + fpip)]iCE,i + (fer + finst + felec + futil

+ fos + fbuild + fsp + fdec + fcont + fws)
∑

i
CE,i

this proposed system, the electricity price and operation time 
per year are currently specified as 0.12 $/kWh and 8760 h.

Payback time, Return on investment (ROI), Net pre-
sent value (NPV) and discounted cash flow rate of return 
(DCFRR) are selected as economic indicators in present 
work for a comprehensive economic analysis of the proposed 
system. Payback time is the period from the start of the pro-
ject to the breakeven point. It is calculated by subtracting the 
accumulated annual income from the capital cost of the pro-
ject until the balance of payment. ROI is the ratio of annual 
average income to the capital investment. It is calculated by 
dividing the annual average value of accumulated income 
using the capital cost of the project. Payback time and ROI 
represent the profitability of a project while ignore the effect 
of time on the system economic performance. NPV is the 
sum of the present value of individual cash flow and it can 
be calculated as

where i is the interest rate (effective discount rate); ACFn is 
the annual cash flow at the end of year n; ADCFn is the annual 
discounted cash flow at the end of year n. DCFRR can be 
obtained by solving the Eq. (64). It is the value of discounted 
interest rate which makes NPV equal zero [48]. The pre-
dicted annual cash flow (considering the effect of currency 
devaluation or not), payback time, ROI, NPV and DCFRR 
are calculated and then given in Table 5. The calculation is 
carried out in a short time period of 10 years, for the worst 
case. The construction of this project is completed at the 
end of the year 0 and the benefit is realized from the year 1. 
The income is lowered down to 80 and 50% in the penulti-
mate year 8 and the last year 9 [37]. The discounted interest 
rate is specified at i = 0, i = 5% and i = DCFRR, respectively. 
The balance of payment can be achieved in 5 years when 
the interest rate is zero. In consideration of time value of 
cash flow, the payback time is 1 year longer but still less 
than 6 years. The proposed system is more attractive when 
the payback time is shorter. ROI of these two cases (i = 0, 
i = 5%) are 18.88% and 15.13%, respectively. NPV of this 
system at i = 0 and i = 5% are calculated as 14.60 and 7.55. 
These indicators indicate that the coupled system is basically 
a profitable project even in a short lifetime of 10 years. If the 
system runs normally for a longer time, more optimistic eco-
nomic performance would be obtained. By solving the equa-
tion NPV = 0, the value of DCFRR is calculated as 13.04%, 
which means that it will takes more than 10 years to make 
profit from the project when the discounted interest rate is 
13.04% or higher. If the value of DCFRR is lower than the 
interest rate, it would be safer to put the money in the bank. 
The cash flow patterns of the proposed system at i = 0, i = 5% 
and i = DCFRR are illustrated in Fig. 4a. It can be found that 

(64)

NPV =
∑

n
ADCFn =

ACF1

(1 + i)
+

ACF2

(1 + i)2
+

ACF3

(1 + i)3
+⋯

ACFn

(1 + i)n

Table 4   Correction factors and the fixed capital cost

Item Value

Equipment delivered cost factor 1.0
Pipe connection, fpip 0.7
Equipment erection, fer 0.4
Instrumentation and controls, finst 0.2
Electrical, felec 0.1
Utilities, futil 0.5
Off-sites, fos 0.2
Buildings, fbuild 0.2
Site preparation, fsp 0.1
Design, engineering and construction, fdec 1.0
Contingency, fcont 0.4
Working capital, fws 0.7
Fixed capital cost, CF ($) 2.09 × 107
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the interest rate has a great influence on the cash flow pattern 
of the system. The payback time can be shortened for years. 
The proposed system would be more profitable and more 
attractive at lower discounted interest rate.

Electricity price decides the utility expenses for the daily 
operation of a project. Table 6 gives the predicted annual 
cash flow, payback time, ROI, NPV and DCFRR when the 
electricity price is fixed at 0.07 $/kWh, 0.12 $/kWh and 0.15 
$/kWh, respectively. When the electricity price is 0.07 $/
kWh, it would take more than 9 years to achieve the balance 
of payment. The proposed system would be unprofitable at 
all in 10 years. Extending the lifetime of this coupled sys-
tem might be an effective way of improving the economic 
performance. The economic performance of this system is 
acceptable when the electricity price is 0.12 $/kWh. If the 
electricity price is 0.15 $/kWh, the time for balance of pay-
ment is predicted to reduce by 5 years. The payment balance 
can be achieved at the end of year 4. The value of ROI is 

higher than 20% and DCFRR is around 20% at this case. 
Therefore, the electricity price is proved to be another criti-
cal factor of the economic performance of this system. The 
cash flow patterns of the proposed system for different elec-
tricity prices are illustrated in Fig. 4b. It can also be found 
that the electricity price has a significant effect on the cash 
flow pattern of the system. Obviously, the proposed system 
would be more profitable when the generated electricity is 
sold at a higher price.

4.3 � Exergetic Analysis

Exergy analysis helps to find the reason for the system inef-
ficiency and to quantify the system irreversibility. Exergy 
analysis has also been conducted for the LiBr/H2O absorp-
tion chiller and the Kalina cycle in this work. Figure 5 
depicts the distribution of exergy inflow and exergy loss of 
these two subcycles and the electrical power production of 

Table 5   Predicted annual cash 
flow and economic indicators 
for different discounted interest 
rates

Item Discounted rate

i = 0 i = 5% i = DCFRR

Year ACFn ∑ACFn ADCFn ∑ADCFn ADCFn ∑ADCFn

0 −20.87 −20.87 −20.87 −20.87 −20.87 −20.87
1 4.27 −16.60 4.07 −16.80 3.78 −17.09
2 4.27 −12.32 3.88 −12.92 3.34 −13.74
3 4.27 −8.05 3.69 −9.23 2.96 −10.79
4 4.27 −3.78 3.52 −5.72 2.62 −8.17
5 4.27 0.50 3.35 −2.37 2.32 −5.85
6 4.27 4.77 3.19 0.82 2.05 −3.80
7 4.27 9.04 3.04 3.86 1.81 −1.99
8 3.42 12.46 2.31 6.17 1.28 −0.71
9 2.14 14.60 1.38 7.55 0.71 0
Payback time (year) 5 6 9
ROI 18.88% 15.13% 11.11%
NPV 14.60 7.55 0
DCFRR / / 13.04%

Fig. 4   Cash flow pattern for 
different interest rates (a) and 
different electricity prices (b)
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the coupled cycle. It can be seen in this figure that more 
than a half of the exergy in the wasted thermal energy is for 
electricity generation in the Kalina cycle. Only 42.15% of 
the exergy input is recovered by the absorption refrigeration 
system for cooling output. Around 2% of the exergy inflow 
is the work input of pumps for liquid pumping. The total 
exergy loss of this couple system occupies more than 60% 
of the total exergy input. It indicates that more than 60% of 
the exergy is lost in this coupled system hence the exergy 
efficiency of this system is 36.89%. The electrical power 
output of this system is 4065 kW. The exergy loss in the 
Kalina cycle is more significant than that in the LiBr/H2O 
absorption chiller. This can be explained as the higher tem-
perature of working stream as well as the larger temperature 
difference in the Kalina power generation cycle than those 
in the absorption refrigeration cycle.

Exergy loss of each component in both cycles has also 
been obtained and then illustrated in details in Fig. 6. In 

the LiBr/H2O absorption chiller, the largest exergy loss is 
in the generator (Generator 1) and the value is 1149.12 kW 
(35.41% of the total exergy loss). Condenser, Absorber 
and Heat exchanger occupy the 22.88, 20.76 and 17.70% 
of the total loss, respectively. Less than 4% of the total 
exergy loss in the absorption refrigeration system is found 
in Valve 1, Evaporator (cold side), Pump 1 and Valve 2. 
The exergy loss at the cold side of the evaporator is insig-
nificant, because the flow rate of the refrigerant water is 
small. In the Kalina cycle, the total exergy loss is larger 
and a more concentrated distribution can be noticed. The 
exergy lost in Generator 2 occupies a larger proportion 
(44.02% of the total) than that of Generator 1. The second 
to the fourth largest exergy loss of the Kalina cycle is in 
high-temperature recuperator, Evaporator (hot side) and 
Turbine, with proportions of 17.52%, 17.24 and 15.43% 
of the total value. The exergy loss at the hot side of the 
evaporator is more significant than that at the cold side, 

Table 6   Predicted annual cash 
flow and economic indicators 
for different electricity prices

Item Electricity price (U.S. dollar per kWh)

0.07 0.12 0.15

Year ACFn ∑ACFn ACFn ∑ACFn ACFn ∑ACFn

0 −20.87 −20.87 −20.87 −20.87 −20.87 −20.87
1 2.50 −18.37 4.27 −16.60 5.34 −15.53
2 2.50 −15.88 4.27 −12.32 5.34 −10.19
3 2.50 −13.38 4.27 −8.05 5.34 −4.85
4 2.50 −10.89 4.27 −3.78 5.34 0.50
5 2.50 −8.39 4.27 0.50 5.34 5.84
6 2.50 −5.89 4.27 4.77 5.34 11.18
7 2.50 −3.40 4.27 9.04 5.34 16.52
8 2.00 −1.40 3.42 12.46 4.27 20.79
9 1.25 −0.15 2.14 14.60 2.67 23.46
Payback time (year) 9+  5 4
ROI 11.03% 18.88% 23.77%
NPV −0.15 14.60 23.60
DCFRR / 13.04% 19.84%

Fig. 5   Distribution of exergy 
input, exergy loss and electrical 
power output
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because the temperature difference of the hot side is 10 °C, 
higher than that of the cold side. Besides, the flow rate of 
the ammonia solution is larger than the flow rate of water 
at the cold side. Less than 6% of the total exergy loss in the 
power generation system is found in Valve 3, Mixer, Pump 
2 and low-temperature recuperator. The heat exchange 
processes in high- and low-temperature recuperators are 
sensible heat transfer processes. The exergy loss in high-
temperature recuperator is more significant than that in 
low-temperature recuperator. It is because the calculated 
heat duty in high-temperature recuperator is much larger 
than that in low-temperature recuperator. Besides, the loga-
rithmic mean temperature difference (LMTD) in the high-
temperature recuperator is around 16 °C, being higher than 
the value 7 °C of low-temperature recuperator. It can also 
be concluded in this figure that the most significant exergy 
loss is in heat transfer processes in these heat exchangers. 
Therefore, reducing the irreversibility in the heat transfer 
processes will be greatly encouraged in future efforts.

5 � Conclusions

A LiBr/H2O absorption refrigeration cycle and a Kalina 
cycle are integrated to utilize the low-grade waste heat 
in a cascade approach. The mathematical models for this 
coupled system have been established. This coupled sys-
tem is investigated to achieve its optimal operation. Then, 
it is employed to recover the wasted heat from a two-stage 
hydrate-based CO2 capture process. Economic analysis 
and exergy analysis of the proposed system have been car-
ried out. Payback time, Return on investment, Net present 

value and Discounted cash flow rate of return are selected 
as major indicators for a comprehensive economic analy-
sis. Cash flow patterns of this system have been obtained 
for different discounted interest rates and electricity prices. 
Exergy loss of all the components and the overall exergy 
efficiency has also been obtained.

The proposed system reaches to a lower turbine dis-
charge pressure when the refrigeration temperature is 
fixed. Among all the studied cases, the highest thermal 
efficiency is obtained as 16.78%. With the help of the 
absorption chiller, the net power output is improved by 
around 45%. In the economic analysis, the purchase price 
of heat exchanger occupies the largest capital investment. 
The payback time of this integrated system is less than 
6 years. The proposed system would be more profitable 
and more attractive at lower discounted interest rate and 
higher electricity price. Exergy analysis results show that 
the major system irreversibility is in heat transfer pro-
cesses of heat exchangers and the overall exergy efficiency 
is 36.89%. The largest exergy loss is found in generators 
in both cycles. The exergy loss in the Kalina cycle is more 
significant than that in the absorption chiller because the 
higher temperature of working stream and larger heat 
transfer temperature difference. Therefore, reducing the 
inefficiency in heat transfer processes and the size of 
heat exchangers is the most effective way to improve the 
system performance. Economic and exergy analysis in 
this research will be useful for future application of the 
absorption chiller/Kalina cycle-coupled system and the 
energy penalty reduction in the hydrate-based CO2 cap-
ture process.

Fig. 6   Exergy loss distribution 
of both subcycles
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