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Abstract 25 

Multi-objective optimization of an integrated waste heat recovery system 26 

combining absorption refrigeration cycle and Kalina cycle is investigated in present 27 

research. Life cycle assessment (LCA) is inserted into the multi-objective optimization 28 

model to evaluate the environmental performance. Eco-indicator 99 (EI99) method is 29 

used to translate eleven environmental impacts into a single criterion EI99. The 30 

proposed multi-objective optimization model includes three objective functions: 31 

thermal efficiency, annualized total cost (ATC) and EI99, from the energetic, economic 32 

and environmental (3E) aspects. Non-dominated sorting genetic algorithm II is 33 

employed to solve the conflicts among three objectives of this optimization model. 34 

Pareto optimal solutions are obtained, presenting the optimal trade-off among 35 

objectives. Technique for Order Preference by Similarity to an Ideal Solution and 36 

Shannon entropy approach are combined for decision making. Results show that the 37 

presented multi-objective optimization model properly handles the contradictions in 38 

this optimization problem. By using the combined decision-making technique, the final 39 

optimal solution is determined. This optimal scheme achieves around 9.34% and 9.53% 40 

higher thermal efficiency and EI99 at the cost of 3.03% higher ATC. Therefore, with 41 

sufficient consideration, this final optimal solution is superior to other solutions. LCA 42 

of this proposed system is then comprehensively conducted and compared with the 43 

individual KC. Comparison results indicate that this integrated system is obviously 44 

better than the individual KC from the environmental point of view. This research 45 

provides in-depth knowledge of the 3E performance analysis and multi-objective 46 

optimization of a cascade waste heat recovery process. 47 

Keywords: multi-objective optimization; genetic algorithm; life cycle assessment; 48 

waste heat recovery; system integration  49 
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Nomenclature 50 

C   cost 51 

DAM  overall damage of damage category 52 

dm   damage coefficient 53 

f   correction factor 54 

h   specific enthalpy, mass enthalpy (kJ/kg) 55 

IMP  overall damage of impact category 56 

i   interest rate 57 

M   equipment cost exponent index 58 

m   mass flow rate (kg/h) 59 

n   operation year 60 

n   normalization factor 61 

P   pressure (kPa) 62 

Q   heat flow rate (kW) 63 

T   temperature (°C) 64 

W   work or electrical power output (kW) 65 

w   weighting factor 66 

X   mass concentration (wt%) 67 

x   abscissa 68 

y   ordinate 69 

 70 

Greek symbols 71 

η   thermal efficiency 72 

ηp   overall efficiency of pump 73 

ηt   overall efficiency of turbine 74 
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 75 

Subscripts 76 

A   absorption chiller 77 

B   base cost 78 

b   chemical b 79 

build  buildings 80 

cont   contingency 81 

d   damage category 82 

dec   design engineering and construction 83 

E   equipment 84 

elec   electrical 85 

er   equipment erection 86 

evap  evaporator 87 

F   fixed cost 88 

H   high temperature 89 

inst   instrumentation and controls 90 

K   Kalina cycle 91 

L   low temperature 92 

M   materials 93 

os   off-sites 94 

P   pressure 95 

pip   pipe connection 96 

r   impact category 97 

sp   site preparation 98 

T   temperature 99 
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util   utilities 100 

ws   working capital 101 

 102 

Abbreviations 103 

ATC  annualized total cost 104 

CEPCI  Chemical Engineering Plant Cost Index 105 

COP  coefficient of performance 106 

DALY  Disability-Adjusted Life Years 107 

EI99  Eco-indicator 99 108 

GWP  Global warming potential 109 

HTR  high-temperature recuperator 110 

KC   Kalina cycle 111 

LCA   life cycle assessment 112 

LCI   life cycle inventory 113 

LiBr   lithium bromide 114 

LTR  low-temperature recuperator 115 

NOX  nitrous oxides 116 

NSGA-II Non-dominated sorting genetic algorithm II 117 

ORC  organic Rankine cycle 118 

PDF  potentially disappear fraction 119 

TOPSIS  Technique for Order Preference by Similarity to an Ideal Solution 120 

  121 
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1. Introduction 122 

Kalina cycle (KC) is a promising waste heat recovery technology for electric 123 

power production. Ammonia concentration of the working medium decreases because 124 

ammonia vapor tends to escape from the solution when heated, leading to a 125 

temperature/concentration changing heat transfer process [1]. Four configurations of 126 

power generation cycles were investigated in a temperature range from 98 to 162 °C 127 

[2]. In terms of max electricity output, economic performance, energetic and exergetic 128 

efficiencies, the Kalina cycle was recommended as a viable choice. System integration 129 

is seen as an effective way to improve the process efficiency and economic performance, 130 

and also to alleviate the environmental impacts [3]. A combined system of KC and 131 

ejector refrigeration cycle was investigated by Rashidi and Yoo [4]. Through an 132 

optimization from the exergy and pinch analyses, the thermal, power-cooling and 133 

exergetic efficiencies were improved by 32%, 36% and 32%. A novel cogeneration 134 

heating system was adopted to recover the condensed waste heat. Compared with 135 

conventional cogeneration cycles, this novel system has higher exergy efficiency, lower 136 

equivalent electricity of heating and lower heating cost [5]. Absorption refrigeration 137 

system can also re-utilize low-grade waste heat with advantages such as low electricity 138 

consumption, low maintenance cost and environmental friendliness [6, 7]. A solar 139 

driven absorption-compression refrigeration cycle was studied from energetic, 140 

exergetic, economic and environmental aspects [8]. Single-/double- effect absorption 141 

chiller/KC coupled systems have also been studied and compared [9, 10]. Lithium 142 

bromide (LiBr) is a non-toxic and non-flammable substance and it works with a 143 

relatively low working pressure [11]. Rashidi et al. [12] compared a NH3/H2O 144 

absorption chiller/KC integrated system with a LiBr/H2O absorption chiller/KC system 145 

in terms of energetic and economic performance [13]. A solar driven LiBr/H2O 146 
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absorption refrigeration system was proposed [14] and this coupled system recovers the 147 

extra heat of solar cells to produce electricity. A LiBr/H2O absorption chiller was 148 

inserted into a concentrating photovoltaic/KC coupled system [15]. The absorption 149 

chiller absorbs the waste heat of solar cells to achieve higher electricity production in 150 

comparison with the individual KC. 151 

Investigating the effects of operational parameters in a certain system relies on a 152 

parametric analysis of this system. While reasonable system optimization is still not 153 

easy to be achieved without knowing the optimal combination of these parameters. 154 

Multi-objective optimization is critical in developing various industrial systems in 155 

which there are many operational parameters and process integration [16]. Multi-156 

objective optimization of a catalyzed batch transesterification process was conducted 157 

using Orthogonal collocation on finite elements method, to obtain the highest 158 

concentration of fatty acid methyl esters [17]. Multi-objective optimization of an 159 

organic Rankine cycle (ORC)/absorption chiller was carried out by using Multi-160 

objective particle swarm optimization algorithm [18]. Multi leader multi-objective 161 

particle swarm optimization algorithm was utilized in a solar driven NH3/H2O 162 

absorption cooling system [19], to simultaneously achieve the highest coefficient of 163 

performance (COP) and exergy efficiency in both chiller and solar system and the 164 

lowest annual capital cost. θ-dominance based evolutionary algorithm was adopted to 165 

solve the economic emission dispatch problem in combined heat and power system [20]. 166 

An integrated gasification combined cycle (IGCC), a membrane unit and a supercritical 167 

Rankine cycle were combined to produce hydrogen and electricity at the same time [16]. 168 

Artificial neural network and genetic algorithm were integrated to achieve the optimal 169 

performance in terms of energetic and exergetic efficiencies, production cost of 170 

hydrogen and electricity. Genetic algorithm, inspired by natural evolution theory, 171 
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consists of four steps including initialization, selection, crossover and mutation. It is an 172 

evolutionary algorithm for searching optimal solutions of engineering problems [21]. 173 

Series and parallel absorption chillers were studied using genetic algorithm to solve the 174 

contradictions among system COP, exergetic performance and system irreversibility 175 

[21]. Multi-objective optimization of single-, double- and triple-effect LiBr/H2O 176 

absorption chillers was carried out using genetic algorithm, to minimize the energy 177 

consumption and economic cost [22]. Conflicts between the economic and 178 

thermodynamic performance of a cascade absorption refrigeration was also investigated 179 

[23]. A molten carbonate fuel cell, a gas turbine and an ORC were coupled and studied 180 

considering conflicting objectives of exergetic and economic performance [24]. For 181 

environmental evaluation, the penalty cost due to emissions of CO, NOx and CO2 was 182 

considered in the total expenditures. Non-dominated sorting genetic algorithm II 183 

(NSGA-II), with less computational complexity, is a common tool for solving multi-184 

objective problems. Conflicts between thermodynamic and economic performance in a 185 

LiBr/H2O absorption heat transformer were studied and then optimized using NSGA-186 

II algorithm [25]. A micro gas turbine, a steam generator, an ORC and a multi-effect 187 

desalination cycle were combined with the distilled water production and power 188 

generation cost being selected as objectives [26]. Refinery off-gas and natural gas were 189 

simultaneously fed into a coupled hydrogen production system to realize the max 190 

production of hydrogen and steam [27]. An improved NSGA-II technique was used to 191 

minimize the operation and environment cost in an integrated energy system combining 192 

wind turbine, photovoltaic cell, electrolytic hydrogen, fuel cell and hydrogen storage 193 

[28]. From the literature review, there are many available optimization methods for 194 

various multi-objective optimization problems. NSGA-II has a low computational 195 

complexity by using the non-dominated sorting. Introducing the elitism strategy ensures 196 
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the good individuals will not be lost so as to improve the results accuracy. Diversity of 197 

the population is guaranteed relying on the crowding distance sorting process. 198 

Therefore, NSGA-II has become the most popular methods for many industrial multi-199 

objective optimization problems. 200 

Life cycle assessment (LCA) is an assessment method for a certain industrial 201 

system throughout its life cycle with consideration of inputs, outputs and environmental 202 

impacts [29]. It is a valuable technique for presenting energetic and environmental 203 

profile for certain product or process [30]. LCA of a solid waste management system 204 

was conducted to minimize CO2 production, energy consumption and to improve 205 

economic performance [29]. However, LCA cannot provide alternatives for 206 

performance and environmental improvements [31]. In an absorption refrigeration 207 

cycle, LCA was coupled with the multi-objective optimization to reduce the annualized 208 

total cost and environmental effects [31]. LCA was also inserted into a multi-objective 209 

model for obtaining the optimal construction areas of rainwater harvesting systems [32]. 210 

A comprehensive evaluation of environmental and human health impacts was carried 211 

out throughout the whole life cycle. Multi-objective optimization and LCA were also 212 

conducted in solar driven absorption cooling and heating cogeneration systems [30]. To 213 

make a full comparison, the adopted optimization approaches, advantages, 214 

disadvantages and remarks of the published works are summarized in Table 1. 215 

  216 
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Table 1 Comparisons among published literature. 217 

No. System Optimization method Advantages Disadvantages Remarks 

[16] IGCC/supercritical 

Rankine cycle 

neural network 

genetic algorithm 

hydrogen/electricity production future research needed 

for more coal types 

no environmental 

consideration 

effect of three coal types was 

studied, lower coal grade has 

less expensive hydrogen and 

electricity production 

[17] integrated biodiesel 

production and 

separation system 

Orthogonal 

collocation on finite 

elements method 

dynamic optimization no environmental 

consideration 

energy consumption of reactor is 

much higher than that of the 

distillation columns 

[18] integrated 

ORC/absorption chiller 

Multi-Objective 

Particle Swarm 

Optimization 

algorithm 

driven by geothermal energy 

energy/exergy/economic analysis 

no environmental 

consideration 

increases the energy efficiency 

decreases the exergy efficiency  

best electricity/cooling cost and 

exergy efficiency were obtained 

[19] ammonia-water 

absorption chiller 

Multi Leader Multi-

Objective Particle 

Swarm Optimization 

algorithm 

driven by various solar collectors 

thermo-economic analysis 

no environmental 

consideration 

the final solution 

depends on the designer 

decision 

effects of various solar collector 

types were studied 

[20] combined heat and 

power system 

θ-dominance based 

evolutionary 

algorithm 

incorporation of the optimization method 

with fuzzy c-means clustering to determine 

the best compromise solutions 

/ meet the needs under changing 

system operating conditions 

[21] double effect 

absorption chiller 

genetic algorithm optimization for lithium chloride-water and 

lithium bromide-water double effect 

absorption chiller 

exergy efficiency and 

system irreversibility 

simultaneously used as 

objectives 

lithium chloride-water system 

has lower COP, higher exergy 

efficiency and less irreversibility 

[22] LiBr-water absorption 

chillers 

genetic algorithm driven by solar energy 

single-, double-, and triple-effect 

Linear Programming Technique for 

Multidimensional Analysis of Preference 

decision-making method 

/ government subsidies and 

incentives are required for the 

high capital cost of these 

systems 

[29] municipal waste 

management system 

NSGA life cycle assessment 

two-/three-objective optimization 
current and new technologies 

the final solution 

depends on the designer 
decision 

utilizing newer technologies has 

less cost, less CO2 savings and 
less energy consumption 
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[30] absorption cooling and 

heating systems 

Weighted-

Tchebycheff metric 

approach 

driven by solar energy 

energy/economic/environmental analysis 

short computational time 

decision is made 

according to users’ 

preferences 

performance measures and 

optimization model suitable for 

other renewable energy systems 

[31] absorption cooling 

systems 

ε-constraint method life cycle assessment 

environmentally conscious system 

the final solution 

depends on the designer 

decision 

provide a sustainable design of 

absorption chillers which cause 

less environmental effect 

[23] cascade absorption 

chiller 

NSGA-II low-grade waste heat recovery 

energy/exergy/economic analysis 

no environmental 

consideration 

generator and absorber have the 

priority for exergy performance 

improvement 

[24] integrated molten 

carbonate fuel 

cell/ORC 

NSGA-II energy, exergy, economic and 

environmental analysis 

environmental 

performance is not 

considered in the 

optimization model 

integration with the ORC leads 

to 5% improvement in the 

exergy efficiency of the 

proposed system 

[25] absorption heat 

transformer 

NSGA-II energy/exergy/economic analysis no environmental 

consideration 

lower condenser and absorber 

temperatures improve the 

overall energy and exergy 

performance but more expensive 

[26] integrated ORC/multi-

effect desalination 

NSGA-II exergy and economic analysis 

working medium comparisons 

environmental 

consideration was based 

on previous studies 

higher compressor pressure ratio 

increases exergy efficiency and 

decreases the cost rate 

[27] integrated hydrogen 

production process 

NSGA-II internal refinery sources are used for 

hydrogen supply 

no economic, exergy 

and environmental 

analysis 

provides a method to achieve 

simultaneous max hydrogen 

production and steam output 

[28] integrated hydrogen 

storage energy system  

NSGA-II day-ahead power dispatching 

dynamic optimization strategy 

dispatching plan is 

chosen by decision 

makers based on needs 

the multi-objective optimization 

scheme reduces carbon 

emissions and operating cost 

[32] rainwater harvesting 

systems 

NSGA-II life cycle assessment 

sensitivity analysis 

decision making 

method is not provided 

optimal construction area was 

obtained, daily maximum 

precipitation is the key factor 

[33] biogas pressurized 

water scrubbing 

process 

NSGA-II plant-level optimizing control no environmental 

consideration 

system CO2 removal rate is 

99.8% for various disturbances 

  218 
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In our previous research, absorption refrigeration cycle and Kalina cycle have been 219 

integrated to re-utilize a specific waste heat [34]. Using the cooling output of absorption 220 

chiller to cool down the basic solution of Kalina cycle can increase the turbine 221 

expansion ratio, resulting in a higher electrical power generation. The integrated system 222 

has a 45% higher thermal performance comparing with the individual Kalina cycle, 223 

which indicates the system performance is greatly improved after the integration. Based 224 

on the literature review, the multi-objective optimization of the absorption chiller/KC 225 

integrated system has never been investigated for cascade waste heat recovery. Also, 226 

LCA of this waste heat recovery process has not been comprehensively studied. In this 227 

work, multi-objective optimization and life cycle assessment are combined to achieve 228 

the optimal energetic, economic and environmental (3E) performance of this integrated 229 

system. Thermal efficiency of energetic analysis, annualized total cost (ATC) of 230 

economic analysis and Eco-indicator 99 (EI99) considering environmental impacts are 231 

selected as three objective functions in the multi-objective optimization model. A series 232 

of Pareto points are obtained, presenting the optimal trade-off among the 3E 233 

performance. Main contributions of this research can be summarized as: (1) Multi-234 

objective optimization problem of an absorption refrigeration cycle/Kalina cycle 235 

integrated system are investigated for cascade waste heat utilization; (2) Life cycle 236 

assessment is inserted into the multi-objective optimization model as the major 237 

environmental performance index; (3) Energetic, economic and environmental (3E) 238 

performance of the integrated system are studied at the same time; (4) NSGA-II 239 

algorithm, Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) 240 

and Shannon entropy approach are combined in the multi-objective optimization model. 241 

This work also provides in-depth knowledge of the absorption chiller/KC integrated 242 

system for cascade waste heat recovery. 243 
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 244 

2. System description 245 

Fig. 1 depicts the absorption chiller/KC integrated system. The chiller works as 246 

the auxiliary cooling cycle of KC. These two cycles are driven by the high-temperature 247 

part and low-temperature part of a given waste heat. Processes in the power generation 248 

cycle are: 1) The basic solution (Stream K4) absorbs waste heat QH and turns into vapor 249 

(K5) and weak solution (K7); 2) The ammonia vapor (K5) flows into the turbine for 250 

electricity generation and the weak solution (K7) releases heat in High-temperature 251 

recuperator (HTR); 3) This cooled solution (K8) enters the valve and then flows into 252 

the mixer to absorb the exhaust stream (K6) from the turbine; 4) After the mixing 253 

process, the strong solution (K10) is cooled in another recuperator (Low-temperature 254 

recuperator, LTR) and the cooled solution (K11) is further cooled in the evaporator; 5) 255 

After a pumping process, this basic solution (K2) recovers heat in two recuperators and 256 

enters the generator for continuing operation. Processes in the absorption cycle are: 1) 257 

The dilute solution (A1) absorbs heat QL and turns into refrigerant vapor (A2) and 258 

concentrated solution (A6); 2) After cooling and throttling processes, the condensed 259 

refrigerant (A4) enters the evaporator to cool down the basic solution of KC (K11); 3) 260 

The concentrated solution (A6) releases heat in a heat exchanger and flows through a 261 

throttling valve; 4) Then, the refrigerant (A5) is absorbed in the absorber by the strong 262 

solution (A8); 5) The weak solution (A9) is pumped back to the generator for another 263 

cycle operation. The absorption chiller recovers the thermal energy with lower 264 

temperature, i.e. the waste heat from KC. Eventually, the waste heat recovery is 265 

achieved relying on this cascade process. Fig. 2 is the temperature-entropy diagram (T-266 

S diagram) of the KC in the integrated system, providing a distinct expression of the 267 

power generation process from the thermodynamics aspect. 268 
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 269 

Fig. 1 Flowsheet of the integrated system. 270 

 271 

 272 

Fig. 2 T-S diagram of the KC in the integrated system. 273 

 274 

3. Methodology 275 
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3.1 Parameter specifications and basic assumptions 276 

A specific waste heat of 600 kW is given with temperature range of 90-150 °C. An 277 

artificial temperature, segment temperature, divides the waste heat into two parts. The 278 

KC generator temperature is assumed to be 10 °C lower than the segment temperature. 279 

Generator temperature of the absorption chiller is 10 °C lower than the lower limit 90 °C. 280 

Refrigeration temperature of the chiller is in the range of 2-10 °C. Cooling water is 281 

assumed to have a temperature of 30 °C. The minimum temperature approach is 5 °C 282 

in the absorber and condenser. Accordingly [1, 13, 15, 35-40], basic assumptions are 283 

given as: (1) Steady state is assumed for the whole system; (2) Kinetic and potential 284 

energy change is not considered; (3) No heat loss and pressure drop; (4) NH3/H2O 285 

solution and LiBr/H2O solution at generator inlet/absorber outlet are saturated; (5) H2O 286 

vapor and NH3 vapor at the generator outlet/absorber inlet are saturated; (6) Isentropic 287 

efficiencies are assumed for turbine and pumps; (7) Leakage are neglected; (8) 288 

Isenthalpic throttle valves. Aspen Plus software is utilized for process simulation of the 289 

integrated system. Electrolyte pairs of ELECNRTL model for absorption chiller 290 

simulation and binary parameters of PSRK model for KC simulation were obtained in 291 

our previous research [41-43]. Table 2 presents the detailed block type selection and 292 

settings for each equipment in the integrated system. 293 

Table 2 Block type and parameters specification. 294 

Equipment Block 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 
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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 

 295 

3.2 Validation 296 

To validate the process simulation, simulation results were compared with 297 

published literature and a good agreement has been achieved [34]. The simulation 298 

results of absorption refrigeration cycle and Kalina cycle are validated separately. Table 299 

3 shows the performance comparison between the absorption chiller in this work and 300 

the one in published work [44]. Table 4 gives the KC simulation results in this research 301 

and in published literature [15]. The present results are consistent with those in the 302 

published works. Therefore, the reliability of present simulation is guaranteed. 303 

Although this research is conducted based on reasonable specifications and 304 

assumptions. Leakage of working medium, pressure drop in devices and pipelines, heat 305 

dissipation, etc., are inevitable in practical systems. Besides, efficiencies of equipment 306 

would change with working conditions and steady state operation of system would be 307 

hard to achieve. Hence the operation status of the simulated system would have some 308 

differences with the real system. And the obtained results would also be different to 309 

some degree. Thus, pilot-scale tests of novel systems are always necessary before these 310 

systems are first put into operation. 311 

Table 3 Comparison of absorption chiller COP between this work and published literature [44]. 312 

Parameter Type Literature results Present results Error (%) 

Generator temperature (°C) Input 85 85 / 

Condenser temperature (°C) Input 40 40 / 

Absorber temperature (°C) Input 110 110 / 

COP Output 0.470 0.468 0.4 

 313 

Table 4 Comparison of KC simulation results between present work and published literature [15]. 314 
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Stream 

No. 

T (°C) P (kPa) X (wt%) m (kg/h) 

present literature present literature present literature present literature 

s1 19.6 20.0 470 470 0.70 0.70 132.76 132.76 

s2 21.3 21.7 7000 7000 0.70 0.70 132.76 132.76 

s3 63.5 63.9 7000 7000 0.70 0.70 132.76 132.76 

s4 96.1 96.8 7000 7000 0.70 0.70 132.76 132.76 

s5 190.0 190.0 7000 7000 0.70 0.70 132.76 132.76 

s6 190.0 190.0 7000 7000 0.83 0.83 94.63 94.33 

s7 80.2 80.3 470 470 0.83 0.83 94.63 94.33 

s8 73.9 73.9 470 470 0.70 0.70 132.76 132.76 

s9 58.1 58.1 470 470 0.70 0.70 132.76 132.76 

s10 32.0 32.0 470 470 0.70 0.70 132.76 132.76 

s11 190.0 190.0 7000 7000 0.37 0.37 38.13 38.43 

s12 73.9 73.9 7000 7000 0.37 0.37 38.13 38.43 

s13 61.4 61.3 470 470 0.37 0.37 38.13 38.43 

 315 

3.3 Objective functions 316 

Objective functions, decision variables and constraints are basic elements of an 317 

optimization problem [25]. In this research, thermal efficiency, annualized total cost 318 

and EI99 are used for energetic, economic and environmental (3E) performance 319 

evaluation, respectively. 320 

3.3.1 Thermal efficiency 321 

Mathematical model of the integrated system is established to quantify the thermal 322 

performance of this system. Energy balance equations for each equipment are listed in 323 

Table 5. The subscripts A refer to the absorption refrigeration cycle and the subscripts 324 

K refer to the Kalina cycle. m is the mass flow rate; h is the specific enthalpy; Q is heat 325 

flow; W is the electrical power consumption or electricity production; ηp and ηt are the 326 

overall efficiency of pumps and the turbine. Thermal efficiency of the generation cycle 327 

is adopted as the energetic objective in the multi-objective optimization model. The 328 

thermal efficiency η is defined as the ratio of net electricity output to the waste heat 329 

utilized in the generation cycle Q: 330 

 η=
Wturbine-Wpump 1-Wpump 2

Q
  (1) 331 

Table 5 Energy balance equations for each equipment. 332 
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Equipment Energy balance equation 

Generator 1 mA1hA1+Q
L
=mA2hA2+mA6hA6 

Condenser Q
condenser

=mA2hA2-mA3hA3 

Valve 1 mA3hA3=mA4hA4 

Evaporator |mA4hA4-mA5hA5|=|mK11hK11-mK1hK1| 
Absorber mA5hA5+mA8hA8=mA9hA9 

Heat exchanger mA6hA6-mA7hA7=mA1hA1-mA10hA10 

Valve 2 mA7hA7=mA8hA8 

Pump 1 Wpump 1=
1

η
p

mA9(hA10-hA9) 

Generator 2 mK4hK4+Q
H

=mK5hK5+mK7hK7 

Turbine Wturbine=mK5(hK5-hK6)×η
t
 

Mixer mK6hK6+mK9hK9=mK10hK10 

High-temperature recuperator mK7hK7-mK8hK8=mK4hK4-mK3hK3 

Valve 3 mK8hK8=mK9hK9 

Low-temperature recuperator mK10hK10-mK11hK11=mK3hK3-mK2hK2 

Pump 2 Wpump 2=
1

η
p

mK1(hK2-hK1) 

 333 

3.3.2 Annualized total cost 334 

Annualized total cost is selected as the economic indicator of the cascade waste 335 

heat recovery process. The annualized total cost calculation is conducted according to 336 

the procedure described in the book of Robin Smith [45]: 337 

 CE=CB(
Q

QB

)
M CEPCI2018

CEPCI2000
 (2) 338 

where Q is the equipment size; CE is the cost for the equipment; QB refers to the base 339 

size of this equipment; CB refers to the base cost; M is the cost exponent index according 340 

to the equipment type; CEPCI2018 (603.1) and CEPCI2000 (394.1) are Chemical 341 

Engineering Plant Cost Index employed in this work to keep the purchase price up to 342 

date [46]. 343 

CF=[f
M

f
P
f
T
(1+f

pip
)]CE+(f

er
+f

inst
+f

elec
+f

util
+f

os
+f

build
+f

sp
+f

dec
+f

cont
+f

ws
)CE (3) 344 

where fM, fP and fT are correction factors for construction material, design pressure and 345 

design temperature; fpip, fer, finst, felec, futil, fos, fbuild, fsp, fdec, fcont and fws are correction 346 

factors for pipe connection, equipment erection, instrumentation and controls, electrical, 347 

utilities, off-sites, buildings, site preparation, design engineering and construction, 348 
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contingency and working capital, respectively; CF is the fixed cost for the whole system. 349 

Detailed equipment cost information and all the adopted correction factors are 350 

presented in Table 6 and Table 7. 351 

Table 6 Equipment cost information and correction factors. 352 

Equipment Type Unit QB CB ×104 $ M fM fP fT 

Generator 1 
Storage tank m3 5 1.15 0.53 2.4 1.3 1.0 

Shell/tube heat exchanger m2 80 3.28 0.68 2.9 1.3 1.0 

Condenser Shell/tube heat exchanger m2 80 3.28 0.68 1.0 1.3 1.0 

Evaporator Shell/tube heat exchanger m2 80 3.28 0.68 2.9 2.0 1.0 

Absorber Storage tank m3 5 1.15 0.53 2.4 2.0 1.0 

Heat exchanger Shell/tube heat exchanger m2 80 3.28 0.68 2.9 1.3 1.0 

Pump 1 Centrifugal pump kW 1 0.20 0.35 3.4 2.0 1.0 

Generator 2 
Distillation column t 8 6.56 0.89 2.1 1.5 1.0 

Sieve trays m 0.5 0.66 0.91 2.4 1.5 1.0 

Turbine Compressor kW 250 9.84 0.46 2.4 1.5 1.0 

Mixer Storage tank m3 5 1.15 0.53 2.4 1.0 1.0 

HTR Shell/tube heat exchanger m2 80 3.28 0.68 2.9 1.5 1.0 

LTR Shell/tube heat exchanger m2 80 3.28 0.68 2.9 1.5 1.0 

Pump 2 Centrifugal pump kW 4 0.98 0.55 2.4 1.5 1.0 

 353 

Table 7 Correction factors. 354 

Item Value 

Purchase price factor 1.0 

fpip 0.7 

fer 0.4 

finst 0.2 

felec 0.1 

futil 0.5 

fos 0.2 

fbuild 0.2 

fsp 0.1 

fdec 1.0 

fcont 0.4 

fws 0.7 

 355 

Finally, annualized total cost can be given as: 356 

 ATC = CF
i(1+i)

n

(1+i)
n
-1

 (4) 357 

where i refers to the interest rate of 5%; n is the operation years of 15 years. 358 

3.3.3 Eco-indicator 99 based on life cycle assessment 359 

Life cycle assessment is an effective and comprehensive environment 360 

management tool for assessing environmental impacts of components, products or even 361 
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processes. Generally, there are four steps of LCA [31, 32]: 362 

(1) Set goal and define scope. The aim of this study is to conduct LCA of a 363 

LiBr/H2O absorption chiller/Kalina cycle integrated system. Then, the environmental 364 

impacts based on LCA are employed as the environmental performance criteria in the 365 

proposed multi-objective optimization model of the integrated system. This integrated 366 

system has a design life span of 15 years. LCA of this system contains four stages: the 367 

construction phase, the transportation phase, the usage phase and the demolition phase. 368 

Environmental impacts during the extraction of raw materials and the production 369 

process are considered at the first stage. For the transportation stage, all these 370 

components are conventional equipment that can be obtained from suppliers within a 371 

distance of 200 km. In the usage phase, electrical power consumption of pumps is the 372 

major input for system operation. When the system reaches its service life, each part of 373 

the system is demolished differently. Metal materials are recycled, plastics are disposed 374 

by incineration and the remaining inert wastes are buried at waste landfill. Fig. 3 depicts 375 

the LCA boundary of the integrated system. 376 

 377 

Fig. 3 LCA boundary of the integrated system. 378 

 379 
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(2) List life cycle inventory. This step considers and quantifies the input for system 380 

operation such as energy and resources, and the output of the system such as electrical 381 

work and emissions. The sizes of equipment, e.g. heat transfer area of heat exchangers, 382 

volume of storage tanks, mass of distillation column, etc., are obtained in the process 383 

simulation using Aspen Plus software. Construction materials information of all the 384 

components is carefully collected from suppliers and published works. Several 385 

construction materials with tiny usage amount are overlooked for modelling simplicity. 386 

Relevant materials and energy input are listed in Table 8. Diesel is consumed by trucks 387 

in the transportation phase. Electricity is purchased from local power grid for 388 

maintaining the continuous system operation. The rest LCA information is selected 389 

from GaBi database (Professional database 2018). Because the leakage of LiBr/H2O 390 

solution and ammonia solution is neglected, these chemicals constantly circulate in the 391 

system. Hence, the environmental impacts of working medium are not considered. 392 

Table 8 Life cycle inventory of the absorption chiller/Kalina cycle integrated system. 393 

Materials and energy input Basic flows in Gabi process Unit 

Stainless steel (316) Stainless steel cold rolled coil (316) [Metals] kg 

Carbon steel Steel hot rolled coil [Metals] kg 

Cast iron Cast iron [Metals] kg 

Rubber Styrene-butadiene-rubber (SBR) [Plastics] kg 

Aluminum alloy Aluminum sheet [Metals] kg 

Copper Copper [Metals] kg 

Plastic Polypropylene part (PP) [Plastic parts] kg 

Ceramic Silicon Carbide [Minerals] kg 

Diesel Diesel [Refinery products] kg 

Electricity Electricity [Electric power] kWh 

 394 

(3) Life cycle impact assessment. According to the Eco-indicator 99 methodology 395 

[47], the life cycle impacts are generally divided as Human health damage, Ecosystem 396 

quality damage and Damage to resources. Human health indicators including 397 

Carcinogenic effects, Respiratory effects by organic substances, Respiratory effects by 398 

inorganic substances, Climate change, Ionizing radiation and Ozone layer depletion are 399 
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aggregated as Human health damage. The unit of this damage is Disability-Adjusted 400 

Life Years (DALY). It compares time lived with disability and time lost due to 401 

premature mortality [47]. Each lost life year before the normal life expectancy of each 402 

individual indicates a DALY value of 1. Ecosystem indexes are Ecotoxicity, 403 

Acidification/nutrification and Land use. Ecosystem quality damage is measured using 404 

the concept of potentially disappear fraction of species (PDF) from a specific area (m2) 405 

over a period of time (year) as PDF·m2·year. Resource depletion indicators are Minerals 406 

extraction and Fossil fuels extraction. Damage to resources means that extracting the 407 

same resources consumes more energy due to previous extraction of this type of 408 

resources, which is valued in terms of MJ of surplus energy. All these indicators are 409 

translated into a single index at the end using the weighting factors from the hierarchist 410 

perspective. 411 

(4) Interpretation. All the obtained results are then fully interpreted from various 412 

aspects. In this multi-objective optimization problem, those points where substantial 413 

improvement of one objective can be obtained at an insignificant cost of other 414 

objectives should receive attention. 415 

According to the principles of LCA, the environmental effects of this waste heat 416 

cascade utilization process are assessed. GaBi software version 8.0 is used to conduct 417 

the LCA modeling of the proposed system. Industrial ISO 14040 standard (2006) are 418 

followed. Eco-indicator 99 of eleven environmental impacts are currently employed to 419 

evaluate the end-point environmental effects of this integrated system. Based on the life 420 

cycle inventory, eleven environmental impacts are calculated at first [31, 48]: 421 

 IMPr=∑ dmbrb LCI
b
 (5) 422 

where IMPr refers to the overall damage of impact category r, i.e. the total damage value 423 

of each environmental impact; LCIb refers to the life cycle inventory associated with 424 
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chemical b, i.e. the amount of one certain substance; dmbr is the damage coefficient of 425 

chemical b in the impact category r, i.e. the effect of this substance on each 426 

environmental impact. The obtained environmental impacts are divided into three 427 

categories, i.e. Damage to Human health, Damage to Ecosystem quality and Damage 428 

to resources. Hence, the overall damage of each damage category can be obtained by 429 

summing up all the environmental impacts in this category: 430 

 DAMd=∑ IMPrr  (6) 431 

where DAMd is the overall damage value of damage category d. These end-point 432 

indicators have to be normalized and weighted before to be aggregated into a single 433 

index EI99. The normalization and weighting factors from the hierarchist perspective 434 

with average weighting are commonly used [47]. Finally, the three damage categories 435 

are combined as a single evaluation index: 436 

 EI99=∑ ndwdd DAM
d
 (7) 437 

where and nd and wd are normalization factors and weighting factors for damage 438 

category d. EI99 is hence employed as the major criterion of the environmental 439 

performance in the proposed multi-objective optimization model. 440 

3.4 Decision variables and constraints 441 

Concentrations of LiBr/H2O solution and NH3/H2O basic solution are fixed to 442 

eliminate the flow uncertainty and to simplified the optimization model. Thus, the main 443 

decision variables are refrigeration temperature of the absorption chiller, basic solution 444 

temperature at the outlet of evaporator, the turbine outlet pressure (backpressure) and 445 

the segment temperature. Decision variables and constraints are listed in Table 9. In 446 

addition, some extra constraints are given as follow: 447 

1. The given waste heat has to be completely recovered in the cascade process; 448 

2. The cold-in/hot-out temperature difference in the evaporator is higher than 5 °C (i.e. 449 
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Tevap-hot-outlet - Trefrigeration ≥ 5 °C); 450 

3. When the outlet temperature at the evaporator hot side is 7 °C, the turbine outlet 451 

pressure should be higher than 293 kPa to avoid ammonia vapor releasing from the 452 

basic solution in the pump. This backpressure should also be lower than the inlet 453 

pressure which is fixed at 3300 kPa. 454 

4. Cooling capacity of the absorption chiller has to meet the demand in Kalina cycle. 455 

Table 9 Decision variables and constraints. 456 

Decision variables Unit Constraints 

Refrigeration temperature (stream A4) °C 2 < Trefrigeration < 10 

Evaporator hot side outlet temperature (stream K1) °C 7 < Tevap-hot-outlet 

Turbine backpressure (stream K6) kPa 293 < Pback < 3300 

Segment temperature °C 119.4 < Tsegment < 119.5 

 457 

3.5 Non-dominated sorting genetic algorithm II 458 

Compared with single objective optimization, multi-objective optimization is to 459 

produce a set of optimization results, the Pareto optimal solutions. It is impossible to 460 

obtain one solution which achieves all the optimal objectives because these objectives 461 

always contradict with each other [49]. The decision makers can select the preferred 462 

solution from these Pareto frontiers according to the actual needs. Non-dominated 463 

sorting genetic algorithm II (NSGA-II) is seen as a fast genetic algorithm for solving 464 

multi-objective optimization problem. It has strengths such as fast non-dominated 465 

sorting process, elitist strategy and less parameters [49]. Detailed parameter settings are 466 

presented in Table 10. As shown in Fig. 4, the multi-objective optimization using 467 

NSGA-II technique has following steps [21, 25, 32, 33]: 468 

Step 1: Random initialization of population: the generated population is of size N within 469 

the lower and upper limits; 470 

Step 2: Fitness evaluation of each individual: each individual will be given a fitness 471 

scores of objective functions; 472 
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Step 3: Parent population selection according to non-dominant sorting and crowding 473 

distance sorting: front values are assigned for each individual according to its non-474 

domination in the population, a crowding distance is also determined for those 475 

individuals in the same front according to the closeness with others, then the whole 476 

population is sorted and those with lesser rank value and larger crowding distance are 477 

selected as paternal population using tournament selection; 478 

Step 4: Crossover and Mutation: offspring population is generated from the selected 479 

parent population through crossover and mutation, simulated binary crossover for the 480 

retention of elite individuals and polynomial mutation for the diversity of population 481 

are hence performed; 482 

Step 5: Combination of parent population and offspring population: a combined 483 

population of size 2N is thus formed, it is then evaluated and sorted, only the best N 484 

individuals are selected for offspring generation to ensure the elitism, the procedures 485 

from Step 2 to Step 5 will be repeated until the termination criteria is satisfied or the 486 

max generation number is reached. 487 

Table 10 Tuning parameters and settings for NSGA-II. 488 

Parameters Value 

Decision variables 4 

Objective functions 3 

Population size 100 

Number of generations 500 

Initialization mode Random 

Selection process Tournament 

Tournament size 2 

Crossover probability 0.9 

Mutation probability 0.1 

Crossover distribution index 20 

Mutation distribution index 20 

 489 
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 490 

Fig. 4 Flowchart of NSGA-II for multi-objective optimization of the proposed system. 491 

 492 

3.6 Decision-making method 493 

Pareto optimal solutions obtained in this research represent the optimal trade-off 494 

among the energetic, economic and environmental performance of this integrated 495 

system. Post-optimal analysis encourages researchers to focus on the Pareto solutions 496 

where significant improvements can be achieved at an insignificant cost of another 497 

objective [31]. TOPSIS method and Shannon entropy approach was coupled as a novel 498 

decision-making method [50]. TOPSIS is an available decision-making method for 499 



27 
 

final optimal solution selection. The final optimal solution is selected with the shortest 500 

distance from the ideal point and the farthest distance from the non-ideal point [23, 24]. 501 

Shannon entropy approach can determine weights for different objectives such as 502 

thermal efficiency, ATC and EI99 in this research without considering the preference. 503 

TOPSIS method and Shannon entropy approach are hence employed for decision-504 

making in this work. 505 

 506 

4. Results and discussions 507 

4.1 Pareto optimal solutions and optimization schemes 508 

Thermal efficiency, annualized total cost and EI99 are selected as three objectives 509 

in the proposed multi-objective optimization model. NSGA-II, the elitism genetic 510 

algorithm, is employed for solving the optimization problem in this work. Based on the 511 

parameter specifications, process assumptions, decision variables and constraints 512 

mentioned above (in section 3), a series of Pareto optimal solutions has been obtained. 513 

As shown in Fig. 5, this Pareto solution set represents the alternative solutions for 514 

current optimization problem. It can be noticed that the Pareto solutions are basically 515 

plotted as a continuous line, especially when the population size in the genetic algorithm 516 

is large enough. With the variation of decision variables, these three objectives vary 517 

within certain ranges. Thermal efficiency changes in the range from 15.31% to 16.78%. 518 

ATC has a minimum value of 1.79×105 $ and a maximum value of 1.85×105 $. The 519 

variation range of the environmental index EI99 is from -6.52×105 to -7.17×105. The 520 

integrated system is a cascade waste heat recovery system and it utilizes waste heat to 521 

produce electrical power, reducing emissions as a result. Therefore, the values of EI99 522 

are obtained as negative values in current research. 523 
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 524 

Fig. 5 Pareto optimal solutions of the proposed multi-objective optimization model. 525 

 526 

Fig. 6 presents the relationship between each two objectives: thermal 527 

efficiency/ATC, ATC/EI99 and thermal efficiency/EI99, to give a clearer illustration of 528 

the trade-off among the energetic, economic and environmental performance. The 529 

relationship between thermal efficiency and ATC can be seen as a non-linear positive 530 

function. Higher economic cost is required for achieving a better energetic performance. 531 

It is because better heat transfer always requires a lager heat transfer area, higher 532 

electrical power production requires a more powerful turbine, etc. Larger sizes of 533 

equipment will result in higher purchase prices. It can also be noticed that with further 534 

improvement on the energetic performance, the ATC increases more rapidly and hence 535 

the economic performance could be rather poor. In the second figure, with the increase 536 

of ATC, the environmental performance becomes better while this trend slows down 537 

gradually. There is an obvious conflict between these two indicators. Also, the 538 

relationship between ATC and EI99 is nonlinear. However, thermal efficiency has a 539 

nearly linear relationship with the environmental index EI99. More electrical power 540 
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production can be achieved in the integrated system with higher thermal efficiency. This 541 

also leads to a more significant reduction of emissions, from an environmental point of 542 

view. Hence, it can be arbitrarily concluded that this linear relationship is caused by the 543 

actual electricity production from the integrated system. Decision makers can choose 544 

any of the Pareto solutions according to his/her own preference. It indicates that each 545 

point of this solution set can be seen as one reasonable solution to current optimization 546 

problem. In this work, TOPSIS method and Shannon entropy approach are combined 547 

and then used for the decision-making process without any personal preference. This 548 

final optimal solution is selected from the Pareto optimal solutions as the multi-549 

objective optimized scheme of the integrated system. In general, there are four 550 

operation schemes for this integrated system: scheme aiming at optimal thermal 551 

efficiency (Scheme 1), scheme aiming at optimal ATC (Scheme 2), scheme aiming at 552 

optimal EI99 (Scheme 3) and the multi-objective optimized scheme (Scheme 4). 553 

 554 

Fig. 6 Relationship between each two objectives. 555 
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 556 

All the optimization schemes and relevant operation parameters are presented in 557 

Table 11. Lower refrigeration temperature would be beneficial to energetic and 558 

environmental performance except for the economic indicator. When the refrigeration 559 

temperature is lower, the hot side outlet temperature of the evaporator could be also 560 

lower. Hence lower backpressure of KC can be reached, resulting in a higher turbine 561 

expansion ratio and more electrical power generation. More electricity production 562 

means less consumption of fossil fuels and more emissions reduction. Segment 563 

temperature, the temperature dividing the low-grade waste heat into two parts, shows 564 

no significant variation for all the operation schemes. Scheme 1 and Scheme 3 have 565 

exactly the same operation parameters, indicating that the optimal energetic 566 

performance and optimal environmental performance can be achieved simultaneously. 567 

Scheme 2 has the best economic performance while the other two indicators are the 568 

worst. The multi-objective optimized scheme (Scheme 4) presents around 9.34% and 569 

9.53% higher than the minimum thermal efficiency and EI99 at the cost of 3.03% higher 570 

ATC. Therefore, with sufficient consideration of three different objectives, this final 571 

optimal solution is superior to other solutions. 572 

Table 11 Optimization schemes and operation parameters. 573 

Scheme No. η ATC ($) EI99 Trefrigeration Tevap-hot-outlet Pback Tsegment 

1 16.78% 1.85×105 -7.17×105 2 °C 7 °C 293 kPa 119.5 °C 

2 15.31% 1.79×105 -6.52×105 10 °C 15 °C 395 kPa 119.4 °C 

3 16.78% 1.85×105 -7.17×105 2 °C 7 °C 293 kPa 119.5 °C 

4 16.74% 1.85×105 -7.15×105 2.26 °C 7.25 °C 296 kPa 119.5 °C 

 574 

4.2 Life cycle assessment of the cascade waste heat recovery system 575 

Life cycle assessment is comprehensively conducted for the proposed system. 576 

Eco-indicator 99 method is adopted to investigate the end-point environmental effects. 577 

Eleven life cycle impacts are: Carcinogenic effects, Respiratory effects by organic 578 
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substances, Respiratory effects by inorganic substances, Climate change, Ionizing 579 

radiation and Ozone layer depletion of Human health damage category; Ecotoxicity, 580 

Acidification/nutrification and Land use of Ecosystem damage category; Minerals 581 

extraction and Fossil fuels extraction of Resource damage category. These impacts are 582 

aggregated into the overall environmental index EI99 using normalization and 583 

weighting factors. Environmental impacts, damage categories and EI99 at the four 584 

stages are listed in Table 12. Both resources consumption and various emissions will 585 

increase the value of a certain impact. However, the absorption chiller/KC integrated 586 

system is a waste heat recovery system which recovers waste heat to produce electrical 587 

power, reducing relevant consumptions and emissions as a result. Therefore, many 588 

environmental impacts have negative values. Carcinogenic effects are mainly at the 589 

usage stage of this system, influenced by reducing emissions to air (66%), fresh water 590 

(16%) and agricultural soil (18%). These emissions are basically composed of heavy 591 

metals such as arsenic (56%) and cadmium (44%). Impact of Climate change is greatly 592 

influenced by inorganic emissions (basically carbon dioxide) to air (94%) and organic 593 

emissions (methane) to air (5%). Ionizing radiation is influenced by reducing 594 

radioactive emissions of C14 (92%). Respiratory effects caused by inorganic substances 595 

are inorganic emissions of nitrogen oxide (22%) and sulphur oxide (17%), particles to 596 

air such as dust PM 2.5 (14%), PM 2.5~10 (20%) and PM10 (27%). Respiratory effects 597 

(Organic) in this work refer to organic emissions including xylene (52%), alkene (12%), 598 

ethyl benzene (9%), etc. Ecotoxicity results from heavy metals pollution such as nickel 599 

(38%), lead (19%), zinc (26%), chromium (13%), etc., in the use of electricity. 600 

Acidification and nutrification are mainly determine by reducing nitrogen oxide (81%) 601 

and sulphur oxide (18%) emissions. Fossil fuels extraction is related to the usage of 602 

non-renewable energy resources of hard coal (64%), crude oil (9%), natural gas (17%), 603 
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etc. Land use is regarded as a damage because the occupied area cannot be restored to 604 

the natural status. This impact is not considered in this research because the sizes of 605 

both the devices and the whole system are not extremely large. Generally, all the 606 

environmental impacts are significantly influenced by the electricity generation in the 607 

usage phase, except for the Ozone layer depletion and Minerals extraction. The former 608 

impact has the highest value at the construction stage caused by the halogenated organic 609 

emissions such as R11 (46%) and R114 (40%) during the stainless steel manufacturing 610 

process. The latter one is mainly at the construction stage also for stainless steel 611 

production because of the consumptions of non-renewable elements such as 612 

molybdenum (37%) and nickel (56%). It is also influenced by the copper production 613 

process. All these impacts are then normalized and assigned into corresponding damage 614 

categories. In the construction phase, Damage to resources is remarkable compared 615 

with other two categories. It indicates a significant resource degradation for the 616 

production of construction materials. In the transportation phase, Damage to ecosystem 617 

seems to be less significant than the other categories. At the third stage of the life cycle, 618 

almost all the impacts have negative values because of the considerable electrical power 619 

generation. The relevant resources and energy consumptions are hence reduced. During 620 

this period, Human health damage occupies the largest proportion, which suggests that 621 

it is more beneficial to human health using waste heat to generate electricity. When the 622 

system reaches its service life, metal materials are recycled, plastics are disposed by 623 

incineration and the inert wastes are buried at waste landfill. It can be found that the 624 

demolition of the whole system will do harm to human health and ecosystem (except 625 

for impact of Ecotoxicity) while it is good for the Minerals extraction. 626 

  627 
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Table 12 Environmental impacts, damage categories and EI99 of Eco-indicator 99 method at each stage. 628 

Environmental impact Unit Construction Transportation  Usage Demolition Total 

Carcinogenic effects DALY 4.56×10-3 1.78×10-5 -0.15 8.24×10-6 -0.15 

Climate change DALY 5.33×10-3 2.57×10-5 -1.26 7.78×10-4 -1.25 

Ozone layer depletion DALY 1.27×10-6 2.67×10-15 -1.69×10-9 4.84×10-8 1.32×10-6 

Ionizing radiation DALY 6.35×10-6 6.73×10-10 -8.42×10-4 3.23×10-6 -8.32×10-4 

Respiratory effects (Inorganic) DALY 2.36×10-2 4.68×10-5 -5.08 7.55×10-4 -5.05 

Respiratory effects (Organic) DALY 8.68×10-6 2.17×10-8 -2.72×10-3 8.04×10-7 -2.71×10-3 

Ecotoxicity PDF·m2·yr 3.20×103 0.29 -2.91×105 -2.03 -2.87×105 

Acidification/nutrification PDF·m2·yr 6.33×102 2.57 -9.01×104 26.42 -8.94×104 

Land use PDF·m2·yr 0.00 0.00 0.00 0.00 0.00 

Minerals extraction MJ surplus energy 1.44×104 1.07×10-2 -5.18×103 -2.83×102 8.97×103 

Fossil fuels extraction MJ surplus energy 2.54×104 1.90×102 -1.39×106 7.82×103 -1.36×106 

Damage category Weighted factor Construction Transportation  Usage Demolition Total 

Human health 400 7.09 2.44×10-2 -1.15×103 0.53 -1.14×103 

Ecosystem 400 5.63 7.21×10-3 -5.98×102 0.07 -5.93×102 

Resources 200 1.01×102 2.30×10-2 -2.04×102 -0.97 -1.04×102 

EI99 2.52×104 17.23 -7.40×105 46.69 -7.14×105 

 629 

  630 
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Different construction materials impose different effects on the environmental 631 

impacts at the construction stage as well as the demolition stage. Contributions of each 632 

materials to ten environmental impacts (impact of Land use is excluded) at the first 633 

stage are depicted in Fig. 7. All the environmental impacts have positive values hence 634 

the manufacturing process makes all these indicators worse. The working media in this 635 

proposed system are corrosive fluids of LiBr/H2O solution and ammonia solution. For 636 

this reason, stainless steel is the major construction material for all devices except for 637 

the condenser of the absorption chiller. Carbon steel is selected for this condenser 638 

because the fluids in it are pure water. Hence, stainless steel production occupies the 639 

largest proportion of all the environmental impacts. Cast iron production has an obvious 640 

effect on the Ionizing radiation impact because of radioactive emissions to air. Except 641 

for this, rubber manufacturing has certain influences on the Fossil fuels extraction, 642 

Respiratory effects (Organic) and Ionizing radiation. Carbon steel production causes 643 

the second large effect on the Climate change due to carbon dioxide emissions. 644 

Aluminum alloy manufacturing imposes the second large effect on the impact of Ozone 645 

layer depletion. The effects on environmental indicators of ceramic, plastic and copper 646 

production are basically insignificant due to the relatively small amount of these 647 

materials. 648 
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 649 

Fig. 7 Contributions of each materials at the construction stage. 650 

 651 

Fig. 8 presents the environmental impacts of these materials in the demolition 652 

phase. Plastics are disposed by incineration and other inert wastes are buried. Only 653 

metal materials are recycled at the demolition stage. It is very obvious that recycling 654 

copper has a totally different effect on these indicators. Minerals extraction, Ecotoxicity 655 

and Carcinogenic effects have considerable negative values during this recycling 656 

process. Recycling copper presents totally different situation because the copper 657 

production has a complex process and causes more damage to the environment due to 658 

heavy metals pollution to air, fresh water and agricultural soil. It indicates that copper 659 

recycling is beneficial to these environmental aspects, especially alleviating the heavy 660 

metals pollution and reducing the copper mining consumption. The heavy metals 661 

pollution will pose a serious threat to human health and the whole ecosystem. Therefore, 662 

copper recycling should be taken seriously. For the positive values (caused damage) at 663 

this last stage, stainless steel recycling also imposes the largest harm to the environment, 664 

followed by carbon steel and cast iron recycling. Disposing the rest construction 665 

materials has insignificant influence on these environmental indicators because of the 666 

little use of these materials. 667 
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 668 

Fig. 8 Contributions of each materials at the demolition stage. 669 

 670 

Two types of emissions are mainly considered in the transport phase: the direct 671 

emissions and indirect emissions. Direct emissions refer to emissions of the use of trains, 672 

cars, etc. Trucks complying to Euro 5 norm, with gross weight of 12-14 tons and 673 

payload capacity of 9 tons, are selected from the Gabi database. Indirect emissions are 674 

emissions of using the fossil fuels. Diesel from local filling station is used as the fuel in 675 

the transportation phase. Comparisons between direct/indirect emissions at this stage 676 

are depicted in Fig. 9. Carcinogenic effects, Ozone layer depletion, Ionizing radiation, 677 

Ecotoxicity, Minerals extraction and Fossil fuels extraction are exclusively caused by 678 

burning this fossil fuel. Diesel consumption also has more significant effect on the 679 

Respiratory effect (Organic). For environmental impacts of Climate change, 680 

Respiratory effects caused by inorganic substances and Acidification/nutrification, the 681 

use of trucks imposes the dominant effects comparing with the fuel usage. 682 
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 683 

Fig. 9 Comparison between direct/indirect emissions at the transportation stage. 684 

 685 

From the life cycle assessment of the integrated system, it can be noticed that the 686 

overall LCA environmental performance is greatly influenced by the electricity 687 

production at the usage stage. Hence the effects of operational parameters on the 688 

environmental performance should be investigated. Except for the decision variables, 689 

i.e. refrigeration temperature, turbine outlet pressure, segment temperature, etc., there 690 

are still many other operational parameters in this integrated system, such as solution 691 

concentration, condenser temperature, absorber temperature, equipment efficiency, etc. 692 

As the refrigeration temperature is the most critical operation parameters related to 693 

electrical power production, effect of refrigeration temperature on these environmental 694 

impacts should be investigated. The variations of eleven environmental impacts and 695 

three damage categories for different refrigeration temperature are illustrated in Fig. 10. 696 

In the Damage to Human health category, the curves at the upper position, i.e., Ozone 697 

layer depletion, Ionizing radiation, Respiratory effects (Organic) and Carcinogenic 698 
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effects, have no obvious change with the increase of refrigeration temperature. However, 699 

impacts of Respiratory effects (Inorganic) and Climate change present observable 700 

variation with the increasing refrigeration temperature. In the Damage to Ecosystem 701 

quality category, Acidification/nutrification and Ecotoxicity impacts are influenced by 702 

the refrigeration temperature (Land use is not considered). In the Damage to Resources 703 

category, only the impact of Fossil fuels extraction shows observable variation. Five 704 

environmental impacts, i.e. Respiratory effects (Inorganic), Climate change, 705 

Acidification/nutrification, Ecotoxicity and Fossil fuels extraction present observable 706 

increase with the refrigeration temperature. These impacts are highly related to the 707 

emissions of carbon dioxide, nitrogen oxide, sulphur oxide and particulate matters or 708 

the use of non-renewable energy resources. These emissions to air or resources 709 

consumption can be reduced by realizing more electrical power production in the 710 

proposed system at lower refrigeration temperature. This explains the reason for the 711 

better environmental performance of this proposed system at lower refrigeration 712 

temperature. Emissions reduction due to the electrical power generation in this waste 713 

recovery system improves the environmental indicators of Climate change, Respiratory 714 

effects cause by Inorganic substances, Ecotoxicity, Acidification/nutrification and 715 

Fossil fuels extraction (descending order). For the three damage categories, Damage to 716 

Human health presents the most obvious upward trend with the increasing refrigeration 717 

temperature. Hence, electrical power generation using the waste heat would achieves 718 

substantial improvement on the human health.  719 
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 720 

Fig. 10 Effect of refrigeration temperature on different environmental impacts and categories. 721 

 722 

4.3 Life cycle assessment of the integrated system and individual Kalina cycle 723 

LiBr/H2O absorption refrigeration cycle in this work utilizes the waste heat from 724 

the Kalina cycle to provide cooling capacity. This absorption chiller is hence employed 725 

as an auxiliary cooling cycle for the KC to fully utilized the waste heat in cascade. It is 726 

very necessary to make comparisons between the integrated system and the individual 727 

Kalina cycle. In our previous research [34], the proposed system achieved more net 728 

electrical power generation than the individual KC. However, these two waste heat 729 

recovery systems have never been compared from the environmental aspect. In this 730 

section, the integrated system is compared with the individual KC using two life cycle 731 

impact assessment method: Eco-indicator 99 and CML 2001. Eco-indicator 99 method 732 

is used for end-point environmental comparisons and CML 2001 method is adopted for 733 
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mid-point environmental evaluation. Comparisons of environmental impacts, damage 734 

categories and the final index EI99 between the integrated system and the individual 735 

KC are given in Table 13. The improvement on these environmental indicators has also 736 

been calculated. Positive values refer to the environmental damage while negative 737 

values are environmental improvement due to emissions reduction. Comparison results 738 

show that except the Ozone layer depletion impact of the integrated system is slightly 739 

worse than that of the individual KC, the rest environmental indicators of the integrated 740 

system are generally better than those of the individual KC. After the integration, 741 

Damage to Human health, Damage to Ecosystem quality and Damage to resources are 742 

improved by 44.82%, 45.00% and 107.92%, respectively. The overall environmental 743 

index EI99 is improved by 46.17%. It suggests that compared with the individual KC, 744 

the integrated system has a better environmental performance. 745 

Table 13 Eco-indicator 99 comparisons between the integrated system and individual KC. 746 

Damage 

category 
Environmental impact 

Integrated 

system 

Individual 

KC 
Improvement 

Human health 

Carcinogenic effects -74.54 -51.05 46.01% 

Climate change -524.12 -362.20 44.70% 

Ozone layer depletion 6.01×10-3 5.41×10-3 11.09% 

Ionizing radiation -31.06 -21.44 44.87% 

Respiratory effects 

(Inorganic) 
-472.26 -326.23 44.76% 

Respiratory effects (Organic) -39.66 -27.41 44.69% 

Total -1141.63 -788.32 44.82% 

     

Ecosystem 

Ecotoxicity -354.31 -244.21 45.08% 

Acidification/nutrification -238.49 -164.62 44.87% 

Land use 0 0 / 

Total -592.80 -408.83 45.00% 

     

Resources 

Minerals extraction 60.59 63.20 -4.13% 

Fossil fuels extraction -164.53 -113.19 45.36% 

Total -103.94 -49.99 107.92% 

     

EI99  -7.14×105 -4.89×105 46.17% 

 747 

In addition, CML 2001 is also regarded as an available life cycle impact 748 

assessment method which simulates the mechanism between the pollutants and the 749 
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caused damage from the mid-point perspective [51]. The CML 2001 method considers 750 

various impacts such as Global warming potential (GWP), Acidification potential (AP), 751 

Ozone layer depletion potential, etc. For waste heat recovery system as presented in 752 

this research, climate change is the first thing should be considered. Impacts of Global 753 

warming potential and Acidification potential are adopted as the mid-point evaluation 754 

indicators. Therefore, carbon footprints and Acidification potential of both systems are 755 

obtained and then compared from the mid-point perspective. GWP 100 years is used to 756 

evaluate carbon footprint by calculating the equivalent emissions of CO2 and 757 

Acidification potential is measured utilizing the equivalent emissions of SO2. 758 

Comparisons between the proposed system and individual KC in terms of GWP 759 

100 years are presented in Fig. 11. It can be noticed that the balance of equivalent CO2 760 

emissions of these two systems can be achieved in around 0.1 year. This means that the 761 

GWP caused in the construction and transportation phases can be eliminated with only 762 

a month or so. Except for the demolition stage, the curves of equivalent CO2 emissions 763 

at the first three stages are basically linear variation. The fitted correlations during this 764 

period are obtained for both systems: yGWP=-4.06×105x+2.57×104 for the integrated 765 

system and y’GWP=-2.81×105x+2.11×104 for the individual KC (yGWP and y’GWP are 766 

GWP values on the ordinate and x is year on the abscissa). Then the intersection of two 767 

curves is calculated as around 0.04 year (around 14 days). This intersection indicates 768 

that the emissions reduction of equivalent CO2 in the proposed system surpasses that in 769 

the individual KC within a very short period of time. The curves of both systems present 770 

little variation at the demolition stage, which indicates that the environmental effect at 771 

this stage is insignificant. When both systems reach to the service life, the integrated 772 

system shows a 44.70% higher performance than the individual KC. It means that the 773 

integrated system achieves much more emissions reduction than the individual KC. 774 
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 775 

Fig. 11 Global Warming Potential with time for the proposed system and individual KC. 776 

 777 

Comparisons between two systems in terms of Acidification potential are 778 

presented in Fig. 12. The equivalent SO2 emissions balance of two systems is achieved 779 

in around 0.2 year thus the Acidification potential from the construction and 780 

transportation process is quickly eliminated. The fitted correlations of equivalent SO2 781 

emissions are also obtained: yAP=-1.70×103x+308.50 for the integrated system and 782 

y’AP=-1.18×103x+277.69 for the individual KC (yAP and y’AP are AP values on the 783 

ordinate). The intersection is calculated as around 0.06 year (around 21 days). This 784 

intersection indicates that the equivalent SO2 emissions reduction in the proposed 785 

system will quickly surpass that in the individual KC. The variation of equivalent SO2 786 

emissions at the demolition stage is also insignificant. When the last stage is finished, 787 

the integrated system reduces much more equivalent SO2 emissions than the individual 788 

KC, with the improvement of 45.12%. 789 

 790 
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 791 

Fig. 12 Acidification Potential with time for the proposed system and individual KC. 792 

 793 

In general, based on the mid-point and end-point comparisons of environmental 794 

indicators between these two systems, it can be concluded that this proposed system is 795 

a better than the individual KC from the environmental point of view. 796 

 797 

5. Conclusions 798 

Multi-objective optimization of an absorption chiller/KC integrated system is 799 

investigated from the energetic, economic and environmental aspects. LCA is inserted 800 

into the optimization model to evaluate the environmental performance. NSGA-II is 801 

employed to solve the conflicts among objectives. TOPSIS and Shannon entropy 802 

approach are combined for decision making. Pareto optimal solutions are obtained, 803 

presenting the optimal trade-off among objectives. LCA of the proposed system and the 804 

individual KC is comprehensively conducted and compared, using Eco-indicator 99 805 

method and CML 2001 method. Main conclusions are as follows: 806 

(1) The final optimal solution presents around 9.34% and 9.53% higher thermal 807 

efficiency and EI99 at the cost of 3.03% higher ATC. 808 
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(2) Environmental damages are mainly caused in the construction, transportation 809 

and demolition phases. But the electricity production at the usage stage determines the 810 

final LCA environmental results. 811 

(3) Manufacturing and recycling of stainless steel have dominant environmental 812 

effects. Copper recycling has considerable contributions to the environmental 813 

performance improvement. 814 

(4) Low refrigeration temperature is beneficial to energetic and environmental 815 

performance, but not for the economic performance. More electricity production at 816 

lower refrigeration temperature improves the environmental indicators. 817 

(5) Mid-point analysis of carbon footprints and Acidification potential indicates 818 

that the equivalent CO2 and equivalent SO2 emissions balance can be achieved in 819 

around 0.1 year and 0.2 year, respectively. 820 

(6) From the end-point and mid-point aspects, comparison results prove that this 821 

integrated system is obviously better than the individual Kalina cycle. 822 
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