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13 ABSTRACT

14 The objective of this study is to develop and thoroughly evaluate several feasible hybrid 
15 trigeneration configurations based on a gas turbine combined cycle (GTCC) for generating 
16 electricity, freshwater, and cooling. Six hybrid configurations are developed by integrating 
17 different desalination and chiller systems to the GTCC. Desalination systems include multi 
18 effect distillation (MED) and reverse osmosis (RO) with pressure exchanger (PEX) and 
19 chiller systems include double effect and half effect water-lithium bromide absorption 
20 chillers (DEABC and HEABC) and a vapor compression chiller (VCC) with different working 
21 fluids. The specific goal is to identify the optimal hybridization scheme and parameters 
22 among different configurations. The economic results show that implementation of RO is 
23 more economical than a hybrid MED-RO system in which the power cycle’s condenser is 
24 replaced by a MED. Also, the use of DEABC is more economical than a HEABC and a VCC. The 
25 results demonstrate that configuration 1 in which GTCC with the wet cooling tower is 
26 integrated with DEABC and RO is the most economical configuration. For this system, the 
27 levelized costs of electricity, water, and cooling (LCOE, LCOW, LCOC) are $0.0648/kWh, 
28 $0.7219/m3 and $0.0402/ton-hr, respectively, of which LCOE and LCOC are not the lowest 
29 values among different configurations. 

30 Keywords: Hybrid trigeneration systems; Gas turbine combined cycle; Desalination 
31 systems; Water-Lithium bromide absorption chillers; Thermo-economic analysis.
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A absorber P pressure (kPa)
ABC absorption chiller PR pressure ratio
BPE boiling point elevation PEX pressure exchanger 
C compressor 𝑄 heat transfer rate (kW)
CC combustion chamber RO reverse osmosis
Cond condenser SEABC single effect absorption chiller
COP coefficient of performance (−) T temperature (°C)
DEABC double effect absorption chiller TIT turbine inlet temperature
Evap evaporator TTD terminal temperature difference
EG electrical generator Turb Turbine
FB flash box VCC vapor compression chiller
Gen generator 𝑊 work (kW)
GOR gain output ratio X salinity of water (ppm)
GTCC gas turbine combined cycle
h enthalpy (kJ/kg) Symbols
HP high pressure 𝜖 effectiveness
HT high temperature 𝜆 latent heat
HEABC half effect absorption chiller 𝜂 energy efficiency 
HEX heat exchanger
LCOC levelized cost of cooling ($/ton-hr) Subscripts
LCOE levelized cost of electricity ($/kWh) c condensate
LCOW levelized cost of water ($/m3) B Brine
LiBr lithium bromide D distillate
LP low pressure F feed seawater
LT low temperature in Input
𝑚 mass flow rate (kg/s) isen isentropic
MED Multi-effect distillation out Outlet
NH3 ammonia S Steam
N number of effects SW sea water
OFWH open feed water heater wb wet bulb
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36 1. Introduction 
37 Despite the substantial progress over the past few decades, the world is still 
38 experiencing significant challenges for supplying growing energy demand in a clean and 
39 sustainable manner in order to mitigate climate change. Along with electricity, demand for 
40 freshwater and air conditioning are on the rise in most parts of the globe. This is a strong 
41 motivation for continued research and development to create innovative solutions to meet 
42 these needs. Energy recovery is one of the most effective routes to improve the energy 
43 efficiency and sustainability of industrial processes and power generation cycles [1, 2]. This 
44 method is utilized in processes where unused thermal energy is accessible or available 
45 thermal energy can be extracted and used efficiently for other purposes.



3

46  Various means of heat utilization may be considered, depending on the amount and 
47 quality of the available heat. This leads to improved energy utilization efficiency by having 
48 industrial processes with a variety of products. One possibility is to use the available heat to 
49 operate thermally-driven cooling and refrigeration cycles. These processes can be 
50 categorized into absorption chillers using water-lithium bromide (H2O-LiBr) or ammonia-
51 water (NH3-H2O) as a working fluid, adsorption chillers, and solid and liquid desiccant 
52 systems [3]. The available heat can also be utilized to produce clean water via thermal 
53 desalination processes. The main types of thermal desalination technologies, that operate 
54 based on evaporation and condensation phenomena, are multi-effect distillation (MED), 
55 multi-stage flash distillation (MSF), thermal vapor compression (TVC), membrane 
56 distillation (MD), and humidification-dehumidification (HDH) systems [4]. 
57 Trigeneration and multigeneration systems provide an opportunity to supply a mix 
58 of different products simultaneously through recovering the available heat and improving 
59 energy utilization [5]. This leads to improved economic and environmental performance [6]. 
60 A large number of studies have been presented in the open literature to propose, model, and 
61 evaluate different trigeneration and multigeneration technologies and configurations. For 
62 example, Ahmadi et al. [7] evaluated a multigeneration system driven by waste heat from 
63 industry, for producing power, cooling, heating, and hydrogen. The system was comprised 
64 of an organic Rankine cycle (ORC), an ejector refrigeration cycle, a domestic water heat 
65 exchanger and an electrolyzer driven by the ORC. The authors utilized multi-objective 
66 optimization to identify the optimum design parameters. The results showed that, compared 
67 to a single generation system, the multigeneration system led to a 60% and almost 100% 
68 increase in the system’s energy and exergy efficiencies, respectively. In another study, 
69 Ahmadi et al. [8] investigated a trigeneration system comprised of flat plate and 
70 photovoltaic/thermal (PV/T) solar collectors, a polymer electrolyte membrane (PEM) 
71 electrolyzer, a reverse osmosis (RO) desalination system, and a single effect absorption 
72 chiller. Based on a multi-objective optimization, they identified the best operating conditions 
73 of the system with an exergy efficiency of 60% and a total cost rate of 154 US$/h. Karellas 
74 and Braimakis [9] carried out a thermo-economic analysis on a micro-scale trigeneration 
75 system to produce electricity, heating, and cooling. The proposed system included an ORC 
76 and a vapor compression refrigeration cycle and was powered by a parabolic trough 
77 collector accompanied by a biomass boiler. Results showed that the system overall electric 
78 efficiency, electricity output, heating output, and exergy efficiency were 2.38%, 1.42kWe, 
79 53.5kWth, and 7%, respectively. Patel et al. [10] evaluated a trigeneration system consisted 
80 of an ORC and cascaded vapor compression and absorption chillers. Energy and exergy 
81 analyses showed that the first and second law efficiencies of the system were 79.02% and 
82 46.7%, respectively. In a study by El-Emam and Dincer [11], heliostat field collectors were 
83 coupled with a steam Rankine cycle, an RO unit, a single effect H2O-LiBr absorption chiller, 
84 and a PEM electrolyzer to produce electricity, cooling, heating, hydrogen, and fresh water. 
85 The system was able to produce 4 MW of electricity, 1.25 kg/h of hydrogen, and 90 kg/s of 
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86 fresh water. Anvari et al. [12] conducted a thermodynamic and economic analysis to evaluate 
87 a trigeneration system for generating power, cooling, and heating. The system included a 30 
88 MW recuperative gas turbine cycle in which the waste heat in the exhaust gas was used for 
89 generating hot water, cooling using an absorption chiller and additional power via an ORC. 
90 The results showed that the exergy efficiency of the trigeneration system was 52.8% 
91 compared to 51.1% for the gas turbine cycle with heat recovery steam generator. Behnam et 
92 al. [13] conducted a thermoeconomic analysis to evaluate the performance of a small 
93 trigeneration system operated using geothermal energy for generating electricity, fresh 
94 water, and hot water. The system included a geothermal well, an ORC for power generation, 
95 a single stage evaporation desalination system, and a single effect H2O-LiBr absorption heat 
96 transformer for generating hot water and supplying heat to the desalination system. The 
97 designed system, based on a 100 °C geothermal water, had capacities of generating 161.5 kW 
98 power, 0.662 kg/s fresh water, and 246 kW heat. Khanmohammadi and Atashkari [14] 
99 carried out a thermoeconomic analysis and applied multi-objective optimization to evaluate 

100 a novel trigeneration system for producing electricity, freshwater, and domestic hot water. 
101 The system was based on a recuperative gas turbine cycle driven by a biomass gasification 
102 process in which the exhaust gas was recovered using an ORC, fresh water using an MED 
103 unit, and hot water. The results showed that 163.37 kW power could be generated using the 
104 ORC. Also, depending on the gasification temperature, 1,060-1,160 m3/day freshwater could 
105 be produced. Gargari et al. [15] evaluated the performance of a novel multigeneration system 
106 based on gas turbine-modular helium reaction (GT-MHR). The authors assessed the system 
107 performance from energy, economic, and environmental viewpoints. Under optimum 
108 conditions, the multigeneration system could generate 123.59 MW, 0.73 MW, 280.35 MW, 
109 18.14 kg/s, and 0.2432 kg/s of cooling, heating, power, freshwater, and hydrogen, 
110 respectively. Zoghi et al. [16] proposed a trigeneration system which combined an ORC and 
111 an absorption-compression cooling and power system for waste energy recovery from a 
112 diesel engine. The system was designed to generate power, cooling, and domestic hot water. 
113 The authors performed an exergoeconomic analysis and a parametric study to evaluate 
114 system performance. The net power output and COP of the absorption-compression cooling 
115 system were found to be 51.88 kW and 0.6188, respectively. Also, the overall energy and 
116 exergy efficiencies were obtained as 75.79% and 44.19%, respectively. Bottarelli and 
117 Cannistraro [17] have developed a prototype geothermal heat exchanger for heat pumps to 
118 be used in cold climates. Farsi and Dincer [18] developed a multigeneraton system driven by 
119 a high-temperature geothermal source for generating power, freshwater, cooling, and 
120 hydrogen. The system consisted of a single flash steam cycle, an ORC, a NH3-H2O absorption 
121 refrigeration, an electrolyzer, a MED, and a MD. The waste heat of the refrigeration system 
122 was used to drive the MED and MD units. An increase in the evaporator temperature of the 
123 refrigeration system caused a significant increase in the refrigeration performance while it 
124 led to a small increase in the MED and MD performance. The authors concluded that the 
125 system could generate 165,600 kg/day freshwater. Safari and Dincer [19] proposed a 
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126 multigeneration system based on a gas turbine cycle driven by biogas for producing power, 
127 freshwater, heating, and hydrogen. In this system, the exhaust heat of the gas turbine cycle 
128 was used for additional power generation by an ORC and freshwater production using an 
129 MED plant. A part of the generated electricity was used to produce hydrogen using an 
130 electrolyzer. The results showed that the multigeneration system had energy and exergy 
131 efficiencies of 63% and 40%, respectively. 
132 Natural gas combined cycle power plants are currently accounting for a large portion 
133 of power generation capacity in most parts of the world including the US and it is projected 
134 that their capacity grows more in the future. Natural gas combined cycle power plans are 
135 much cleaner and sustainable than other fossil fuel based power plants. Many efforts have 
136 been devoted to improving the technical and economic performance and sustainability of 
137 natural gas combined cycle power plants. Some studies demonstrated that inlet air cooling 
138 through an absorption chiller, by recovering waste energy from the exhaust stage, can 
139 improve the performance of gas turbine combined cycles [20-23]. Other studies evaluated 
140 different gas turbine combined cycle configurations and additional waste energy recovery 
141 through other cycles such as an ammonia power cycle [24], a CO2 transcritical power cycle 
142 [25], and an ORC [26]. Although the available waste heat in the exhaust stage of the gas 
143 turbine cycle is recovered by a steam Rankine bottoming cycle, there are still many 
144 possibilities for energy recovery for generating other products. 
145 In this study, different hybrid trigeneration systems based on a gas turbine combined 
146 cycle are developed and evaluated for generating electricity, freshwater and cooling for air 
147 conditioning. To the best knowledge of the authors, no thorough studies have been 
148 presented in the literature to evaluate several hybrid trigeneration systems based on a gas 
149 turbine combined cycle and different desalination and chiller systems. The objective of this 
150 study is to provide a comprehensive performance evaluation of several hybrid trigeneration 
151 system configurations using thermodynamic and economic analysis. The trigeneration 
152 systems are based on the hybridization of different desalination and chiller systems to the 
153 steam Rankine bottoming cycle. Two desalination technologies evaluated in this study are 
154 an MED plant and an RO unit that employs a pressure exchanger energy recovery device. 
155 Also, the employed chiller systems in the trigeneration configurations include a double effect 
156 H2O-LiBr absorption chiller (DEABC), a half effect H2O-LiBr absorption chiller (HEABC) and 
157 a vapor compression chiller (VCC) with different working fluids. The specific goal of this 
158 study is to identify the optimal hybridization scheme and parameters among different 
159 feasible hybrid system configurations. The most significant aspect of these trigeneration 
160 systems is that they are based on proven and commercially available technologies. Also, the 
161 integration schemes of different cycles are not complex and practically feasible. Therefore, 
162 the originality of this study is providing a comparative thermo-economic evaluation of 
163 several feasible hybrid trigeneration configurations based on proven technologies and the 
164 introduction of the most economical option with the lowest annual cost. The results of this 
165 study provide a significant insight into technical and economic aspects of hybrid 
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166 trigeneration systems based on gas turbine combined cycle and different desalination and 
167 chiller systems. 
168

169 2. Hybrid trigeneration systems
170 In this study, different hybrid system configurations are evaluated for trigeneration 
171 of power, cooling (air conditioning), and freshwater. To develop the hybrid system 
172 configurations, different desalination systems and chiller systems are integrated with a 
173 100,000 kW gas turbine combined cycle (GTCC). A simple regenerative steam Rankine cycle 
174 that employs one open feedwater heater is used as the bottoming cycle. Two cooling options 
175 are considered to reject the waste heat from the condenser section of the steam Rankine 
176 cycle including a dry condenser (air-cooled condenser) and a natural draft wet cooling tower 
177 that uses seawater as a cooling medium. Detailed information about wet and dry cooling 
178 tower systems used in power cycles can be found in [27, 28]. Two desalination technologies, 
179 a multi-effect distillation (MED) and a reverse osmosis (RO) that employs a pressure 
180 exchanger energy recovery device, are considered and evaluated in this study. The MED 
181 plant employed in this study has a parallel/cross flow configuration which provides a higher 
182 productivity for freshwater production than other available configurations [29]. Detailed 
183 process descriptions of the MED and RO plants is available in [29]. The chiller systems 
184 include a double effect absorption chiller (DEABC), a half effect absorption chiller (HEABC) 
185 and vapor compression chiller (VCC) with different working fluids. HEABC configuration is 
186 similar in complexity to the DEABC configuration, but it has a substantially lower coefficient 
187 of performance (COP). HEABC is a suitable option when the temperature of available heat 
188 (dry steam or waste heat) is lower than the minimum temperature required to drive a single 
189 effect absorption chiller (SEABC). The main reason for referring to it as half effect is that the 
190 COP of a HEABC is almost half of a SEABC while its configurations differs with a SEABC. The 
191 detailed process diagrams of different types of absorption chillers are available in [30]. 
192 Considering different feasible integrations of these systems, 6 hybrid configurations 
193 are evaluated and compared for generating power, cooling (air conditioning), and 
194 freshwater. Table 1 lists these hybrid system configurations. For all configurations, the 
195 nominal capacity of cooling and freshwater productions are considered 10,000 kW and 
196 20,000 m3/day, respectively.
197
198 Table 1 - Different hybrid trigeneration configurations for generating power, air conditioning and 
199 freshwater. 

Configuration # Description
Configuration 1 GTCC with wet cooling tower + DEABC + RO
Configuration 2 GTCC with wet cooling tower + VCC + RO
Configuration 3 GTCC with dry cooling tower + DEABC + RO
Configuration 4 GTCC with dry cooling tower + VCC + RO
Configuration 5 GTCC + DEABC + hybrid MED-RO
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Configuration 6 GTCC + HEABC + hybrid MED-RO
200
201 The hybrid configurations 1 and 2 are based on a GTCC with a steam bottoming cycle 
202 employing a wet cooling tower that uses seawater as a cooling medium. Configurations 1 and 
203 2 differ in terms of their employed chiller technology for air conditioning purposes. Fig. 1 
204 shows the hybrid trigeneration configuration 1 integrating a GTCC that uses wet cooling 
205 tower with a DEABC and a RO unit. In configuration 1, a DEABC operates by using the steam 
206 extracted from the Rankine cycle. Thus, in addition to steam extraction for the open 
207 feedwater heater, another extraction is considered for the DEABC. The amount of steam 
208 extracted for driving the DEABC is depending on the air conditioning demand. This 
209 configuration also includes an RO to generate freshwater using the electricity generated by 
210 the GTCC. 

211
212 Fig. 1. Hybrid trigeneration configuration 1 integrating a GTCC that uses wet cooling tower with a 
213 DEABC and a RO unit. 
214 Configuration 2 is similar to configuration 1 expect it employs a VCC rather a DEABC 
215 for generating cooling. In contrast to a DEABC which operates based on thermal energy and 
216 has a minimal electricity requirement, an VCC is an electrically driven chiller system. Thus, 
217 the VCC does not necessarily need to be co-located with the GTCC like DEABC. 
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218 The schematic of the hybrid trigeneration configuration 2 is shown in Fig. S1 in 
219 supplementary materials. 
220 The configurations 3 and 4 are similar to configurations 1 and 2, respectively, and 
221 their only difference is the use of a dry condenser system in the steam Rankine cycle instead 
222 of a wet cooling condenser system. Using a dry condenser demands a different set of design 
223 conditions for the GTCC, which also impacts the performance and economics of DEABC, VCC, 
224 and RO systems. 
225 Configurations 5 and 6 eliminate the use of any condenser and cooling tower for 
226 rejecting the waste heat from the steam Rankine cycle. Fig. 2 shows the hybrid trigeneration 
227 configuration 5 integrating a GTCC with a hybrid MED-RO and DEABC. Configuration 5 
228 provides the air conditioning demand using a DEABC by utilizing the steam extracted from 
229 the steam Rankine cycle. In configuration 5, the condenser section of the Rankine cycle is 
230 replaced with an MED system. Using the available thermal energy in the condensation stage 
231 of the Rankine cycle, the MED system can supply a part of freshwater demands. For this 
232 purpose, the condensation stage temperature and pressure are set at higher values so that 
233 the available steam can meet the thermal requirement of the MED plant. For this study, the 
234 condensation stage steam temperature is set at 333K which is a suitable temperature for 
235 driving an MED plant. As the available steam is not enough to supply the assigned freshwater 
236 demand, the MED system is hybridized with an RO system to supply this demand. 
237 The MED and RO systems are normally hybridized either in parallel or series mode. 
238 In this study and for both configurations 5 and 6, the series mode is considered in which the 
239 outlet of the feed seawater from the condenser of the MED plant is fed to the RO plant. This 
240 hybridization mode has two main benefits. First, it eliminates the need to feed pump power 
241 for the RO plant. Second, it improves the performance of the RO unit as the seawater fed to 
242 the RO is preheated in the condenser of the MED plant. The reason is that, with an increase 
243 in the feed water temperature, the membrane permeability increases leading to a reduction 
244 in the pumping power consumption [31]. 
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245
246 Fig. 2. Hybrid trigeneration configuration 5 integrating a GTCC with a hybrid MED-RO and DEABC. 
247
248 Fig. 3 shows the hybrid trigeneration configuration 6 integrating a GTCC with a hybrid 
249 MED-RO and HEABC. In configuration 6, the Rankine cycle’s condenser section is replaced 
250 with an HEABC and an MED. A part of the available thermal energy in the condensation stage 
251 of the Rankine cycle is used to drive the generators of the HEABC. The rest of the 
252 condensation stage’s thermal energy is supplied to an MED unit for freshwater production. 
253 The temperature remains at 333 K which is suitable for both MED and HEABC systems. 
254 Similar to configuration 5, a hybrid MED-RO system designed to supply the 
255 freshwater demand. The replacement of the condenser and cooling tower with the MED and 
256 HEABC systems in configurations 5 and 6 causes a significant reduction in the capital cost of 
257 the steam Rankine cycle. However, it causes a penalty in the power production and thermal 
258 efficiency of the Rankine cycle due to setting a higher condensation temperature and 
259 pressure. 
260
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261

262 Fig. 3. Hybrid trigeneration configuration 6 integrating a GTCC with a hybrid MED-RO and HEABC.

263 3. Thermodynamic model
264 Thermodynamic and economic analyses were carried out to evaluate and compare 
265 the performance of the hybrid trigeneration system configurations. Engineering equation 
266 solver (EES) was used to simulate and evaluate these hybrid configurations [32]. 
267 This section presents the developed thermodynamic models for each sub-system of 
268 the hybrid systems while the economic models are presented in Section 4.
269 The principles of thermodynamics are used to apply the mass and energy balances to 
270 different sub-systems and components of the hybrid systems. The models are developed 
271 under a steady state steady flow condition with neglecting kinetic, potential, and chemical 
272 energies, heat loss in the components and pressure losses in the piping. The thermodynamic 
273 models of different systems are presented in Sections 3.1 to 3.4. The thermodynamic models’ 
274 verification is given in supplementary materials.  
275  
276 3.1. Gas turbine combined cycle
277 As noted in Section 2, a gas turbine combined cycle (GTCC) is integrated with different 
278 chiller and desalination systems to provide the electrical and thermal energy required for 
279 driving those systems. A simple regenerative steam Rankine cycle with one open feedwater 
280 heater is employed as the bottoming cycle of the gas turbine cycle. The net power output of 
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281 the combined cycle is considered 100,000 kW although the gross power is much higher, as a 
282 part of the generated electricity by the combined cycle is used for the chiller and desalination 
283 systems. 
284 For the Brayton cycle (gas turbine cycle), the net power output ( ) and 𝑊𝑛𝑒𝑡,𝐵𝑟𝑎𝑦

285 thermal efficiency ( ) are calculated using Eqs. (1) and (2) as follows: 𝜂𝑡ℎ,𝐵𝑟𝑎𝑦

286
𝑊𝑛𝑒𝑡,𝐵𝑟𝑎𝑦 = 𝑚𝑔𝑎𝑠.𝑤𝑔𝑎𝑠,𝑡𝑢𝑟𝑏 ‒ 𝑚𝑎𝑖𝑟.𝑤𝑐𝑜𝑚𝑝 (1)

𝜂𝑡ℎ,𝐵𝑟𝑎𝑦 =
𝑊𝑛𝑒𝑡,𝐵𝑟𝑎𝑦

𝑚𝑓.𝐿𝐻𝑉.𝜂𝑐𝑐

(2)

287 where  is the mass flow rate of flue gas exiting the gas turbine, and  is the 𝑚𝑔𝑎𝑠 𝑚𝑎𝑖𝑟

288 mass flow rate of air entering the compressor.  and  are the specific works of 𝑤𝑔𝑎𝑠,𝑡𝑢𝑟𝑏 𝑤𝑐𝑜𝑚𝑝

289 the gas turbine and compressor, respectively.  is the mass flow rate of the fuel (pure 𝑚𝑓

290 methane, CH4), LHV is the fuel lower heating value, and  is the efficiency of the combustion 𝜂𝑐𝑐

291 chamber. 
292 For the steam Rankine cycle that employs a dry condenser, the net output power (
293 ) and the thermal efficiency ( ) are calculated via Eqs. (3) and (4), 𝑊𝑛𝑒𝑡,𝑅𝑎𝑛𝑘 𝜂𝑡ℎ,𝑅𝑎𝑛𝑘

294 respectively:

𝑊𝑛𝑒𝑡,𝑅𝑎𝑛𝑘 = ( 2

∑
𝑖 = 1

𝑊𝑠𝑡𝑒𝑎𝑚,𝑡𝑢𝑟𝑏,𝑖 ‒
2

∑
𝑖 = 1

𝑊𝑝𝑢𝑚𝑝,𝑖 ‒ 𝑊𝑓𝑎𝑛) (3)

𝜂𝑡ℎ,𝑅𝑎𝑛𝑘 =
𝑊𝑛𝑒𝑡,𝑅𝑎𝑛𝑘

𝑄𝐻𝑅𝑆𝐺

(4)

295  is the work consumed by the dry condenser’s fan calculated using the 𝑊𝑓𝑎𝑛

296 methodology presented in [33]. Note that when a wet cooling tower is considered or the 
297 condenser is replaced by MED or HEABC,  is equal to zero. However, in those cases, the 𝑊𝑓𝑎𝑛

298 power required to drive the chillers and desalination are added.  and  are 𝑊𝑠𝑡𝑒𝑎𝑚,𝑡𝑢𝑟𝑏 𝑊𝑝𝑢𝑚𝑝

299 calculated using turbine’s isentropic efficiency ( ) and pump’s isentropic efficiency (𝜂𝑖𝑠𝑒𝑛,𝑡𝑢𝑟𝑏

300 ) as expressed by Eqs. (5) and (6), respectively:𝜂𝑖𝑠𝑒𝑛,𝑝𝑢𝑚𝑝

301
𝑊𝑠𝑡𝑒𝑎𝑚,𝑡𝑢𝑟𝑏 = 𝑚𝑠𝑡𝑒𝑎𝑚(ℎ𝑖𝑛 ‒ ℎ𝑜𝑢𝑡) = 𝑚(ℎ𝑖𝑛 ‒ ℎ𝑜𝑢𝑡,𝑠)𝜂𝑖𝑠𝑒𝑛,𝑡𝑢𝑟𝑏 (5)

𝑊𝑝𝑢𝑚𝑝 = 𝑣𝑖𝑛(𝑃𝑖𝑛 ‒ 𝑃𝑜𝑢𝑡

𝜂𝑖𝑠𝑒𝑛,𝑝𝑢𝑚𝑝) (6)

302  presented in Eq. (4) is the total heat added to the heat recovery steam 𝑄𝐻𝑅𝑆𝐺

303 generator (HRSG) section. 
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304 The HRSG section includes three components of a pre-heater, a boiler, and a 
305 superheater which were modeled separately as each has a different form of energy balance. 
306 1% pressure loss was considered for each of these components. 
307 The open feedwater heater was modeled using terminal temperature difference 
308 (TTD), defined as the difference between the saturation temperature of the extraction steam 
309 and the outlet temperature of feedwater heater. 
310 The dry condenser was designed based on the dry bulb temperature or ambient 
311 temperature ( ) while the wet cooling tower was designed based on the wet bulb 𝑇𝑎𝑚𝑏

312 temperature ( ). In this study, a 10K difference is assumed between the ambient 𝑇𝑤𝑏

313 temperature and the wet bulb temperature. The heat transfer and pressure drop analyses of 
314 the dry condenser were carried out according to the models presented in [33]. For designing 
315 the dry condenser, two parameters of initial temperature difference (ITD), and air 
316 temperature difference (ATD) were considered. ATD is the difference between the inlet and 
317 outlet air temperatures of the dry condenser. ITD is the difference between the condensation 
318 temperature and the ambient temperature. 
319 The wet cooling tower was designed based on three design parameters of approach, 
320 range, and TTD. Approach is defined as the temperature difference between the water 
321 leaving the cooling tower and . While range is defined as the difference between the inlet 𝑇𝑤𝑏

322 and outlet temperatures of the cooling water. For a wet-cooled condenser, TTD is 
323 the difference between the steam saturation temperature and the outlet cooling 
324 water temperature.
325 Seawater has different thermophysical properties than freshwater which impact the 
326 mass and heat transfer processes in the wet cooling tower. Therefore, the correlations 
327 presented by Sharqawy et al. [34] were utilized for calculating the thermophysical 
328 properties of seawater.
329 The inputs used for the design of the GTCC are given in Table 2. 
330
331 Table 2 - Input design parameters for the GTCC.

Parameter Value
∆𝑃𝑐𝑐 4%
𝜂𝑐𝑜𝑚𝑝 0.85
𝜂𝑡𝑢𝑟𝑏 0.87
𝜂𝑐𝑐 0.98
𝜂𝑒𝑙𝑒𝑐𝑡 ‒ 𝑔𝑒𝑛 0.98
𝜂𝑖𝑠𝑒𝑛,𝑡𝑢𝑟𝑏 0.85
𝜂𝑖𝑠𝑒𝑛,𝑝𝑢𝑚𝑝 0.80
𝑃𝑡𝑢𝑟𝑏,𝑖𝑛𝑡,𝑅𝑎𝑛𝑘 8,000 kPa
𝑇𝑡𝑢𝑟𝑏,𝑖𝑛𝑡,𝑅𝑎𝑛𝑘 793 K
ATD 10 K
ITD 25 K
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Approach 5 K
Range 10 K
𝑇𝑇𝐷𝐶𝑜𝑛𝑑 3 K
𝑊𝑛𝑒𝑡 100,000 kW

332
333 3.2. Water-lithium bromide absorption chillers and compression chiller  
334 The specific assumptions used to model and evaluate the performance of the 
335 absorption and compression chillers are: (1) For both absorption and compression chillers, 
336 the refrigerants leaving absorber, condenser, and evaporator are saturated, (2) The process 
337 inside the expansion valves is isenthalpic, (3) For the double effect absorption chiller, the 
338 pinch temperature difference in the internal heat exchanger processes between HTC and 
339 LTG is assumed 5 °C, (4) For absorption chillers, the temperatures of absorber and 
340 condenser are equal, and (5) For both double effect and half effect absorption chillers, the 
341 inlet and outlet temperatures of cooling water for absorber and condenser are equal.
342 The performance of the chillers is evaluated based on the coefficient of performance 
343 (COP), defined as a ratio of the generated cooling effect in the evaporator (  to the input 𝑄𝑒𝑣𝑎𝑝)
344 thermal and/or electrical energy required to run the chiller. 
345 The COP of the absorption chillers is calculated as follows:
346

𝐶𝑂𝑃𝐴𝐵𝐶 =
𝑄𝑒𝑣𝑎𝑝,𝐴𝐵𝐶

𝑄𝑔𝑒𝑛 + ∑𝑊𝑝𝑢𝑚𝑝,𝐴𝐵𝐶

(7)

347 where  is the thermal energy, in the form of dry steam, supplied to the generators 𝑄𝑔𝑒𝑛

348 of the absorption chiller cycles. For the HEABC,  is the summation of thermal energy 𝑄𝑔𝑒𝑛

349 supplied to both high-temperature generator ( ) and low-temperature generator (𝑄𝐻𝑇𝑔𝑒𝑛

350 ).  represents the powers consumed by absorption chiller’s pumps.𝑄𝐿𝑇𝑔𝑒𝑛 𝑊𝑝𝑢𝑚𝑝,𝐴𝐵𝐶

351 For the vapor compression chiller, the COP is calculated as expressed by Eq. (8):

𝐶𝑂𝑃𝑉𝐶𝐶 =
𝑄𝑒𝑣𝑎𝑝,𝑉𝐶𝐶

𝑊𝑐𝑜𝑚𝑝

(8)

352
353 where  is the work required to the drive the compressor, calculated using Eq. 𝑊𝑐𝑜𝑚𝑝

354 (9) as follows:
355

𝑊𝑐𝑜𝑚𝑝 = 𝑚(ℎ𝑜𝑢𝑡,𝑠 ‒ ℎ𝑖𝑛)/𝜂𝑖𝑠𝑒𝑛,𝑐𝑜𝑚𝑝 = 𝑚(ℎ𝑜𝑢𝑡 ‒ ℎ𝑖𝑛) (9)

356 where  is the isentropic efficiency of the compressor considered equal to 0.7. 𝜂𝑖𝑠𝑒𝑛,𝑐𝑜𝑚𝑝

357 Also, the electrical and mechanical efficiencies of the compressor were considered as 
358 constant value of 0.95 each.
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359 For chiller systems, only a wet cooling condenser was considered to achieve a more 
360 favorable performance. Table 3 presents the main parameters used as inputs to model the 
361 absorption and compression chillers. 
362 The inlet and outlet temperatures of chilled water were considered to be 8 K and 3 K 
363 higher than the evaporator temperature, respectively. 
364
365 Table 3 - Input design parameters for absorption and compression chillers. 

Parameter Value
𝑇𝑒𝑣𝑎𝑝 280 K
𝜀𝑆𝐻𝑋 0.75
Approach 3 K
Range 5 K
𝑇𝑇𝐷𝐶𝑜𝑛𝑑 3 K
𝜂𝑖𝑒𝑠𝑛,𝑐𝑜𝑚𝑝 0.7
𝜂𝑒𝑙𝑒𝑐𝑡,𝑐𝑜𝑚𝑝 0.95
𝜂𝑚𝑒𝑐ℎ,𝑐𝑜𝑚𝑝 0.95

366
367 3.3. Multi-effect distillation 
368 As noted, a parallel/cross flow MED configuration is considered in this study owing 
369 to its higher productivity. In this configuration, the feed seawater is equally distributed to all 
370 effects. The steam at 333 K coming from the condensation stage of the Rankine cycle is 
371 supplied to the first effect of the MED plant. To simulate the MED plant’s performance, it is 
372 assumed that the distillate generated in all effects is salt-free, and the temperature difference 
373 ( ) between all effects is equal. Moreover, the non-equilibrium allowance and any heat loss ∆𝑇
374 from each component to the surroundings is neglected. 
375 In this study, the productivity or performance of the MED plant is evaluated using 
376 gain output ratio (GOR), defined as a ratio of the mass flow rate of the total distillate, or 
377 freshwater, generated in all effects ( ) to the mass flow rate of steam ( ) supplied to the 𝑚𝐷 𝑚𝑠

378 1st effect [35]. GOR is expressed by Eq. (10) as follows:

𝐺𝑂𝑅 =
𝑚𝐷

𝑚𝑠

(10)

379 Although an MED plant is a thermally driven desalination system, it requires some 
380 pumping units for the feed seawater, distillate product, brine reject, and chemical dosing 
381 [32]. This pumping power requirement, or specific power consumption of the MED plant, is 
382 normally considered 1.5-2.5 kWh/m3. In this study, a value of 2.0 kWh/m3 is assumed. For 
383 configurations 5 and 6, depending on the MED capacity, the total MED’s pumping power 
384 requirement ( ) is calculated as follows:𝑊𝑀𝐸𝐷

𝑊𝑀𝐸𝐷 = 𝑚𝐷 × 2.0 × 3.6 (11)
385 The factor of 3.6 was added to convert  from kg/s to m3/h.   𝑚𝐷

386 The design parameters of the MED plant are presented in Table 4.
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387
388 Table 4 -Input data for simulation of the MED plant.

Parameter Value
Number of effects 4, 6, 8
Inlet steam temperature 333 K
Top brine temperature 330 K
Last effect brine temperature 311 K
BPE 0.8
𝑇𝑆𝑊 298 K
𝑇𝐹 308 K
𝑋𝐹 40,000 ppm

389
390 3.4. Reverse osmosis
391 For the simulation of the RO plant, a model based on a previous study were developed 
392 [36]. The mass flow rate of generated distillate ( ) by the RO plant and its salinity ( ) are 𝑚𝐷 𝑋𝐷

393 calculated using Eqs. (12) and (13) as follows [36]:
𝑚𝐷 = 𝑚𝐹.𝑅𝑅 (12)

𝑋𝐷 = 𝑋𝐹.(1 ‒ 𝑆𝑅) (13)
394
395 where  is the recovery ratio, and  is the salt rejection ratio. 𝑅𝑅 𝑆𝑅
396 The mass flow rate and salinity of the rejected brine from the RO system (  and ) 𝑚𝐵 𝑋𝐵

397 are determined as presented by Eqs. (14) and (15), respectively [36:
398

𝑚𝐵 = 𝑚𝐹 ‒ 𝑚𝐷 (14)

𝑋𝐵 =
𝑚𝐹.𝑋𝐹 ‒ 𝑚𝐷.𝑋𝐷

𝑚𝐵

(15)

399 The number of required elements for the RO unit is calculated by Eq. (16) as follows [37, 38]:

𝑁𝐸 =
𝑄𝑃

𝑓. 𝐴𝑚𝑒𝑚𝑏

(16)

400 where  is the permeate flow rate in m3/h,  is the average flux of the membrane, 𝑄𝑃 𝑓
401 and  is the membrane area. In this study, a membrane type of FTSW30HR-380 is 𝐴𝑚𝑒𝑚𝑏

402 considered for the RO plant. 
403 Then the number of pressure vessels ( ) can be determined by Eq. (17) as 𝑁𝑃𝑉

404 follows [37, 38]:
405
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𝑁𝑃𝑉 =
𝑁𝐸

𝑁𝐸,𝑃𝑉

(17)

406 where  is the number of elements connected in series in each pressure vessel. 𝑁𝐸,𝑃𝑉

407 The required power for each pump of the RO system is generally expressed by Eq. 
408 (18) as follows:
409

𝑊𝑝𝑢𝑚𝑝,𝑅𝑂 =
𝑚𝐹∆𝑃

𝜌𝜂𝑝𝑢𝑚𝑝,𝑅𝑂

(18)

410 The total pump work of the RO unit is the sum of works required for the feed pump (
411 ), high pressure pump ( ) and booster pump ( ). 𝑊𝑓𝑒𝑒𝑑 𝑝𝑢𝑚𝑝,𝑅𝑂 𝑊𝐻𝑃 𝑝𝑢𝑚𝑝,𝑅𝑂 𝑊𝑏𝑜𝑜𝑠𝑡𝑒𝑟 𝑝𝑢𝑚𝑝,𝑅𝑂

412 For the pressure exchanger (PEX) device, Eq. (19) is applied based on its efficiency (
413 ) [39, 40]: 𝜂𝑃𝐸𝑋

414

𝜂𝑃𝐸𝑋 =
𝑚𝐹.𝑃𝐹,𝑜𝑢𝑡 + 𝑚𝐵.𝑃𝐵,𝑜𝑢𝑡

𝑚𝐹.𝑃𝐹,𝑖𝑛 + 𝑚𝐵.𝑃𝐵,𝑖𝑛

(19)

415 where  and  are the pressures of inlet and outlet feed seawater, respectively 𝑃𝐹,𝑖𝑛 𝑃𝐹,𝑜𝑢𝑡

416 while  and  are the pressures of inlet and outlet brine, respectively. 𝑃𝐵,𝑖𝑛 𝑃𝐵,𝑜𝑢𝑡

417 Table 5 presents the input parameters for the RO unit with PEX. 
418
419 Table 5- Design parameters for the RO unit with PEX. 

Parameter Value
𝐴𝑚𝑒𝑚𝑏 35.4 m2

FF 0.85
𝑁𝐸,𝑃𝑉 7
𝑇𝐹 35 °C
𝑋𝐹 40,000 ppm
𝜂𝑃𝐸𝑋 0.90
𝜂𝑝𝑢𝑚𝑝,𝑅𝑂 0.75

420

421 4. Economic model
422 This section presents the economic models used to evaluate and compare the 
423 economic performance of the hybrid trigeneration configurations. For each sub-system, 
424 three different economic parameters of annual capital cost (ACC), annual operating cost 
425 (AOC), and levelized cost of useful products are calculated. For each system, the economic 
426 model and data from previous studies were used. 
427 The economic performance of the gas turbine combined cycle was evaluated using 
428 the same methodology, cost functions, and cost data as those utilized in the previous studies 
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429 of the authors [41, 42].  For the absorption and compression chillers, the economic model, 
430 cost functions, and data used in a previous study were used [45]. 
431 To calculate the investment cost of the dry cooling system including the heat 
432 exchanger unit, fans, and motor, structure and piping, the following cost function as 
433 expressed by Eq. (21) is used [44]:
434

𝐶𝐷𝑟𝑦 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = (0.7434 × (𝐼𝑇𝐷)2 ‒ 48.721 × 𝐼𝑇𝐷 + 1017.1) × 𝑊𝑛𝑒𝑡,𝑅𝑎𝑛𝑘 (20)

435 This cost function calculates the cost of the dry cooling system in Euro so currency 
436 conversion was used to convert the cost to US Dollar.
437 The investment cost of the wet cooling system includes the cost of the wet cooled 
438 condenser and the natural draft cooling tower. The cost of condenser is calculated by Eq. 
439 (21) as follows [45]:

𝐶𝑐𝑜𝑛𝑑 = 32,800 × 𝐶𝑓 × ( 𝐴
80)

0.68 (21)

440 Use of seawater as a cooling medium raises some corrosion concerns in the wet 
441 cooling system. To avoid and minimize such concerns, proper materials should be selected. 
442 In this study, carbon steel is used in the shell side and stainless steel is used in the tube side 
443 of the condenser heat exchanger. Thus, a material correction factor ( ) of 1.7 is added to 𝐶𝑓

444 include the effect of adding stainless steel [45].   
445 The cost of cooling tower is calculated using Eq. (22) as follows [43]:
446

𝐶𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑡𝑜𝑤𝑒𝑟 = 𝑏1 ×  𝑚𝑏2
𝑐𝑤 × 10𝑏3 × 𝑌 × 𝑍 + 𝑏4 × 𝐴 + 𝑏5 × 𝑅 + 𝑏6 (22)

447 The values of coefficients -  are found [43]. Also, Y and Z are defined using Eqs. 𝑏1 𝑏6

448 (23) and (24), respectively [43]:
449

𝑌 = 𝑇𝑐𝑤,𝑖𝑛 ‒ 𝑇𝑤𝑏, 𝑎𝑖𝑟,𝑖𝑛 (23)
𝑍 = 𝑇𝑐𝑤,𝑜𝑢𝑡 ‒ 𝑇𝑐𝑤,𝑖𝑛 (24)

450  is the cooling water temperature at the outlet of the tower or inlet of the 𝑇𝑐𝑤,𝑖𝑛

451 condenser and  is the cooling water temperature at the inlet of the tower or outlet of 𝑇𝑐𝑤,𝑜𝑢𝑡

452 the condenser. Also,  is the wet bulb temperature of the inlet air to the tower.𝑇𝑤𝑏, 𝑎𝑖𝑟,𝑖𝑛

453 To calculate the cost of all heat exchangers including those of the absorption chillers, 
454 the compression chiller, and the condenser of the wet cooling system, their heat transfer area 
455 (A) is calculated using Eq. (25) as follows:
456
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𝐴 =
𝑄

𝑈∆𝑇𝐿𝑀𝑇𝐷

(25)

457 where U and  are heat transfer coefficient and logarithmic mean temperature ∆𝑇𝐿𝑀𝑇𝐷

458 difference, respectively.
459 Detailed economic models based on both capital and operating costs of the MED and 
460 RO plants were used to evaluate their economics and calculate the levelized cost of water 
461 (LCOW) in different trigeneration configurations. For both MED and RO plants, the capital 
462 costs consist of direct and indirect costs which each includes several terms. The operating 
463 cost includes different terms such as the costs of maintenance and replacement, labor, pre-
464 treatment, insurance cost, and cost of electricity. For all sub-systems of the trigeneration 
465 configurations including the RO and MED plants, the specific cost of electricity is the levelized 
466 cost of electricity (LCOE) generated by the gas turbine combined cycle. Tables S1 and S2 in 
467 supplementary materials present the capital investment cost and operating cost of the RO 
468 plant, respectively. The used equation and data to calculate the capital investment cost and 
469 operating cost of the MED plant are presented in Tables S3 and S4 of the supplementary 
470 materials, respectively.
471 The used cost equations and data for different components are related to different 
472 years. To make the economic analysis relevant and accurate, the chemical engineering plant 
473 cost index (CI) was used to update the costs to the year 2018. 
474 After calculating the total investment cost (TIC), the ACC of each system can be 
475 calculated as follow:
476 ACC is a function of the TIC and the capital recovery factor (CRF) calculated by Eq. 
477 (28):
478

𝐴𝐶𝐶 = 𝑇𝐼𝐶 ×  𝐶𝑅𝐹 (26)

479 CRF is a function of lifetime of the system and discount rate which are assumed for all 
480 systems to be 25 years and 0.07, respectively.
481 The levelized cost of electricity, water and cooling (LCOE, LCOW and LCOC) are 
482 calculated using Eqs. (27), (28) and (29), respectively:
483

𝐿𝐶𝑂𝐸 =
𝐴𝐶𝐶𝐺𝑇𝐶𝐶 + 𝐴𝑂𝐶𝐺𝑇𝐶𝐶

𝐸𝑃𝑎𝑛𝑛𝑢𝑎𝑙

(27)

𝐿𝐶𝑂𝑊 =
𝐴𝐶𝐶𝑀𝐸𝐷/𝑅𝑂 + 𝐴𝑂𝐶𝑀𝐸𝐷/𝑅𝑂

𝐹𝑊𝑃𝑎𝑛𝑛𝑢𝑎𝑙

(28)



19

𝐿𝐶𝑂𝐶 =
𝐴𝐶𝐶𝐴𝐵𝐶/𝑉𝐶𝐶 + 𝐴𝑂𝐶𝐴𝐵𝐶/𝑉𝐶𝐶

𝐶𝑃𝑎𝑛𝑛𝑢𝑎𝑙

(29)

484  where ,  and  are the annual electricity production, 𝐸𝑃𝑎𝑛𝑛𝑢𝑎𝑙 𝐹𝑊𝑃𝑎𝑛𝑛𝑢𝑎𝑙 𝐶𝑃𝑎𝑛𝑛𝑢𝑎𝑙

485 freshwater production and cooling production, respectively. 
486

487 5. Results and discussion
488 The primary analysis and results show that the capital and annual costs of the gas 
489 turbine cycle is significantly higher than desalination and chiller systems. Although the 
490 objective of this work is not to optimize the systems, a simple optimization was conducted 
491 using EES to achieve the minimum LCOE for the combined cycle. The turbine inlet 
492 temperature of the Brayton cycle ( ) and compressor pressure ratio (PR) were 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

493 considered as decision variables. The assigned ranges of search for  and PR are 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

494 between 1373 K and 1573 K and between 8 and 12, respectively. Table 6 presents the 
495 optimum values of PR and  obtained for different combined cycle configurations. 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

496 It is observed that a relatively higher PR and  is obtained for configurations 3 and 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

497 4 that employs a dry cooling system for the Rankine cycle. Note that for configurations 5 and 
498 6, due to the same type of configuration and energy recovery, which replaces cooling tower 
499 with other sub-systems, the optimum values of PR and  are almost the same. For 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

500 all other sub-systems, the input parameters were assigned based on some preliminary 
501 analysis and the findings from previous studies to ensure all the sub-systems have a 
502 favorable thermodynamic and economic performance. 
503
504 Table 6- Optimum values of PR and  for different combined cycle configurations. 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

Configuration # PR 𝑻𝑰𝑻𝑩𝒓𝒂𝒚𝒕𝒐𝒏(𝑲)
Configuration 1 12.2 1495
Configuration 2 12.0 1493
Configuration 3 13.2 1500
Configuration 4 12.9 1496
Configuration 5 12.3 1494
Configuration 6 12.4 1494

505
506 As noted, different working fluids were evaluated for the vapor compression chiller 
507 (VCC) to determine the most suitable fluid. Five environmentally friendly working fluids of 
508 R600, R290, R717, R1234yf and R1234ze(E) were selected for this study. 
509 Table 7 shows the thermodynamic and economic results obtained for these five 
510 working fluids considering the inputs given in Table 3 and the cost of electricity of 
511 $0.07/kWh. The obtained results demonstrate that R717 is the most suitable working fluid 
512 from both thermodynamic and economic viewpoints. Therefore, for the rest of the paper, 
513 R717 is considered as the working fluid in the VCC.



20

514
515 Table 7- Thermodynamic and economic comparisons between different working fluid used for the 
516 VCC.

Working fluid 𝐶𝑂𝑃 𝑇𝐴𝐶 ($/𝑦𝑒𝑎𝑟) 𝐿𝐶𝑂𝐶 ($/𝑡𝑜𝑛 ‒ ℎ𝑟)
R600 5.970 1,063,000 0.0748
R290 5.671 1,080,500 0.0760
R717 5.994    990,700 0.0697
R1234yf 5.558 1,127,100 0.0793
R1234ze(E) 5.782 1,091,000 0.0767

517  
518 Table 8 presents the thermodynamic results of the gas turbine combined cycle for 
519 different hybrid trigeneration configurations. 
520 The results include the thermodynamic efficiency of the Brayton cycle, Rankine cycle 
521 and gas turbine combined cycle  ( ,  and ), the gross power generated by the 𝜂𝐵𝑟𝑎𝑦 𝜂𝑅𝑎𝑛𝑘 𝜂𝐺𝑇𝐶𝐶

522 Brayton and Rankine cycles (  and ) and the consumed power by dry 𝑊𝑔𝑟𝑜𝑠𝑠,𝐵𝑟𝑎𝑦 𝑊𝑔𝑟𝑜𝑠𝑠,𝑅𝑎𝑛𝑘

523 condenser’s fan ( ). 𝑊𝑓𝑎𝑛

524
525 Table 8 - Thermodynamic results of the gas turbine cycle for different hybrid trigeneration 
526 configurations. 

Configuration # 𝜂𝐵𝑟𝑎𝑦 𝜂𝑅𝑎𝑛𝑘 𝜂𝐺𝑇𝐶𝐶 𝑊𝑔𝑟𝑜𝑠𝑠,𝐵𝑟𝑎𝑦 
(𝑘𝑊)

𝑊𝑔𝑟𝑜𝑠𝑠,𝑅𝑎𝑛𝑘

(𝑘𝑊)
𝑊𝑓𝑎𝑛

(𝑘𝑊)
1 0.3275 0.3276 0.4535 72,203 30,252 -
2 0.3269 0.3501 0.4552 71,814 32,309 -
3 0.3338 0.2953 0.4416 75,584 26,871 1,097
4 0.3321 0.3150 0.4412 75,264 28,859 1,283
5 (4-effect MED) 0.3285 0.3075 0.4457 73,717 28,318 -
5 (6-effect MED) 0.3285 0.3075 0.4461 73,645 28,288 -
5 (8-effect MED) 0.3285 0.3075 0.4465 73,577 28,260 -
6 (4-effect MED) 0.3285 0.3289 0.4540 72,369 29,731 -
6 (6-effect MED) 0.3285 0.3289 0.4543 72,318 29,709 -
6 (8-effect MED) 0.3285 0.3289 0.4546 72,270 29,690 -

527
528 The lowest  is obtained for configuration 3 because of the significant penalty in 𝜂𝑅𝑎𝑛𝑘

529 the power and thermal efficiency due to the implementation of dry condenser and DEABC. 
530 Employment of the dry condenser demands a high condensation temperature and pressure 
531 leading to a power and efficiency penalty. Also, when DEABC is integrated, a part of the steam 
532 that goes to the lower pressure turbine is extracted for supplying the thermal demands of 
533 the DEABC. This means less steam remains to be expanded in the lower pressure turbine for 
534 electricity generation leading to a penalty in the power and efficiency. This is the main reason 
535 that configuration 3 has a lower  than configuration 4. The highest  is obtained for 𝜂𝑅𝑎𝑛𝑘 𝜂𝑅𝑎𝑛𝑘

536 configuration 2 because no absorption chiller or MED systems are integrated to the Rankine 
537 cycle. Both VCC and RO systems are electrically driven, and as a result, they can be located 
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538 anywhere and the required electricity can be sent directly to these systems. According to 
539 Table 8, the highest and the lowest  are obtained for configurations 2 and 4 with the 𝜂𝐺𝑇𝐶𝐶

540 values of 0.4552 and 0.4412, respectively. Configurations 3-6 experience a substantial 
541 penalty in power and efficiency due to employment of a dry condenser or replacement of a 
542 condenser with an MED or MED and HEABC. 
543 For configurations 5 and 6, three different cases are considered for the MED plant by 
544 setting its number of effects to 4, 6, and 8. The results for configurations 5 and 6 demonstrate 
545 that increasing the number of effects for the MED plant causes an increase in the . The 𝜂𝐺𝑇𝐶𝐶

546 reason is with an increase in the number of effects, the productivity of the MED plant 
547 increases meaning less freshwater is produced by the RO unit. As the MED plant has a lower 
548 electrical requirement, or specific power consumption, than the RO plant, increasing the 
549 number effects causes a reduction in the gross power that should be generated to produce 
550 the same amount of freshwater; therefore, the  increases. Among all configurations, the 𝜂𝐺𝑇𝐶𝐶

551 highest  and the lowest  are obtained for configurations 3 and 4 𝑊𝑔𝑟𝑜𝑠𝑠,𝐵𝑟𝑎𝑦 𝑊𝑔𝑟𝑜𝑠𝑠,𝑅𝑎𝑛𝑘

552 because of the dry condenser.
553 Thermodynamic results of different desalination and chiller systems for all hybrid 
554 trigeneration configurations are presented in Table 9. These results include the power 
555 consumed by the MED, RO and VCC systems ( ,  and ), the freshwater 𝑊𝑀𝐸𝐷 𝑊𝑅𝑂 𝑊𝑉𝐶𝐶

556 production by the MED and RO plants (  and ), the steam mass flow rate 𝐹𝑊𝑃𝑀𝐸𝐷 𝐹𝑊𝑃𝑅𝑂

557 supplied to the generator(s) of the absorption chillers ( ), and the COP of the 𝑚𝑔𝑒𝑛,𝐴𝐵𝐶

558 absorption and compression chillers. With increasing the number of effects of the MED plant 
559 (configurations 5 and 6), the freshwater production capacity increases leading to an increase 
560 in the . As observed and expected,  values are lower for configuration 6 due to 𝑊𝑀𝐸𝐷 𝑊𝑀𝐸𝐷

561 the less freshwater production capacity of the MED plants than the MED plants in 
562 configuration 5. The reason is that a part of the steam in the condensation stage of the 
563 Rankine cycle is used by the HEABC; thus, less steam remains for the MED plant leading to 
564 lower freshwater production capacity and pumping power consumption by the MED plants.  
565 is the same for both configurations 2 and 4 due to the same design parameters and 𝑊𝑉𝐶𝐶 
566 cooling capacity. 
567  The results show that a large portion of the nominal freshwater production capacity 
568 (20,000 m3/day) can be generated using the available heat in the condensation stage of the 
569 Rankine cycle. For configuration 5, the amounts of freshwater production by the MED plant  
570 ( ) are 7,611 m3/day, 11,051 m3/day, and 14,265 m3/day, respectively, which are 𝐹𝑊𝑃𝑀𝐸𝐷

571 38.1%, 55.3% and 71.33% of the nominal freshwater capacity. For configuration 6, the 
572 values of  are 5,436 m3/day, 7,876 m3/day, and 10,161m3/day, respectively, 𝐹𝑊𝑃𝑀𝐸𝐷

573 contributing to 27.18%, 39.38% and 50.81% of the total freshwater capacity. 
574 It is observed that  values of the DEABC for configurations 1, 3, and 5 are very 𝑚𝑔𝑒𝑛,𝐴𝐵𝐶

575 close. The small differences are because of the small change in the temperature of the steam 
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576 extracted for the DEABC. The reason for having extracted steam at different temperatures is 
577 that the thermodynamic states of the combined cycle vary when the Rankine cycle’s cooling 
578 system is changed. As seen,  for the HEABC (configuration 6) is 10.5 kg/s which is 𝑚𝑔𝑒𝑛,𝐴𝐵𝐶

579 substantially higher than that of the DEABC. The reason is due to significantly lower COP of 
580 the HEABC compared to the DEABC.  for the VCC (5.994) is more than four times higher 𝐶𝑂𝑃
581 than the DEABC and almost fifteen times higher than the HEABC.     
582 Table 9- Thermodynamic results of desalination and chiller systems for different hybrid 
583 trigeneration configurations. 

Configuration # 𝑊𝑀𝐸𝐷 
(𝑘𝑊)

𝑊𝑅𝑂 
(𝑘𝑊)

𝑊𝑉𝐶𝐶 
(𝑘𝑊)

𝐹𝑊𝑃𝑀𝐸𝐷

(𝑚3 𝑑𝑎𝑦)
𝐹𝑊𝑃𝑅𝑂

(𝑚3 𝑑𝑎𝑦)
𝑚𝑔𝑒𝑛,𝐴𝐵𝐶 

(𝑘𝑔/𝑠)
𝐶𝑂𝑃

1 - 2455 - - 20,000 3.552 1.370
2 - 2455 1668 - 20,000 - 5.994
3 - - - - 20,000 3.605 1.371
4 - 2455 1668 - 20,000 - 5.994
5 (4-effect MED) 634 1401 - 7,611 12,389 3.606 1.371
5 (6-effect MED) 921 1012 - 11,051   8,949 3.606 1.371
5 (8-effect MED) 1189 649 - 14,265   5,735 3.606 1.371
6 (4-effect MED) 453 1647 - 5,436 14,564 10.5 0.404
6 (6-effect MED) 656 1371 - 7,876 12,124 10.5 0.404
6 (8-effect MED) 847 1113 - 10,161   9,839 10.5 0.404

584
585 Table 10 presents the annual capital cost (ACC) and annual operating cost (AOC) of 
586 different systems for different hybrid trigeneration configurations. It also shows the total 
587 annual cost ( ) of each hybrid system configuration. As expected, the annual costs of 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

588 the gas turbine combined cycle are significantly higher than other systems. The TAC of the 
589 gas turbine combined cycle for different hybrid configuration is between 84.5% 
590 (configuration 6 with 8-effect MED) and 90.6% (configuration 3) of the total TAC of hybrid 
591 system configurations. 
592 The lowest ACC of the combined cycle ( ) is obtained for configuration 5 with 𝐴𝐶𝐶𝐺𝑇𝐶𝐶

593 8-effect MED ($11,962,000/year) and the highest  is obtained for configuration 4 𝐴𝐶𝐶𝐺𝑇𝐶𝐶

594 ($13,467,000/year). In configuration 5, the condenser of the Rankine cycle is eliminated and 
595 replaced with an MED plant leading to a significant reduction in the capital cost. While in 
596 configuration 4, the Rankine cycle has a dry cooling system which is very expensive. For both 
597 configurations 5 and 6, the ACC of the MED plant increases by increasing the number of 
598 effects due to an increase in the heat transfer areas. Also, the AOC increases because the 
599 freshwater production capacity increases by having a higher number effects in the MED. As 
600 a result, the pumping power needed for the MED plant increases, leading to a rise in the 
601 . 𝐴𝑂𝐶𝑀𝐸𝐷

602 For configurations 1-4, there is a slight difference between the values of  while 𝐴𝑂𝐶𝑅𝑂

603 the  values are constant due to the same size of the RO unit in each hybrid system 𝐴𝐶𝐶𝑅𝑂

604 configuration. The  varies slightly because of the change in the cost of electricity 𝐴𝑂𝐶𝑅𝑂
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605 generated by the gas turbine combined cycle in each hybrid system and supplied to the RO 
606 unit. A comparison of configurations 1-4 with configurations 5 and 6 shows the TAC of the 
607 hybrid MED-RO systems in configuration 5 and 6 is much higher than the single RO unit 
608 (configurations 1-4). However, configurations 5 and 6 benefit from the lower  due 𝐴𝐶𝐶𝐺𝑇𝐶𝐶

609 to the elimination of condenser and cooling tower. It is observed that the ACC of HEABC (
610 ) in configuration 6 is substantially higher than the ACC of DEABC ( ) in 𝐴𝐶𝐶𝐴𝐵𝐶 𝐴𝐶𝐶𝐴𝐵𝐶

611 configurations 1, 3, and 5. This is mainly due to a substantially lower COP of the HEABC than 
612 DEABC leading to larger components while the number of components is almost the same. 
613 Increasing the steam temperature supplied from the condensation stage of the Rankine cycle 
614 could decrease the ACC and AOC of HEABC. However, this occurs at the price of lower  𝜂𝑅𝑎𝑛𝑘

615 and higher  and .  It is also observed that while the  is almost half of 𝐴𝐶𝐶𝐺𝑇𝐶𝐶 𝐴𝑂𝐶𝐺𝑇𝐶𝐶 𝐴𝐶𝐶𝑉𝐶𝑅

616  of DEABC, the  is almost nine times higher. This leads to a significantly higher 𝐴𝐶𝐶𝐴𝐵𝐶 𝐴𝑂𝐶𝑉𝐶𝑅

617 TAC for the VCC than DEABC demonstrating that the air conditioning using the DEABC is 
618 more beneficial than the VCC system. Finally, the results of Table 10 show that the lowest 
619  is obtained for configuration 1 ($49,279,000/year) followed by configuration 2 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

620 ($49,867,000/year). While the highest  is obtained for configuration 5 that employs 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

621 an MED plant with 8 effects ($52,413,000/year). This indicates that configuration 1 has 
622 5.98% less  than configuration 5 with an 8-effect MED unit. Thus, configuration 1 can 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

623 be introduced as the more suitable hybrid configuration for trigeneration of power, air 
624 conditioning, and freshwater. Obviously, increasing the freshwater and air conditioning 
625 capacities increases the difference between the TAC of different hybrid configurations. 
626 Employing a 4-effect MED plant in configurations 5 and 6 is the more suitable option as 
627 increasing the number of effects leads to an increase in the . It is observed that both 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

628 configurations 5 and 6 that employ a 4-effect MED plant have a substantially lower  𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

629 than configurations 3 and 4. This demonstrates that in case of some technical difficulties in 
630 implementing a wet cooling tower that uses seawater, configuration 5 may be the more 
631 suitable option for trigeneration.
632   
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633 Table 10 -Annual costs of different systems for different hybrid configurations
Configuration # 𝐴𝐶𝐶𝐺𝑇𝐶𝐶 

(
$

𝑦𝑒𝑎𝑟)

𝐴𝑂𝐶𝐺𝑇𝐶𝐶

(
$

𝑦𝑒𝑎𝑟)

𝐴𝐶𝐶𝑀𝐸𝐷

(
$

𝑦𝑒𝑎𝑟)

𝐴𝑂𝐶𝑀𝐸𝐷

(
$

𝑦𝑒𝑎𝑟)

𝐴𝐶𝐶𝑅𝑂

(
$

𝑦𝑒𝑎𝑟)

𝐴𝑂𝐶𝑅𝑂

(
$

𝑦𝑒𝑎𝑟)

𝐴𝐶𝐶𝐴𝐵𝐶

(
$

𝑦𝑒𝑎𝑟)

𝐴𝑂𝐶𝐴𝐵𝐶

(
$

𝑦𝑒𝑎𝑟)

𝐴𝐶𝐶𝑉𝐶𝐶

(
$

𝑦𝑒𝑎𝑟)

𝐴𝑂𝐶𝑉𝐶𝐶

(
$

𝑦𝑒𝑎𝑟)

𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

(
$

𝑦𝑒𝑎𝑟)

1 12,287,000 32,205,000 - - 1,932,000 2,283,000 491,000  81,000 - - 49,279,000
2 12,549,000 32,148,000 - - 1,932,000 2,289,000 - - 291,000 658,000 49,867,000
3 13,158,000 33,184,000 - - 1,932,000 2,330,000 475,000   78,000 - - 51,157,000
4 13,467,000 33,266,000 - - 1,932,000 2,340,000 - - 291,000 683,000 51,979,000
5 (4-effect MED) 11,982,000 32,643,000 1,705,000   842,000 1,242,000 1,365,000 475,000   78,000 - - 50,332,000
5 (6-effect MED) 11,972,000 32,613,000 2,752,000 1276,000    935,000    988,000 475,000   78,000 - - 51,089,000
5 (8-effect MED) 11,962,000 32,585,000 4,259,000 1,783,000    635,000    636,000 475,000   78,000 - - 52,413,000
6 (4-effect MED) 12,071,000 32,133,000 1,333,000    622,000 1,431,000 1,596,000 1,140,000 186,000 - - 50,512,000
6 (6-effect MED) 12,064,000 32,111,000 2,154,000    944,000 1,219,000 1,330,000 1,140,000 186,000 - - 51,148,000
6 (8-effect MED) 12,057,000 32,091,000 3,343,000 1,330,000 1,015,000 1,081,000 1,140,000 186,000 - - 52,243,000

634
635 As  of the hybrid trigeneration configurations 1 and 2 are more close to each other than any other configurations, 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

636 it is worthwhile to further compare these two configurations when the freshwater and air conditioning demands change. Table 
637 11 provides a comparison between configurations 1 and 2 in terms of  ($/year) for different cooling and freshwater 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

638 demands. Note that the typical size of many commercially available H2O-LiBr absorption chillers is around 5,000 kW [46]. Thus, 
639 to make a fair comparison and more accurate economic analysis, for the analysis of Table 11 and the rest of the paper, it is 
640 assumed that one or multiple 5,000 kW absorption/compression chillers are employed depending on the desired air 
641 conditioning capacity.
642 These results confirm that configuration 1 is the more economical trigeneration configuration under different cooling 
643 and freshwater demands. Note that these two configurations are similar and the only difference is the use of different cooling 
644 technology for air conditioning purposes. At higher cooling demands, a higher difference between  of the configurations 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

645 is observed because of a significant increase in the AOC of the VCC cycle used in configuration 2. The highest difference in  𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

646 is 1,038,000/year obtained for cooling demand of 20,000 kW and freshwater demand of 20,000 m3/day.
647   
648 Table 11- Comparison between  ($/year) of configurations 1 and 2 for different cooling and freshwater demands𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

Demands Configuration 1 Configuration 2
  5,000 kW/20,000 m3/day 48,841,000 49,122,000
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10,000 kW/20,000 m3/day 49,427,000 49,965,000
15,000 kW/20,000 m3/day 50,012,000 50,799,000
20,000 kW/20,000 m3/day 50,596,000 51,634,000
10,000 kW/10,000 m3/day 46,926,000 47,455,000
10,000 kW/20,000 m3/day 49,427,000 49,965,000
10,000 kW/30,000 m3/day 51,891,000 52,436,000
10,000 kW/40,000 m3/day 54,337,000 54,889,000

649
650 Table 12 presents the values of levelized cost of different useful products including electricity, freshwater using MED, RO 
651 and hybrid MED-RO and cooling using ABC or VCC for all hybrid configurations. The levelized costs are directly related to the 
652 TAC so that for the systems with a higher TAC, the expectation is to have higher levelized costs. The lowest LCOE is obtained for 
653 configuration 6 that employs an 8-effect MED ($0.0643/kWh) while the highest LCOE is found for configuration 4 
654 ($0.0681/kWh). The reason is that configuration 4 has a dry condenser system while in configuration 6, the condenser and the 
655 cooling tower is replaced with an MED plant and an HEABC plant. Configuration 6 shows a slightly lower LCOE than 
656 configuration 5. This is due to the fact that in configuration 5, the condenser is only replaced with an MED plant, and as a result, 
657 more electricity is required to drive the MED plant which has a higher capacity than the MED pant of configuration 6. Also, 
658 configuration 5 employs a DEABC which causes some power penalty due to the use of steam from an extraction line. The results 
659 of Table 12 demonstrate that the  is much higher than  due to higher capital cost of an MED plant compared 𝐿𝐶𝑂𝑊𝑀𝐸𝐷 𝐿𝐶𝑂𝑊𝑅𝑂

660 to an RO plant. An increase in the number of effects of an MED plant leads to an increase in  due to a substantial  𝐿𝐶𝑂𝑊𝑀𝐸𝐷

661 increase in the heat transfer areas and their costs. Note that an increase in the number of effects increases the freshwater 
662 productivity and demanding more electricity to drive the MED plant. This leads to a rise in AOC. An increase in the number of 
663 effects is beneficial when steam as an input thermal energy is purchased to drive an MED; thus, a trade-off is normally found 
664 between the higher number of effects and the cost of purchasing steam, as the main part of the AOC. 
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665 It is observed that the hybrid MED-RO systems employed in configurations 5 and 6 
666 have a higher combined LCOW than the  of configurations 1-4. A slight difference in 𝐿𝐶𝑂𝑊𝑅𝑂

667 the  of configurations 1-4, despite the same freshwater capacity of the RO unit, is 𝐿𝐶𝑂𝑊𝑅𝑂

668 due to the difference in the LCOE of these configurations used as the cost of electricity to run 
669 the RO plants.   This is due to setting a steam temperature of 333 K supplied to the generators 
670 of HEABC resulting in a higher . Setting a higher value for the steam temperature 𝐿𝐶𝑂𝐶𝐴𝐵𝐶

671 causes a reduction in the  of the HEABC; however, it leads to a greater power penalty 𝐿𝐶𝑂𝐶𝐴𝐵𝐶

672 in the Rankine cycle and subsequently an increase in the TAC of the gas turbine combined 
673 cycle. 
674
675 Table 12- Levelized cost of different useful products for different hybrid configurations

Configuration # 𝐿𝐶𝑂𝐸 

(
$

𝑘𝑊ℎ)

𝐿𝐶𝑂𝑊𝑀𝐸𝐷 

(
$

𝑚3)

𝐿𝐶𝑂𝑊𝑅𝑂 

(
$

𝑚3)

𝐿𝐶𝑂𝑊𝑀𝐸𝐷 + 𝑅𝑂 

(
$

𝑚3)

𝐿𝐶𝑂𝐶𝐴𝐵𝐶 

(
$

𝑡𝑜𝑛 ‒ ℎ𝑟)

𝐿𝐶𝑂𝐶𝑉𝐶𝐶 

(
$

𝑡𝑜𝑛 ‒ ℎ𝑟)

1 0.06478 - 0.7219 - 0.0402 -
2 0.06508 - 0.7227 - - 0.0668
3 0.06748 - 0.7298 - 0.0389 -
4 0.06805 - 0.7315 - - 0.0685
5 (4-effect MED) 0.06598 1.146 0.7206 0.8825 0.0389 -
5 (6-effect MED) 0.06492 1.248 0.7358 1.0189 0.0389 -
5 (8-effect MED) 0.06486 1.451 0.7586 1.2522 0.0389 -
6 (4-effect MED) 0.06426 1.231 0.7117 0.8529 0.0930 -
6 (6-effect MED) 0.06432 1.347 0.7198 0.9667 0.0930 -
6 (8-effect MED) 0.06428 1.575 0.7295 1.1592 0.0930 -

676
677 It is interesting to examine the effect of a change in these capacities on the 
678 thermodynamic and economic performances of configuration 1. Table 13 presents the effect 
679 of change in the cooling and freshwater demands on the performance of configuration 1. Due 
680 to using one or multiple 5,000 kW absorption chillers, an increase in the absorption chiller 
681 capacity does not have any impact on the LCOC, and as a result, the related results are not 
682 presented in Table 11. According to Table 13, an increase in the cooling and freshwater 
683 capacities cause a decrease in  and an increase in LCOE.  decreases from 𝜂𝐺𝑇𝐶𝐶 𝐿𝐶𝑂𝑊𝑅𝑂

684 $0.7505/m3 to $0.6995/m3 when freshwater capacity increases from 10,000 m3/day to 
685 40,000 m3/day. For a constant freshwater capacity of 20,000 m3/day, when the cooling 
686 capacity increases from 5,000 kW to 20,000 kW, the  increases slightly from 𝐿𝐶𝑂𝑊𝑅𝑂

687 $0.7209/m3 to $0.7237/m3. This slight increase in the  is due to a small increase in 𝐿𝐶𝑂𝑊𝑅𝑂

688 the . As expected,  increases with an increase in the demands. A more 𝐿𝐶𝑂𝐸 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

689 noticeable increase is observed when freshwater demands increase. 
690
691 Table 13- Effect of change in the cooling and freshwater demands on the thermodynamic and 
692 economic performances of configuration 1.  

Demands 𝜂𝐺𝑇𝐶𝐶 𝐿𝐶𝑂𝐸 𝐿𝐶𝑂𝑊𝑅𝑂 
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(
$

𝑘𝑊ℎ) (
$

𝑚3)

   5,000 kW/20,000 m3/day 0.4581 0.0645 0.7209
10,000 kW/20,000 m3/day 0.4535 0.0648 0.7219
15,000 kW/20,000 m3/day 0.4491 0.0651 0.7228
20,000 kW/20,000 m3/day 0.4447 0.0654 0.7237
10,000 kW/10,000 m3/day 0.4589 0.0641 0.7505
10,000 kW/20,000 m3/day 0.4535 0.0648 0.7219
10,000 kW/30,000 m3/day 0.4483 0.0655 0.7080
10,000 kW/40,000 m3/day 0.4431 0.0662 0.6995

693
694 5.1. Parametric studies
695 This section presents the parametric study results to investigate the influences of 
696 some of the most important design and operating parameters on the performance of the 
697 hybrid configuration 1, as most economically viable hybrid trigeneration configuration. 
698
699 5.1.1. Effect of wet bulb and ambient temperatures
700 Fig. 4 shows the impact of wet bulb temperature ( ) on the thermodynamic 𝑇𝑤𝑏

701 efficiency of the gas turbine combined cycle and Rankine cycle. As noted in Section 3, it was 
702 assumed that ambient temperature ( ), or dry bulb temperature, is 10 K higher than . 𝑇𝑎𝑚𝑏 𝑇𝑤𝑏

703 Thus, in the analysis, both  and  vary with a fixed 10 K difference. This 10 K 𝑇𝑎𝑚𝑏 𝑇𝑤𝑏

704 temperature difference may not be the case for many locations; however, the main objective 
705 is to examine the impact of variation of both  and  on the thermodynamic efficiency. 𝑇𝑎𝑚𝑏 𝑇𝑤𝑏

706 An increase in the  causes an increase in the condensation stage temperature of the 𝑇𝑤𝑏

707 Rankine cycle and negatively impacts the performance of the wet cooling system. Thus, when 
708  increases from 293 K to 303 K,  reduces from 0.334 to 0.3203. A change in the  𝑇𝑤𝑏 𝜂𝑅𝑎𝑛𝑘 𝑇𝑎𝑚𝑏

709 slightly impacts the performance of the gas turbine cycle. An increase in the  from 303 𝑇𝑎𝑚𝑏

710 K to 313 K and an increase in  from 293 K to 303 K, leads to a reduction in the  from 𝑇𝑤𝑏 𝜂𝐺𝑇𝐶𝐶

711 0.4579 to 0.4486. The analysis of the impact of  and  is very useful to determine how 𝑇𝑤𝑏 𝑇𝑎𝑚𝑏

712 the performance of trigeneration system changes if the system is built in different locations 
713 with different design ambient temperatures. 
714
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715
716 Fig. 4. Effect of  and  on the  of combined cycle and Rankine cycle.  𝑇𝑤𝑏 𝑇𝑎𝑚𝑏 𝜂𝑡ℎ

717
718 Examining the effects of  and  on the  and  showed that with 𝑇𝑤𝑏 𝑇𝑎𝑚𝑏 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙 𝑇𝐴𝐶𝐴𝐵𝐶

719 an increase in  and ,  and  increase from $49,030,000/year to 𝑇𝑤𝑏 𝑇𝑎𝑚𝑏 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙 𝑇𝐴𝐶𝐴𝐵𝐶

720 $49,904,000/year and from $666,000/year to $817,000/year, respectively. The main reason 
721 for the increase in the  is due to an increase in the AOC of the combined cycle as the 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

722 rate of fuel consumption goes up with a reduction in . At higher , the steam 𝜂𝑡ℎ 𝑇𝑤𝑏

723 requirements of the ABC cycle increases leading to an increase in the size of different 
724 components to generate the same cooling capacity. This causes an increase in the capital cost 
725 and ACC of the ABC cycle. Moreover, an increase in the LCOE causes a small increase in the 
726 AOC of the ABC cycle. 
727 Fig. 5. illustrates the influences of  and  on LCOE and LCOC. It is observed that 𝑇𝑤𝑏 𝑇𝑎𝑚𝑏

728 with an increase in  and , the LCOE increases from $0.0643/kWh to $0.0653/kWh 𝑇𝑤𝑏 𝑇𝑎𝑚𝑏

729 mainly due to an increase in the AOC of the combined cycle. LCOC experiences a relatively 
730 high increase from $0.0468/ton-hr to $0.0575/ton-hr due to an increase in both ACC and 
731 AOC of the ABC cycle.
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732
733 Fig. 5. Effect of  and  on the LCOE and LCOC.  𝑇𝑤𝑏 𝑇𝑎𝑚𝑏

734
735 5.1.2. Effect of salinity and temperature of feed seawater 
736 Fig. 6 shows that a change in the  has a large impact on the  and LCOW of 𝑋𝐹 𝑊𝑝𝑢𝑚𝑝,𝑅𝑂

737 the RO unit. When the salinity of feed seawater increases, the performance of the RO unit 
738 decreases significantly. This causes an increase in the total amount of pumping power 
739 required to generate the same amount of freshwater using the RO unit. Analyzing the impact 
740 of  is important because the salinity of seawater varies from one location to another. Thus, 𝑋𝐹

741 the performance of an RO unit may vary significantly when it is built in different locations. 
742 The salinity of seawater has one of its highest value in the Persian Gulf which is close to 
743 46,000 ppm while it has much lower values in Mediterranean Sea (38,000 ppm) and north 
744 Australia (35,000 ppm). According to Fig. 6, with an increase in the  from 30,000 ppm to 𝑋𝐹

745 50,000 ppm,  increases by almost 64% from 1,919 kW to 3,156 kW. The LCOW 𝑊𝑝𝑢𝑚𝑝,𝑅𝑂

746 increases from $0.659/m3 to $0.805/m3 which means over a 22% increase. A comparison 
747 between building the plant in a location in the Persian Gulf and a location in north Australia 
748 indicates around a 31% increase in the pumping power requirement. 
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749
750 Fig. 6. Effect of  on the  and LCOW.𝑋𝐹 𝑊𝑝𝑢𝑚𝑝,𝑅𝑂

751
752 Another examination showed that an increase in the  causes an increase in the 𝑋𝐹

753  and . An increase in the  leads to an increase in the  due to 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙 𝑇𝐴𝐶𝑅𝑂 𝑋𝐹 𝐴𝑂𝐶𝐺𝑇𝐶𝐶

754 increasing the gross power of the combined cycle. While the impact of  on the ACC of the 𝑋𝐹

755 combined cycle is very small. Also, when  increases, both AOC and ACC ( ) of the RO 𝑋𝐹 𝑇𝐴𝐶𝑅𝑂

756 system increases. The increase in the  and  causes an increase in the . 𝑇𝐴𝐶𝑅𝑂 𝐴𝑂𝐶𝐺𝑇𝐶𝐶 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

757 With an increase of  from 30,000 to 50,000 ppm,  increases from 𝑋𝐹 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

758 $48,8510,000/year to $50,183,000/year and  increases from $3,848,000/year to 𝑇𝐴𝐶𝑅𝑂

759 $4,699,000/year, respectively. 
760 Fig. 7 shows the effect of  on the  and LCOW. As shown in Fig. 7, an increase 𝑇𝐹 𝑊𝑝𝑢𝑚𝑝,𝑅𝑂

761 in the feed seawater temperature ( ) causes a reduction in the  and LCOW of the 𝑇𝐹 𝑊𝑝𝑢𝑚𝑝,𝑅𝑂

762 RO unit. This demonstrates that if the input feed seawater is preheated or when the plant is 
763 built in locations with higher , better performance and lower LCOW is obtained for the 𝑇𝐹

764 plant. The average temperatures of seawater for the Mediterranean Sea, north Australia 
765 (Indian Ocean) and the Persian Gulf are around 26 °C, 31 °C, and 36 °C, respectively [44]. 
766 Thus, the RO plants built in the Persian Gulf have better performance and lower LCOW. 
767 However, the warmer climates of the locations in the Persian Gulf negatively influence the 
768 performance of the gas turbine combined cycle and the absorption chiller. 
769
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770
771 Fig. 7. Effect of  on the  and LCOW.𝑇𝐹 𝑊𝑝𝑢𝑚𝑝,𝑅𝑂

772
773 5.1.3. Effect of compressor pressure ratio
774 Fig. 8 shows the influence of a variation in the compressor pressure ratio (PR) on the 
775  of the combined cycle and Brayton cycle. An increase in PR from 8 to 20 leads to a 𝜂𝑡ℎ

776 significant increase in the  of the Brayton cycle from 0.293 to 0.352. However, an increase 𝜂𝑡ℎ

777 in PR decreases the steam generated in the HRSG which consequently reduces the net power 
778 production by the steam Ranking cycle and  of the Rankine cycle. When PR increases from 𝜂𝑡ℎ

779 8 to 20,  of the Rankine cycle slightly reduces from 0.331 to 0.324. Due to this increase in 𝜂𝑡ℎ

780  of the Brayton cycle and a decrease in  of the Rankine cycle,  of the Brayton cycle 𝜂𝑡ℎ 𝜂𝑡ℎ  𝜂𝑡ℎ

781 initially increases from 0.442 at PR of 8 to 0.456 at PR of 15 which is its maximum value. 
782 Further increase after PR of 15 causes a decrease in  of the Brayton cycle which reaches 𝜂𝑡ℎ

783 0.452 at PR of 20. 
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784
785 Fig. 8. Effect of PR  on the  of the combined cycle and Brayton cycle.𝜂𝑡ℎ

786
787 Conducting more analysis revealed that  and  have different trends 𝐴𝐶𝐶𝐺𝑇𝐶𝐶 𝐴𝑂𝐶𝐺𝑇𝐶𝐶

788 of variation with an increase in PR.  has an almost constant increasing pattern when 𝐴𝐶𝐶𝐺𝑇𝐶𝐶

789 PR increases. While  has an almost opposite trend of variation as that  of the 𝐴𝑂𝐶𝐺𝑇𝐶𝐶 𝜂𝑡ℎ

790 combined cycle such that it initially decreases because of an increase in  and then 𝜂𝑡ℎ

791 increases with a further increase in PR. Overall, when PR increases,  initially 𝑇𝐴𝐶𝐺𝑇𝐶𝐶

792 decreases from $45,167,000/year to $44,493,000/year at an optimum PR of 12.1 and then 
793 increases with more increase in PR. As the size of DEABC and RO systems are constant, PR 
794 does not have any impact on  and . While the effect of PR on  is 𝐴𝐶𝐶𝐴𝐵𝐶 𝐴𝐶𝐶𝑅𝑂 𝐴𝑂𝐶𝐴𝐵𝐶

795 negligible, due to the minimum electricity requirement of the DEABC cycle, its impact on 
796  is similar to that of . 𝐴𝑂𝐶𝑅𝑂 𝑇𝐴𝐶𝐺𝑇𝐶𝐶

797 Fig. 9 shows how a change in PR causes a variation in the LCOE and LCOW. As 
798 expected, the optimum values of LCOE and LCOW are both obtained at a PR of around 12. 
799 When PR increases from 8 to 12, LCOE and LCOW vary from $0.0658/kWh to $0.0648/kWh 
800 and from $0.725/m3 to $0.722/m3, respectively. After PR of 12, LCOE and LCOW constantly 
801 increase until they reach the values of $0.0669/kWh and $0.728/m3 at PR of 20. 
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802
803 Fig. 9. Effect of PR on the LCOE and LCOW.
804
805 5.1.4. Effect of turbine inlet temperature of the gas turbine cycle
806 The effect of turbine inlet temperature of the gas turbine cycle, or Brayton cycle, (
807 ) on the  of the combined cycle and Brayton cycle is shown in Fig. 10. It is 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛 𝜂𝑡ℎ

808 observed that an increase in the  from 1,373 K to 1,573 K leads to a noticeable 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

809 increase in the  of the combined cycle from 0.427 to 0.466. An increase in the  𝜂𝑡ℎ 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

810 from 1,373 K to 1,573 K causes an increase in the  of the Brayton cycle from 0.317 to 0.332. 𝜂𝑡ℎ

811 With an increase in the , the exhaust temperature from the gas turbine increases. 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

812 Thus,  of the Rankine cycle increases slightly from 0.326 to 0.328 when  𝜂𝑡ℎ 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

813 increases from 1,373 K to 1,573 K. The combination of an increase in the  of the Brayton 𝜂𝑡ℎ

814 cycle and Rankine cycle causes an increase in the  of the combined cycle.  𝜂𝑡ℎ

815
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816
817 Fig. 10. Effect of  on the  of the combined cycle and Brayton cycle.𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛 𝜂𝑡ℎ

818
819 Another analysis was carried out to investigate the impact of  on  𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

820 and . As shown in Fig. 10, an increase in the  improves the  of the Brayton 𝑇𝐴𝐶𝑅𝑂 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛 𝜂𝑡ℎ

821 cycle leading to a reduction in fuel consumption and AOC. However, with an increase in the 
822 , the ACC of the gas turbine cycle decreases until an optimal  (1,495 K) 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

823 and then it increases with further increase in the . While  has a constant 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛 𝐴𝑂𝐶𝐺𝑇𝐶𝐶

824 decreasing pattern, the increase in the  at higher  (after 1,495 K)  is higher 𝐴𝐶𝐶𝐺𝑇𝐶𝐶 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

825 than the decrease in the  leading to an increase in the . While an increase in 𝐴𝑂𝐶𝐺𝑇𝐶𝐶 𝑇𝐴𝐶𝐺𝑇𝐶𝐶

826 the  has almost no impact on the , it causes an increase in the  due 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛 𝑇𝐴𝐶𝐴𝐵𝐶 𝐴𝑂𝐶𝑅𝑂

827 to an increase in the LCOE. Thus, as observed,  has the same decreasing and increasing  𝑇𝐴𝐶𝑅𝑂

828 pattern as that of . 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

829 Fig. 11 illustrates the effect of  on the LCOE and LCOW. As shown, both 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

830 LCOE and LCOW have a decreasing and increasing pattern (similar to  and ) 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙 𝑇𝐴𝐶𝑅𝑂

831 when  increases. With an increase in  from 1373K to 1495 K (the 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛 𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

832 optimum value presented in Table 6), the LCOE and LCOW reduce from $0.0673/kWh to 
833 $0.0648/kWh, and from $0.7294/m3 to $0.7219/m3, respectively. From 1495 K to 1573 K, 
834 the LCOE and LCOW increase substantially to $0.0713/kWh and $0.7411/m3, respectively.  
835  
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836
837 Fig. 11. Effect of  on the LCOE and LCOW.𝑇𝐼𝑇𝐵𝑟𝑎𝑦𝑡𝑜𝑛

838
839 5.1.5. Effect of gas turbine combined cycle size 
840 Fig. 12 illustrates the effects of change in the size of the gas turbine combined cycle (
841 ) on the  and . The influence of  on the LCOE and LCOW is 𝑊𝑛𝑒𝑡,𝐺𝑇𝐶𝐶 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙 𝑇𝐴𝐶𝑅𝑂 𝑊𝑛𝑒𝑡,𝐺𝑇𝐶𝐶

842 shown in Fig. 13. Note that for these analyses, the cooling and freshwater production 
843 capacities remain constant at 10,000 kW and 20,000 m3/day. With an increase in , 𝑊𝑛𝑒𝑡,𝐺𝑇𝐶𝐶

844 both  and  increase, due to the growth in the size of the plant. It is observed 𝐴𝐶𝐶𝐺𝑇𝐶𝐶 𝐴𝑂𝐶𝐺𝑇𝐶𝐶

845 that  experiences a small reduction due to a decrease in the LCOE, as shown in Fig. 12. 𝑇𝐴𝐶𝑅𝑂

846 Note that  has almost no change when  increases. The combination of an 𝑇𝐴𝐶𝐴𝐵𝐶 𝑊𝑛𝑒𝑡,𝐺𝑇𝐶𝐶

847 increase in the  and  causes a significant increase in the  from 𝐴𝐶𝐶𝐺𝑇𝐶𝐶 𝐴𝑂𝐶𝐺𝑇𝐶𝐶 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙

848 $28,696,000/year to $69,066,000/year. As mentioned and shown in Fig. 13, with an increase 
849 in the  from 50,000 kW to 150,000 kW, the LCOE decreases from $0.070/kWh to 𝑊𝑛𝑒𝑡,𝐺𝑇𝐶𝐶

850 $0.0626/kWh. The LCOW decreases from $0.7372/m3 to $0.7156/m3 due to a reduction in 
851 the , as a result of a reduction in the LCOE. 𝐴𝑂𝐶𝑅𝑂
852
853
854
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855
856 Fig. 12. Effect of  on the  and .𝑊𝑛𝑒𝑡,𝐺𝑇𝐶𝐶 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙 𝑇𝐴𝐶𝑅𝑂

857

858
859 Fig. 13. Effect of  on the LCOE and LCOW.𝑊𝑛𝑒𝑡,𝐺𝑇𝐶𝐶

860 6. Conclusions
861 This study evaluated the feasibility of hybrid trigeneration systems based on a gas 
862 turbine combined cycle with steam for generating electricity, freshwater, and cooling. 
863 The thermodynamic results showed that the highest thermodynamic efficiency of the 
864 combined cycle was found for configuration 2 (0.4552) and the lowest value (0.4457) was 



37

865 found for configuration 5 with a 4-effect MED. The results for configurations 5 and 6 showed 
866 that an increase in the number of effects led to an increase in the productivity of the MED 
867 plant and consequently a reduction in the RO’s share of water generation. Due to the higher 
868 specific power consumption of the RO than the MED, increasing the number effects caused a 
869 reduction in the gross power that should be generated to produce the same amount of 
870 freshwater, and as a result, an increase in thermodynamic efficiency of the combined cycle. 
871 The economic results demonstrated that configuration 1, which integrated an RO unit 
872 and an DEABC to the combined cycle, was the most economical configuration. Configuration 
873 1 had 5.98% less  than configuration 5 with an 8-effect MED unit, as the least 𝑇𝐴𝐶𝑡𝑜𝑡𝑎𝑙
874 economical hybrid configuration. Implementation of RO was found to be more economical 
875 than a hybrid MED-RO system. Also, using DEABC which operated using the extracted steam 
876 from the steam bottoming cycle was found to be more economical than both HEABC and VCC. 
877 Although the ACC of the VCC was found to be significantly lower than that of the DEABC, its 
878 AOC was obtained almost nine times higher. For configuration 1, the LCOE, LCOW, LCOC 
879 were $64.78/MWh, $0.7219/m3 and $0.0402/ton-hr, respectively, whose LCOE and LCOC 
880 were not the lowest values among different configurations. 
881 In summary, the findings of this study provided some useful guides on the 
882 development of hybrid trigeneration systems based on a gas turbine combined power plant, 
883 as the most growing and clean fossil fuel-based power plant. Such hybrid trigeneration 
884 systems are beneficial due to their ability to improve energy utilization efficiency and reduce 
885 fuel consumption leading to cleaner production of the products. Their development will also 
886 lead to decreasing both capital and operating costs and reducing CO2 emissions. Future 
887 studies should be investigated to evaluate the dynamic performance of the hybrid 
888 trigeneration systems. Also, a solar tower system that uses pressurized air receiver can be 
889 integrated into the gas turbine combined cycle to reduce the fuel consumption and make the 
890 trigeneration systems even more sustainable and cleaner.
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