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Abstract: Tri-generation is one of the most efficient ways for maximizing the utilization of 19 

available energy. Utilization of waste heat (flue gases) liberated by the Al-Hamra gas 20 

turbine power plant, UAE is analyzed in this research work for simultaneous production of 21 

a) electricity by combining steam rankine cycle using heat recovery steam generator 22 

(HRSG), b) clean water by air gap membrane distillation (AGMD) plant and c) cooling by 23 

single stage vapor absorption chiller (VAC). The flue gases liberated from the gas turbine 24 

power cycle is the prime source of energy for the tri-generation system.  The heat 25 

recovered from condenser of steam cycle and excess heat available at the flue gases are 26 

utilized to drive cooling and desalination cycles which are optimized based on the cooling 27 

energy demands of the villas. Economic and environmental benefits of the tri-generation 28 

system in terms of cost savings and reduction in carbon emissions were analyzed. Energy 29 

efficiency of about 82-85% is achieved by the tri-generation system compared to 50-52% 30 

for combined cycles.  Normalized carbon dioxide emission per MWh is reduced by 51.5% 31 

by implementation of waste heat recovery tri-generation system. The tri-generation system 32 

has a payback period of 1.38 years with cumulative net present value of $66 million over 33 

the project life time. 34 

Keywords: Tri-generation; waste heat; steam cycle; air gap membrane distillation; 35 

absorption chillers; flue gases; techno-economic;  36 

 37 
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1. Introduction 38 

Tri-generation is one of most promising technology integration practice for production of three 39 

different outputs with a common primary energy source. Combined heat and power cycle (CHP) would 40 

be transformed to poly-generation system by integrating heat driven cooling and desalination cycles in 41 

the system. Poly-generation cycles utilize the energy efficiently and reduce the green house gas 42 

emissions effectively [1-5].  Combined cooling, heat and power (CCHP) is an extended version of 43 

CHP designed for centralized production of cooling, heating and power generation as large scale 44 

system with higher efficiency [6]. In general, power plants in Middle East and North Africa (MENA) 45 

region are combined with desalination plants for recovering the heat and to produce clean water for 46 

meeting domestic needs.  But since decentralized air conditioning systems in the region accounts for 47 

maximum power consumption, tri-generation models with combined production of cooling, clean 48 

water and power (CCCWP) would be more beneficial in terms of energy savings and economics.  49 

Previously, several researchers investigated CCHP configurations with gas turbine, steam turbine 50 

and organic rankine cycles by combining with absorption, adsorption or desiccant chillers. Ahmadi et 51 

al. conducted a detailed thermodynamic modeling of CCHP for providing cooling, hot water and 52 

electricity. The system is modeled with combined cycles of gas turbine and organic rankine cycle for 53 

power generation, single stage absorption chiller for cooling and hot water through heat recovery. The 54 

system is analyzed in terms of energy efficiency and environmental impact, exergy efficiency of tri-55 

generation system is improved by 20% compared to conventional CHP [7]. Khaliq simulated a gas 56 

turbine based tri-generation system for combined production of power, cooling and heat (process 57 

steam). Performance of the system is analyzed for different pressure ratios, turbine inlet temperatures, 58 

process heat pressures and evaporator temperatures of absorption chiller [8]. Ahmadi et al. conducted a 59 

detailed thermodynamic modeling and simulation of tri-generation system producing power through 60 

combined gas turbine and steam turbine cycles. The steam driven absorption chiller utilized to provide 61 

cooling, low pressure steam from the HRSG is utilized as heat source for absorption chiller and space 62 

heating [9].   63 

Several concepts of tri-generation system involving reciprocating IC engines for CCHP purposes 64 

were evolved as its financially beneficial. Temir and Bilge studied the performance of tri-generation 65 

system for production of electricity by reciprocating engine, absorption cooling using saturated steam 66 

from the boiler and process heat recovery from exhaust outlet [10]. Huangfu et al. analyzed the 67 

performance of micro-scale CCHP for domestic and light commercial applications using reciprocating 68 

internal combustion engines, absorption chiller and heat recovery devices. Energy and economic 69 

analysis reported a short payback period of 2.97 years [5].   Sun proposed a combined production cycle 70 

of electricity by gas engine and cooling by absorption chiller, which provides primary energy savings 71 

of 37% compared to separate conventional power and cooling systems with payback return in 4.52 72 

years [11].  73 

Tri-generation (or) poly-generation systems integrating the desalination technologies for clean 74 

water production is investigated by few researchers. Hussain developed a tri-generation system for 75 

simultaneous production of cooling, clean water and electricity and analyzed with different 76 

technologies to provide cooling and clean water. The system is optimized based on its fuel saving 77 

potential. Out of different combinations analyzed, combination of reverse osmosis, absorption chiller 78 
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with gas turbine power cycle provides highest economic benefits [12]. Calise et al. modeled a solar 79 

energy based tri-generation for CCCWP applications. Multi-effect desalination unit and vapor 80 

absorption chiller are integrated together with PVT collectors for combined production of cooling, 81 

desalination and power. The transient simulations for different operational and design parameters were 82 

conducted and optimized in terms of energetic efficiency and economic viability [13]. 83 

In this research work, combined cooling, clean water and power cycle (CCCWP) incorporated with 84 

membrane distillation technology for clean water production as a part of tri-generation system is 85 

investigated. Membrane distillation is a promising thermal driven desalination technology, utilizing 86 

low grade heat energy for production of clean water [14]. Previously research was conducted on 87 

integration of membrane distillation system for cogeneration applications. Liu analyzed the 88 

performance of two different cogeneration systems by integrating membrane distillation modules with 89 

gas engine as combined power and desalination cycles and with vapor compression chiller as 90 

combined cooling and distillation unit [15]. Kullab analyzed the performance of air gap membrane 91 

distillation (AGMD) modules with different integration layouts [16]. Burrieza et al. conducted several 92 

parametric studies on air gap membrane distillation module to optimize the performance of the system 93 

that produces a maximum distillate flux of 20 l/h per module [17].  94 

2. System description 95 

A tri-generation system is proposed for effective utilization of the waste flue gases liberated by the 96 

Al-Hamra gas turbine power plant based in Ras-Al-Khaimah, UAE as shown in figure 1(a) and 1(b). 97 

Reheat brayton cycle configuration is utilized in Al-Hamra gas turbine power plant. Air at ambient 98 

temperature is compressed and passed to the combustion chamber (CC) for production of super heated 99 

gas. This super heated gas is further expanded in a series of gas turbines which are connected through 100 

reheat chamber (RH) for power production.  101 

Figure 1. (a) Al-Hamra gas power plant. (b) Gas turbine in Al-Hamra power plant 102 

  103 

 104 

The proposed Tri-generation system comprises of steam turbine rankine cycle, single stage 105 

LiBr/H2O absorption chiller plant and air gap membrane distillation units. The schematic layout of tri-106 

generation system is shown in figure 2. The hot flue gases liberated after the expansion in the gas 107 



Energies 2014, 7 4 

 

 

turbine is utilized in the HRSG for production of process steam at higher pressure and temperature, 108 

which is further expanded in a steam turbine for production of electricity. The steam is then condensed 109 

in a heat recovery system using sea-water. The heat liberated in the heat recovery system is used to 110 

drive both the absorption chiller and membrane distillation systems. The condensed steam (feed water) 111 

is circulated back to the HRSG using the feed water pump. The stack flue gases leaving the HRSG is 112 

utilized to produce additional hot sea water, which is integrated with the supply line of cooling and 113 

desalination systems.  114 

Figure 2. Schematic layout of tri-generation system 115 

 116 
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3. System modeling  117 

3.1. Brayton cycle 118 

The reheat Brayton configuration is utilized in Al-Hamra gas turbine power plant as shown in figure 119 

1. The energy balance of reheat brayton cycle is modeled as follows: 120 

The air at ambient temperature enters the compressor at point 1, the temperature of air (  ) leaving the 121 

compressor is calculated by, 122 

                                                                                  
  

  
  

   
   

 

   
 

                                                                           

Where    and    are the temperatures of air entering and leaving the compressor,     and     are 123 

the pressures of air before and after compression process.   is the specific heat ratio.  Work done by 124 

the compressor is calculated by, 125 

                                                                                                                                                      

Where             is the work done by the compressor,     is the mass flow rate of air and        126 

is the specific-heat capacity of air. The compressed air is supplied to the combustion chamber (CC), 127 

where the compressed air is combusted with addition of fuel. Energy balance of processes in CC is 128 

given by: 129 

                                                                                                                                                      

                                                                                                                                                                      

Where     is the heat energy supplied by the combustion chamber,      is the mass of gas leaving 130 

the combustion chamber,    is the temperature of gas leaving the combustion chamber,       is the 131 

mass flow rate of fuel supplied to CC and     is the lower heat-value of fuel. The gas at super-heated 132 

temperature (  ) is expanded in first gas turbine, 133 

                                                                                                                                                             

Where       is the energy extracted from the first gas turbine and    is the temperature of flue gases 134 

leaving the gas turbine. The flue gases liberated from the first gas turbine is further combusted in 135 

reheat chamber, energy balance in the reheat chamber is, 136 

                                                                                                                                                    

                                                                                                                                                                      

    is the heat energy supplied by the reheat chamber,      is the mass of gas leaving the reheat 137 

section,    is the temperature of gas leaving the reheat section and       is the mass flow rate of fuel 138 

supplied to RH. The reheated gas is expanded in the second gas turbine, 139 
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Where    is the temperature of flue gases leaving the system, which is utilized as the heat source for 140 

driving the tri-generation system.  141 

3.2. Steam Cycle 142 

3.2.1. Heat recovery steam generator (HRSG) 143 

In the tri-generation cycle, single pressure HRSG with economizer, evaporator and super heater 144 

sections are utilized for the generation of super-heated process steam. The temperature profile of 145 

HRSG is shown in figure 3. The pinch point is the temperature difference between the gas and water 146 

(at saturation temperature) at the point of entry into the evaporator .Pinch point plays a vital role in 147 

energy modeling of HRSG. The approach temperature between the economizer exit and entry of 148 

evaporator is considered as constant in the modeling. Approach temperature depends on the tube 149 

layout of economizer circuit. 150 

Energy balance of individual sections of HRSG is modeled. Using pinch point temperature 151 

difference, energy balance of the evaporator is analyzed 152 

                                             153 

                                                                                                                                                   

                                                 154 

Where      is the mass flow rate of steam generation line,     is the mass flow rate of hot flue 155 

gases,      is the heat transfer coefficient of hot flue gases,     and    are the enthalpy of the saturated 156 

water and steam respectively,    is the temperature of gas entering the evaporator and    is the 157 

temperature of gas leaving the evaporator.  Energy balance of the super heater is shown below,  158 

                                               159 

                                                                                                                                                 

Where     is the enthalpy of the super-heated steam and     is the temperature of hot flue gas 160 

entering the HRSG. Energy balance of the economizer can be shown as: 161 

                                            162 

                                                                                                                                                163 

Where    and    are the enthalpies of the hot water at the entry and exit of economizer and        164 

is the stack temperature of flue gases leaving the HRSG.  165 

3.2.2. Steam turbine 166 

High pressure super-heated steam generated in the HRSG is expanded to ambient pressure using a 167 

steam turbine. Energy extracted (   ) in the turbine is calculated as follows, 168 

 169 

                                                                                                                                                            

Where     is the enthalpy of steam leaving the turbine.  170 

 171 
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Figure 3.  Temperature-Enthalpy diagram of HRSG. 172 

 173 

3.2.3. Heat recovery system 174 

The steam liberated from the steam turbine is condensed in a heat recovery system, where steam 175 

exchanges heat with sea water to drive both the absorption chiller and membrane distillation unit. 176 

Additionally a part of heat energy is recovered by sea water from the stack flue gases. It is integrated 177 

with the supply line of refrigeration and desalination modules. Energy balance of the heat recovery 178 

system is given by, 179 

                                                                                                                                  

                                                                                                                                               

Where          is the heat extracted from the steam,    is the enthalpy of water leaving the 180 

condenser at 100
o
C,     is the temperature of flue gas leaving the heat exchanger,       is the mass 181 

flow rate of sea water,       is specific heat capacities,        and         are the temperatures of sea 182 

water entering and leaving the heat recovery system. The area of heat recovery system is determined 183 

by, 184 

                                                                            
        

           
                                                                     

Where      is the area of the heat recovery system,       is the overall heat transfer coefficient of 185 

the heat recovery system and        is the logarithmic mean temperature difference. 186 

3.3. Absorption chiller 187 

Absorption chiller considered in the tri-generation system is LiBr/H2O vapor absorption chiller. The 188 

system is designed to provide district cooling to multiple duplex-villas in the region of Al-Hamra, 189 

UAE as shown in figure 4. The system is optimized based on cooling load requirements of villas. 190 

Energy balance of vapor absorption chiller is calculated as: 191 
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Where     is the chilling capacity of absorption chiller,      is the heat supplied the generator of 192 

absorption chiller,          and      are the mass flow rates of chilled water and hot water flowing 193 

through the absorption chiller,         is the temperature difference of inlet and outlet of chilled-water 194 

circuit and        is the temperature difference between hot water inlet and outlet of the generator. 195 

 196 

3.4. Membrane distillation 197 

In the tri-generation system, membrane distillation module with air-gap configuration is considered 198 

for clean water production. The membrane modules considered for the analysis is manufactured by 199 

Scarab development AB, Sweden. The hot sea water leaving the generator of the absorption chiller is 200 

supplied to large number of multi-effect membrane distillation modules connected in parallel. 201 

Technical specifications of membrane distillation module are shown in table 1.  202 

Table 1. Technical specifications of membrane module [16] 203 

Specification Value 

Membrane area 2.8m
2 

Porosity (ф) 0.8 

Membrane thickness (b) 0.2mm 

Air gap Width (L) 1mm 

Height of the module 730mm 

Width of the module 630mm 

Thickness of the module 175mm 

 204 

The mass and energy balance of membrane modules are calculated based on experimental equations 205 

developed through series of experiments conducted in Nyköping, Sweden [15]. The mass flow rate of 206 

sea water supplied to hot and cold side is optimally selected as 1200 kg/h based on detailed 207 

experimental campaign [15]. The experimental equations for mass and energy flux are derived in 208 

function of porosity, air gap thickness, membrane thickness and inlet temperatures of hot and cold 209 

fluids. These equations provide better approximations [15, 16]. 210 

                                  
 

                               
   

      

      
                            

Where      is the mass of distillate produced per hour for unit surface area of the membrane, b is 211 

the thickness of the membrane, L is the air gap distance,    and    are the mole fraction of water vapor 212 

on at the condensation and evaporation surfaces,         ,          ,          and           are the 213 

temperature of  hot water inlet , hot water outlet, cold water inlet and cold water outlet of the AGMD. 214 

http://en.wikipedia.org/wiki/Nyk%C3%B6ping
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Where      and      are the partial pressures of the vapor at hot and cold sides. P is the total 215 

pressure, Energy flux (   ) of the AGMD is calculated by: 216 

    
                            

                               
            

      

      
 

 
               

                            
                                                                                          

                                                                           
         

      
                                                                                 

      is the porosity of the membrane material,      is the thermal conductivity of air,           is 217 

based on material type. The useful energy consumed by the membrane distillation is calculated as: 218 

                                                                                                                                                                      

     Where      is the useful energy required for evaporation of vapor,    is the latent heat of 219 

evaporation. 220 

 221 

 222 

3.5. Energy efficiency 223 

Energy efficiency is the ratio of useful energy produced by the system to the amount of energy 224 

supplied to the system. In this study, efficiency of gas turbine power plant (existing), combined cycle 225 

and tri-generation (power, cooling and desalination) are individually analyzed.  226 

                                                                               
   

       
                                                                            

 227 

                                                                              
       

       
                                                                           

 228 
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 229 

Where     and     are the work done by the gas turbine and steam turbine,      is the mass flow 230 

rate of the fuel,     is the lower heating value,     is the chilled energy produced in the absorption 231 

chiller and      is the useful energy utilized by membrane distillation unit. 232 

4. Results and discussion 233 

Thermodynamic modeling and optimization of complete tri-generation system for cooling, 234 

desalination and hot water is analyzed and discussed in this section.  235 

4.1. Brayton cycle 236 

     The gas turbine cycle is numerically modeled with data and parameters provided by the Al-Hamra 237 

gas turbine power plant [19]. The reheat-brayton cycle operated in the Al-Hamra power plant is 238 

optimized to maintain a constant temperature of 1097K, at the inlet conditions of both the gas turbines 239 

irrespective of the air intake temperature. The pressure ratio and the rate of air intake at the compressor 240 

as well as the rate of fuel intake in the combustion and reheat chambers were optimized to achieve 241 

1097K at the inlet of gas turbines. The mean operational parameters of gas turbine are shown in table 242 

2.  The performance of brayton cycle is analyzed for varying the air inlet temperatures as shown in 243 

figure 4. 244 

Table 2. Technical specifications of Gas turbine power plant 245 

Description  

Gas turbine model (GE- manufacturer) Model: LM2500 PE 

Gas turbine inlet temperature 824
o
C 

Mean intake air temperature  35
o
C 

Mean exhaust gas flow 64.1 kg/s 

Mean exhaust gas temperature 550
o
C 

LHV 47,000 kJ/kg 

Figure 4.  Performance of gas power cycle for varying inlet temperatures 246 
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 247 

        The air intake temperature is an influential factor in augmenting the performance of gas turbine 248 

cycle. Reduction in the air intake temperature can drastically increase the gas turbine power output. 249 

But on the contrary, reduction in air intake temperature increases the rate of fuel consumption in order 250 

to provide the desired operating temperature at the inlet of gas turbine. The mass of fuel consumption 251 

is derived based on the energy balances at the combustion and reheat chambers. Increase in fuel 252 

consumption has direct impact on the exhaust gas flow rate. The temperature of flue gases liberated 253 

from the gas turbine rises with the increase in air intake temperature. This results in reduction of 254 

pressures ratios with increase in air intake temperature to provide designed gas turbine inlet 255 

temperature.  256 

     The annual performance of the gas cycle in term of electricity generation and mass of fuel 257 

consumption is shown in figure 5. As discussed earlier, the air inlet temperature is the influential 258 

parameter in the performance of the gas cycle. The electrical performance of the gas cycle reduces by 259 

10% in peak summer months. Maximum productivity of 34 MW is achieved in winter months. Annual 260 

variations in the amount of flue gases produced and its temperatures are shown in figure 6. In summer, 261 

the temperature of flue gases maximizes as the pressure ratio is reduced at higher air intake 262 

temperatures. The mass flow rate of exhaust gases liberated from the gas cycle is reduced in summer 263 

due to reduction in the amount of fuel consumption and rate of air intake. 264 
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Figure 5. Annual variations in power production, rate of fuel intake and exhaust gas 265 

parameters in gas cycle 266 

 267 

4.2. Steam cycle 268 

In HRSG, outlet conditions of the super-heated steam are optimized based on maximum permissible 269 

temperature and pressure ranges of the steam turbine. HRSG system is simulated for different inlet 270 

conditions of flue gases at feed pressure of 65 bar. Feed water flow rates are optimized for secure 271 

operation of steam cycle. Limiting the temperature of super-heated steam below the maximum 272 

acceptable temperature limit of the steam turbine is considered as the optimization criterion. 273 

Maintaining constant feed water flow rate in the steam cycle allows uniform heat recovery to drive 274 

cooling and desalination cycles throughout the year. Q-T profile of HRSG for the design conditions in 275 

the month of July is shown in figure 6. HRSG is simulated with a constant approach temperature and 276 

pinch point difference of 10K. Steam turbine is selected based on design conditions and requirements. 277 

The parameters of the steam turbine are shown in table 3.  278 

The performance of the steam cycle in the tri-generation system is analyzed for the variations of air 279 

intake temperatures. The system is simulated for different inlet conditions of flue gases as shown in 280 
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figure 7(a).  The electricity production and stack temperature of flue gases leaving the HRSG are 281 

chosen as the prime indicative parameters in this study. The electricity production in steam power 282 

cycle follows similar trend as gas power cycle. Reduction in the quantity of flue gases at higher air 283 

intake temperature is the major influencing factor for the decreasing trend of power production. Energy 284 

balance in the economizer indicates that the stack temperature decreases with reduction in the mass- 285 

flow rate of flue gases. Annual performance of steam cycle is shown in figure7 (b). The performance 286 

of the steam cycle improves during winter months due to higher mass-flow rate of flue gases. 287 

Table 3. Technical specifications of Steam turbine [20] 288 

Description  

Steam turbine model (Siemens) SST-100 

Power output 8.5 MW 

Inlet steam pressure Up to 65 bar 

Inlet steam temperature Up to 480
o
C 

Condensing pressure 1 bar 

Exhaust area 0.22 m
2 

Figure 6. Q-T profile of HRSG in July 289 

 290 

Figure 7. (a) Performance of steam power cycle for varying inlet temperatures (b) Annual 291 

performance of steam cycle 292 
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 293 

4.3. Absorption chiller 294 

In the district cooling network, duplex houses in the Al-Hamra region are considered. Duplex 295 

houses are two identical houses sharing a common wall with a total floor area of 390m
2
 (195m

2
 for 296 

single house). The cooling load requirement of a duplex house binding the ASHRAE standards is 297 

estimated by modeling and simulating the duplex house in TRNBuilt software. The annual cooling 298 

load distribution (hourly distribution) for maintaining indoor set point temperature of 22
o
C is shown in 299 

figure 8. The building simulation is conducted with occupancy of 5 persons per building and 300 

infiltration rate of 0.25 ACH. The enlarged peak cooling requirement of a duplex building is shown in 301 

figure 8. Cooling energy requirements in the summer reach up to 36.5 kW for a duplex house, this 302 

peak cooling requirement is considered as the design condition for the distribution in the district 303 

cooling network. The COP of the chiller varies between 0.75 and 0.69, as the system is operated with a 304 

hot water inlet temperature of 90
o
C. The variation in COP is mainly due to the temperature of cold 305 

water supplied to to the condenser.  306 

Based on the energy balances of the heat recovery system, the total hot sea water production rate is 307 

determined to be 358 kg/s. This can be used to determine the chilling capacity of the absorption 308 

chiller. As discussed earlier, the peak load requirement is considered as the design parameter for sizing 309 

the distribution network. Performance of the absorption chiller plant during the peak load period with 310 

varying inlet hot water temperatures is shown in figure 9 (a). The chilled energy production of the 311 

absorption chiller maximizes at higher temperatures. At the supply temperature of 90
o
C, 4621.69 kW 312 

of chilled energy is produced. It is sufficient to meet the cooling demands of 124 duplex villas as the 313 

peak cooling demand per villa is 36.5 kW with a COP of 0.69. Reduction in the inlet hot water 314 

temperature by 10°C affects the performance of chiller by 39%; steep decrease in performance of 315 

absorption chiller is observed with reduction in supply temperature. Operation of the absorption chiller 316 

is optimized based on the cooling demand requirements of the building. Month-wise cooling energy 317 

production by the absorption chiller is shown in figure 9 (b). The production maximizes in the month 318 

of July as it corresponds to the cooling energy peak demand.Figure 8. Annual cooling load in a duplex 319 

house 320 
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 321 

Figure 9. (a) Performance of absorption chiller with varying inlet hot temperature (b) 322 

Month-wise cooling energy production  323 

  324 

  325 

4.4. Membrane distillation 326 

Performance of two-stage membrane distillation system is evaluated by varying the temperatures of 327 

hot and cold sides as shown in figure 10. The system is simulated for hot side temperatures from 60
o
C 328 

to 90
o
C and cold side temperatures between 10

o
C and 50

o
C with an increment of 5

o
C. The distillate 329 

productivity improves with increase in hot side temperature and decrease in cold side temperature. 330 

Maximum distillate productivity of a two-stage system is 41 kg/h with hot side temperature of 90
o
C 331 

and cold side temperature of 10
o
C.  332 

Figure 10. Distillate production for variation in hot and cold side temperatures 333 
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 334 

Based on the energy balance in the heat recovery system, a total of 967 multi-effect membrane 335 

desalination units can be connected in parallel, each unit contain two membrane modules connected in 336 

series. The thermal energy supplied to the membrane distillation plant is optimized based on cooling 337 

energy requirements. Year round dynamic simulation of two-stage membrane distillation plant is 338 

conducted, productivity is affected by the cold side temperature and cooling energy demands as shown 339 

in figure 11 and 12. Sea water at ambient temperature is supplied to the cold side of the membrane 340 

distillation system. The productivity of desalination plant reduces gradually with increase in cooling 341 

energy demand and ambient temperature. Productivity of the plant drops by 12% in the summer due to 342 

higher cooling energy demands and cold side temperatures.   343 

Figure 11. Effect of ambient temperature on distillate production  344 

 345 

 346 

 347 
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Figure 12. Effect of cooling load on distillate production 348 

 349 

4.5. Energy efficiency 350 

Month-wise energy distribution between different thermal cycles of the tri-generation system is 351 

shown in figure 13 (a). Useful energy produced by the tri-generation cycle is reduced in the summer 352 

months due to higher air intake temperature in the gas cycle leading to lesser fuel consumption. 353 

Month-wise energy efficiencies of gas cycle, combined cycle and tri-generation cycle is shown in 354 

figure 13 (b). The gas cycle efficiency and combined cycle efficiency reduces in summer months due 355 

to lower power production, while the efficiency of tri-generation cycle increases by 4% during this 356 

period due to full scale operation of absorption chiller plant as shown in figures 13 (a) and13 (b).    357 

Figure 13. (a) Month-wise energy distribution (b) Annual distribution of cycle efficiencies 358 

  359 
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4.6. Emission analysis 360 

      Along with the energy benefits in terms of high thermal efficiencies, the tri-generation system also 361 

has a potential to reduce green house gas emissions. Normalized emission of CO2 and NOx per MWh 362 

is reduced by implementing poly-generation cycles. Variations of emissions for all three cycles – gas 363 

cycle, combined power cycle and trigeneration cycle are shown in figure 14. The CO2 coefficient 364 

emission per kWh of electricity production is utilized for determining annual CO2 emissions. CO2 365 

emission coefficient for United Arab Emirates is 600g of CO2 per kWh of electricity production [21].  366 

Normalized CO2 emission of tri-generation system reduces by 51.5%, which proves the environmental 367 

sustainability of the system. This reduction in normalized CO2 emission is achieved through total CO2 368 

avoided by driving the trigeneration system using waste heat recovery. In trigeneration scenario, 369 

production has been increased by 51.5% with same amount of fuel usage leading lower carbon 370 

emission.  Along with CO2, other GHG emissions like NOx, SOx emissions were also reduced by 371 

51.5%. In UAE, NOx contribute to 5% of total GHG emissions which leads to normalized production 372 

of 38g per kWh [27]. With trigeneration, the NOx emissions are reduced to 18.4g per kWh. Total CO2 373 

and NOx emissions of the existing gas turbine power plant is estimated by, 374 

                                                                                                       

Figure 14. Normalized CO2 and NOx emissions 375 

  376 

4.7. Economic analysis 377 

Economical benefit of implementing the tri-generation system for the waste heat recovery is 378 

discussed in this section. Lower operating costs are achieved in the tri-generation system as waste heat 379 

is utilized in the complete operation. The cost of individual components and other necessary 380 

parameters is shown in table 4. Total investment, operation and maintenance costs and annual benefits 381 

are estimated as shown in table 5. The cumulative net present value (NPV) and payback period (PB) of 382 

the tri-generation system are evaluated and shown in table 5. Annual benefits by implementing tri-383 
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generation are estimated based on total annual production of electricity, cooling and freshwater as 384 

shown in table 6. . The net present value for the project is estimated by, 385 

                                                                       
        

       
                                                       

Where    is the total investment cost,   is the annual benefits,   is annual operation and 386 

maintenance cost,    is the interest rate and   is the life time of the project. The payback period of the 387 

project is determined by, 388 

                                                                
                     

       
                                                   

Table 4. Parameter and costs required for economic analysis 389 

Component Abbreviation Value 

Heat recovery steam generator [22] CHRSG Equation 33 

Steam turbine [22] CST Equation 37 

Heat recovery unit [23] CHRS $2000/m
2 

Feed water pump (Steam cycle) [24] CST,PUMP 881Wp
0.4

 

Membrane distillation unit [25] CAGMD $1375/ unit 

Membrane replacement cost [23] CMD,R 15% of CAGMD 

Feed pump (Heat recovery) [24] CHRS,PUMP 881Wp
0.4

 

Absorption chiller [26] CAC $400/kW 

Hydraulics [25] CHYD 5% of component costs 

Installation cost [25] CI 5% of component costs 

Interest rate i 10% 

Life time of the project  n 20 years 

Cost of electricity CF $0.12/kWh 

 390 

The investment of HRSG and steam turbine are determined by [22],  391 

                                        
 

    
 
   

                                
                   

                                                                               
  

      
                                                                

                                                                             
              

   
                                                 

                                                                              
            

   
                                                       

 392 

                                                     
       

    

     
 
 

          
       

     
                           

 393 

Where   is the heat transfer in HRSG,      is temperature difference across HRSG and    is the 394 

pressure of feed water to the HRSG.  The total investment of cost (  ) of the project is calculated by, 395 
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 396 

     ,    ,          and          are the total capacity of HRSG, steam turbine and feed pumps 397 

of the steam cycle and the heat recovery system.      is the area of the heat recovery system and 398 

      is the number of membrane distillation modules. The annual operation and maintenance cost 399 

for tri-generation project includes electricity requirements for the feed pumps and membrane 400 

replacement charges.  401 

In terms of current fuel cost in the region, the system has a short payback of 1.38 years and greater 402 

cumulative profit of $66.10 Million. Economical analysis with possibility of changes in electricity 403 

prices are analyzed as shown in figure 15. The annual cash flows of the project is simulated with an 404 

interest rate of 10% as shown in figure 16.  405 

Table 5. Economic analysis of tri-generation system 406 

Parameters  Values 

Investment cost $11,079,548 

Operating and maintenance cost $443,494 

Annual benefits $9,413,460 

Payback period 1.38 years 

Net present value $66,102,281 

Table 6. Annual benefits 407 

Parameters  Value Total benefits 

Electricity production $0.12/kWh $7,289,423.73 

Cooling benefits $0.10/kWh $1,582,854.46 

Cooling demand charges $42.3/kW.year $211,500.00 

Water cost $1/m
3 

$329,681.90 

 408 

 409 

 410 

 411 

 412 

 413 

 414 
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Figure 15. Economic analysis for tri-generation system 415 

 416 

Figure 16. Cash flows of trigeneration system 417 

 418 

5. Conclusion 419 

A tri-generation system based on the integration of power, cooling and desalination thermal cycles 420 

was presented. A detailed numerical case study was developed for the implementation in Al-Hamra 421 

area, Ras Al Khaimah, UAE. The tri-generation system is modeled for maximizing the utilization of 422 

waste heat by driving four thermal cycles based on quality and temperature of thermal energy. The 423 

absorption chiller plant is optimized based on cooling energy requirement of duplex villas in the 424 

region. The simulation results show that energetic efficiency of tri-generation system maximizes up to 425 
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85% in summer due to lower fuel consumption and full scale operation of absorption chiller. The 426 

thermal cycle performances are largely affected by air intake temperature, but due to lower cooling 427 

requirement in winter, the overall thermal efficiency reduces at lower air intake temperatures. Other 428 

important conclusions drawn from the project of recovering waste heat from existing power plant are 429 

as follows: 430 

 The absorption chiller plant can provide district cooling for 124 duplex houses with a 431 

production capacity of 4600kW during peak requirements.  432 

 The production capacity of membrane distillation plant varies between 33 and 37m
3
/hour based 433 

on daily cooling requirements and ambient temperature.   434 

 The normalized CO2 emission per MWh is reduced to 291 kg/MWh from actual scenario of 435 

600kg/MWh by implementation of waste heat recovery system. 436 

 In terms of economy, the system has a rapid payback period of 1.38 years with a cumulative 437 

saving of $66 million. 438 

Nomenclature 439 

A   – Area [m
2
] 440 

ACH   – Air changes per hour 441 

AGMD  – Air gap membrane distillation 442 

b   – Membrane thickness [mm] 443 

B   – Benefits [$]  444 

C   – Cost [$] 445 

     – Specific heat capacity  446 

CC  – Combustion chamber 447 

CCHP  – Combined cooling, heat and power 448 

CCCWP – Combined cooling, clean water and power 449 

CHP   – Combined heat and power cycle 450 

COP   – Coefficient of performance  451 

E   – Energy flux [kJ] 452 

HRSG   – Heat recovery steam generator 453 

NPV   – Net present value [$] 454 

i   – Interest rate [%] 455 

GHG   – Green house gases 456 

h   – Enthalpy [kJ/kg] 457 

K   – Thermal conductivity [W/m.K] 458 

L   – Air gap width [mm] 459 

LHV   – Lower heating value 460 

M   – Mass flow [kg/h] 461 

MENA  – Middle East and North Africa 462 

    – mass flow rate [kg/s] 463 

P   – Power Capacity [KW] 464 

p   – Partial pressure of vapor 465 
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PB   – Payback period [years] 466 

Pr   – Pressure [bar] 467 

Q   – Heat energy [kJ] 468 

RH   – Reheat chamber 469 

S   – Entropy [kJ/kg K]  470 

T   – Temperature [ 
o
C] 471 

U   – Overall heat transfer coefficient  472 

VAC   – Vapor absorption chiller 473 

X   – Mole fraction of water vapor 474 

Greek letters 475 

     – Change in temperature 476 

Ф   – Porosity  477 

     – Latent heat of evaporation  478 

 η   – Efficiency  479 

    – Specific heat ratio  480 

Sub scripts 481 

a   – Air  482 

ac   – Absorption chiller 483 

C   – Cold side 484 

cc   – Combustion chamber 485 

ch   – Chilled water 486 

dis   – Distillate  487 

f   – Fuel   488 

g   – Gas 489 

gen   – Generator  490 

GT   – Gas turbine 491 

H   – Hot side 492 

HRS   – Heat recovery system 493 

LMTD   – Logarithmic mean temperature difference  494 

MD   – Membrane distillation 495 

RH   – Reheat chamber  496 

Stack   – Stack temperature  497 

ST   – Steam turbine 498 

SW   – Seawater 499 

T   – Thermal  500 

Tri   – Trigeneration  501 
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