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Abstract 

This research investigates the potential of integrating a combined cycle power plant with a hybrid MSF-RO desalination 

system in Port Sudan. The proposed system utilizes waste heat from the power plant's heat recovery steam generator to drive 

the MSF desalination process. By leveraging waste heat from the power plant's flue gas, the aim is to enhance sustainability 

and address water scarcity. A detailed simulation of the plant is performed using Aspen HYSYS 10, assessing the monthly 

variations in power and water production due to changes in ambient air temperature, seawater temperature, and salinity in 

Port Sudan. The MSF unit contributes at least 7,574 m³/day of freshwater in September to the 12,600 m³/day produced by the 

RO unit. The highest freshwater productivity of the MSF unit occurs in February, reaching 8,025 m³/day. Maximum 

freshwater generation coincides with peak net power production and combined cycle efficiency. In September, adverse 

weather conditions negatively impact both the combined power cycle and the evaporation range of the MSF unit, resulting in 

minimal freshwater production. The highest fuel costs, amounting to $256,818 per month, and the penalty costs for NOx 

emissions, reaching $101,655 per month, occur in January, February, and December. The shortest payback period is 4.075 

years, occurring in February. Revenue is lowest in July when net power production is at its minimum. 

. 
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Nomenclature 

𝐴 Heat transfer area  m2 

𝐶 Cost  $ 

𝐶̇ Annual cost  $/year 

𝑐𝑒𝑙 Price of electricity  $. (kWh)−1 

𝑐𝑓𝑢𝑒𝑙 Price of natural gas  $. (GJ)−1 

𝑐𝑁𝑂𝑋
 Penalty cost factor  $. (kgNOX)−1 

𝑐𝑤 Price of water  $. (m3)−1 

𝐷𝑛 vapor flow rate kg. (h)−1 

𝐺𝐻 Gate height m 

𝐻 Height of the brine pool m 

𝑖 Interest rate  % 

𝑚̇ Mass flow rate  kg. (h)−1 

𝑛 Number of effects  

𝑃. 𝑃 Pump power  kW 

𝑞 Plant life year 

𝑄 Heat transfer Kw 

𝑆𝑊 Stage width m 

𝑆̇ Annual income $/year 

𝑇 Temperature  ℃ or K 

𝑉𝑏 Brine flow rate per unit length of 
the chamber width 

kg. (m. s)−1 

𝑉𝑉𝑛
 Vapor allowable velocity m. (s)−1 

𝑊 Power kW 

𝑋 Salt concentration  PPM 

𝑌 Time of operation  day/year 

Subscripts 
 

𝑎𝑐 annual investment cost   

𝑎𝑣 Average  

𝑏 Brine  

𝑐𝑤 Cooling water  

𝑐𝑚 Contingency  

𝑐𝑜 Construction overhead  

𝑑 Distillate  

𝑑𝑖 Direct  

𝑑𝑒 Desalination  

𝑑𝑖𝑚 Demister  

𝐸𝐶 Economizer  

𝐸𝑉 Evaporator  
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𝑒𝑙 Electrical  

𝑒𝑞 Equipment  

𝑓 Feed  

𝑓𝑟 Freight   

𝑔 Gas  

𝑖𝑑 Indirect  

𝐼𝑛 Investment  

𝑙𝑎 Land  

𝑙𝑜𝑠𝑠 Thermodynamic loss (loss)  

𝑁𝐺 Natural gas  

𝑜𝑤 Owner  

𝑝𝑝 Payback period  

𝑠 Steam  

𝑠𝑑 Site construction  

𝑆𝐻 Super heater  

𝑠𝑤 Seawater  

𝑣 Vapour  

𝑤 Water  

Greek symbols 
 

𝛽 Coefficient of M&O cost  

𝜉 Inflation factor  

𝜌 Density  

𝜂 Efficiency  

𝜂𝑠 Isentropic efficiency  

𝑟𝑝 Pressure ratio  

∆𝑇 Temperature difference  

𝐶𝑑 Friction coefficient  

𝐶𝑏 Heat capacity of liquid streams  

𝜋 Osmotic pressure  

𝑘𝑠 Salt permeability  

𝑘𝑤 Membrane water permeability  

Abbreviations 
 

𝐴𝐶 Air compressor  

𝐴𝐷𝑆 Adsorption desalination system  

𝐵𝑃𝐸 Boiling point elevation  

𝐶𝐶 Combustion chamber  

𝐶𝑂𝑁 Condenser  

𝐶𝑅𝐹 Capital recovery factor  

𝐹𝐹 Membrane fouling factor  

𝐹𝐹𝐶 Fuel Flow Control  

𝐺𝑇 Gas turbine   

𝐺𝑇𝐶𝐶 Gas turbine combined cycle  

𝐺. 𝑇. 𝐸 Gas Turbine Engine  

𝐻𝑅𝑆𝐺 Heat recovery steam generator  

𝐿 Length  

𝐿𝐻𝑉 Lower heating value  

𝑀𝐷 Membrane distillation  

𝑀𝐸𝐷 Multi-effect desalination  

𝑀𝐸𝑁𝐴 Middle East and North Africa  

𝑀𝑆𝐹 Multi-stage flash  

𝑁𝐸𝐴 Non equilibrium allowance  

𝑀𝑆𝐹 − 𝑂𝑇 Once-through MSF unit  

𝑃 Pressure  

𝑃𝑅 Performance ratio  

𝑃𝑅𝑆𝑉 Peng-Robinson-Stryjek-Vera’s  

𝑃𝑉/𝑇 photovoltaic thermal  

𝑅𝑂 Reverse osmosis  

𝑆𝐴𝐷𝑆 Solar adsorption desalination 

system 

 

𝑆𝐷𝑆𝐸 Solar dish Stirling engine  

𝑆𝐷𝑆𝑃𝑆𝐸𝐷𝑆 Solar dish/Stirling-powered 

single-effect distillation system 

 

𝑆𝑀 Supplementary Material  

𝑆𝑇 Steam turbine  

𝑆. 𝑇. 𝐸 Steam Turbine Engine  

𝑇𝐴𝐶 Total annual cost  

𝑇𝐹𝐶 Temperature correction factor  

𝑇𝐼𝑇 Turbine Inlet Temperature  

𝑇𝑉𝐶 Thermal vapour compression  

𝑈𝐹 Utilization factors  

 

1. Introduction 

Achieving the 2030 sustainable development goals of 

clean water and affordable clean energy in the Middle East 

and North Africa necessitates effective management of the 

intricate relationship between water and energy 

resources[1-3].Rising temperatures, increased water 

scarcity, and reductions in fossil-fuel consumption 

subsidies in a region heavily reliant on fossil fuels 

heighten this challenge[4-7].Coupling power generation 

with thermal desalination technologies offers a way to 

reduce the energy required for freshwater production.  

Power and water cogeneration began by pairing 

desalination units, such as multi-stage flash (MSF) or 

multiple-effect desalination (MED), with steam turbine 

(ST) power plants[8]. When gas turbine combined cycle 

(GTCC) power plants were adopted in the 2000′s, thermal 

units were powered by the latent heat of the steam turbine 

exhaust or by steam extracted from heat recovery steam 

generator (HRSG).  Membrane-based desalination 

technologies consume nearly four times less energy than 

thermal processes and dominate the seawater desalination 

market in the MENA region [9].However, the economic 

benefit of reverse osmosis (RO) systems heavily depends 

on raw seawater quality. The high average salinity of the 

Red Sea and Gulf regions [9, 10]shortens the lifespan of 

RO membrane modules and requires higher pump pressure 

for the RO process [9]. Therefore, hybrid desalination 

units are becoming increasingly important for the future of 

drinking water and power production in the Middle 

East[11, 12]. Harnessing solar energy for heating, cooling, 

and thermal desalination is among the most promising 

applications of renewable energy technology [4, 13-19]. 

The hybrid MD-RO system powered by solar energy is a 

promising integration scheme for sustainable water 

desalination[20]. Hybrid MSF-RO desalination systems 

combine the high reliability and capacity of thermal 

desalination processes with the low energy requirement of 

membrane processes. Furthermore, these systems 

contribute to a reduction in desalination's carbon footprint 

by up to 40% through extended RO membrane lifespan. 

This eliminates the recurring costs of membrane 

replacement often associated with high-salinity feedwater 

[11]. 

Thermodynamic models of power-water cogenerating 

systems have largely contributed to the investigation of 

different dual-purpose plant configurations[8, 21-25]. 

They provided a base for parametric analysis and multi-

objective optimization studies. The case studies differed in 

the considered process structures, optimization 

methodologies, and thermodynamic and/or economic 

optimization criteria[26, 27]. In addition, models were 

used to optimize the allocation of fuel between water and 

power production[21, 28-31]. 

Trigeneration renewable systems provide sustainable 

solutions for freshwater scarcity, energy shortages, and 

climate change by producing heat, electricity, and distilled 

water with minimal environmental impact [32, 33]. A solar 

dish/Stirling-powered distillation system (SDSPSEDS) 

demonstrated efficient tri-generation by integrating 

electricity, heat, and freshwater production [32]. A hybrid 

system combining reverse osmosis, adsorption 

desalination, and a solar dish Stirling engine (RO-

https://en.wikipedia.org/wiki/membrane_distillation
https://en.wikipedia.org/wiki/reverse_osmosis
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ADS/SDSE) enhanced energy efficiency by utilizing waste 

heat for additional desalination [33]. Additionally, a solar 

adsorption desalination system (SADS) powered by hybrid 

PV/T collectors improved both electrical efficiency and 

desalination performance through optimized thermal 

integration [34]. 

The influence of gas turbine partial load operation and 

varying ambient temperatures on the net power output and 

freshwater production of combined cycle power plants 

integrated with thermal desalination units has been the 

subject of considerable research interest. A recent techno-

economic study[35]showed that it is possible to increase 

the freshwater production capacity of a GTCC-MED-TVC 

using an RO unit operated by the available electricity not 

supplied to the grid. The study demonstrated how the RO 

unit's water production varied with average electricity 

availability across different time periods and seasons. The 

focal point in most studies was the effect of variations of 

ambient air temperature on the power generation cycle[8, 

36-39].  A study addressing the effect of weather 

conditions on the power-water production plant in a 

holistic manner does not exist. 

The main rationale behind the power and water co-

generation scheme was initially to improve the efficiency 

of existing fossil fuel-based energy systems[12, 40]by 

running the thermal desalination plants using the waste 

heat from the power cycle. However, in most of the 

published research, thermal desalination plants integrated 

to a GTCC power plant used high-energy streams that can 

contribute to power generation. The desalination unit was 

practically the condenser of the power cycle[8, 21, 35-37]. 

To supply the thermal desalination unit with the required 

process heat input at sufficiently high temperatures that 

rangefrom 60 and 90 °C for MED units and 90 - 120 °C 

for MSF units, the condenser of the power cycle was run at 

significantly higher temperatures. Consequently, the cycle 

had a relatively reduced electricity output and cycle 

efficiency[41].This conventional co-generation scheme is 

not suitable for African countries struggling with energy 

poverty and frequent power outage. Therefore, it is crucial 

for countries -like Sudan- to reduce the amount of power 

allocated for water production in dual-purpose plants[12]. 

One alternative is to rely on solar energy to power small 

and medium small-scale thermal desalination plants[42-

45]. Based on a case study performed in the UAE, solar 

energy provided the energy requirement of a small-scale 

MSF unit producing 1880m3 day⁄ . 

Another relevant alternative is the exploitation of the 

energy of waste streams. The recovery of the energy of 

waste gases emerging from a refinery plant[46]was 

evaluated from the thermodynamic and economic 

standpoint.Tian, et al. [47] recently showed that itwas 

possible to recover the waste heat of 50,000 kg h⁄ of a 

GTCC plant exhaust gases at 150°C in the production of 

892.4 MWh of electricity and 6,656.8m3 year⁄ . The 

proposed power and water cogeneration scheme involved 

an Organic Rankine Cycle and an MSF unit[47]. 

This study addresses two key gaps identified in the 

literature related to power-water cogeneration. Firstly, 

there is a lack of focus on optimizing thermal desalination 

processes powered by the energy of waste gases. Most 

studies [8, 21, 35-37]rely on high-temperature waste heat 

to power the thermal desalination units resulting in 

reduced power output and cycle efficiency. Research is 

needed to explore the feasibility and efficiency of running 

these units at lower temperatures using lower-grade waste 

heat or integrating other heat sources. Secondly, there is a 

lack of thorough analysis of the combined effect of air and 

seawater temperatures and salinity levels on the 

performance of combined power and desalination systems. 

Understanding these climatic impacts is crucial for 

optimizing system performance and efficiency. 

Comprehensive studies focusing on the synergistic effects 

of climate related variables will offer insights into real-

world scenarios and contribute to the design and operation 

of more resilient cogeneration systems capable of 

maintaining stable performance despite fluctuating 

weather conditions. 

1.1. Main Contributions and Novelties 

The drive for highly fuel-efficient systems is propelled 

by stringent environmental regulations and escalating fuel 

costs. Industrial processes often result in significant energy 

wastage through unburned fuel, heat discharge from 

drainage water, and notably, heat loss from flue gases. By 

harnessing and converting this wasted heat into usable 

energy, industries can significantly reduce emissions and 

promote sustainable practices. Furthermore, the rising 

demand for freshwater has led to the development of more 

energy-efficient desalination technologies. Integrating 

desalination systems with power plants, particularly 

combined cycle power plants, has emerged as a promising 

solution. This study introduces a novel approach to 

integrating power generation and water desalination by 

combining a hybrid MSF-RO desalination system with an 

existing gas turbine combined cycle power plant in Port 

Sudan. The proposed system innovatively utilizes waste 

heat from the power plant's heat recovery steam generator 

to drive the MSF desalination process, fostering a 

synergistic relationship between electricity production and 

freshwater generation. 

1.2. Key contributions and novelties of this research 

include: 

1. Waste Heat Utilization: This study innovatively 

explores the use of waste heat from GTCC power 

plants. By channelling the exhaust gases from the 

HRSG unit to power the MSF desalination unit, the 

system maximizes energy efficiency and reduces fuel 

consumption. This approach helps mitigate greenhouse 

gas emissions and aligns with sustainable energy 

practices. 

2. Hybrid Desalination Approach: Combining MSF and 

RO technologies leverages the strengths of both 

methods. MSF processes offer high reliability and 

capacity, while RO processes require significantly less 

energy. The hybrid system aims to provide a robust and 

efficient solution for freshwater production in regions 

with high salinity and energy scarcity. 

3. Sensitivity-Based Analysis: The study employs a 

sensitivity-based approach to evaluate the impact of 

Port Sudan's weather conditions on the performance of 

the GTCC-MSF-RO unit. This comprehensive 

assessment considers factors such as ambient air 
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temperature, seawater temperature, and salinity, 

providing a holistic understanding of the system's 

operational viability throughout the year. 

4. Thermo-Economic Simulation: A detailed simulation 

of the proposed cogeneration system is conducted using 

Aspen HYSYS 10, facilitating a thorough thermo-

economic analysis. This simulation provides insights 

into the system's efficiency, freshwater production 

capacity, and economic feasibility, highlighting 

potential cost savings and environmental benefits. 

5. Alignment with Sustainable Development Goals: This 

research directly contributes to the United Nations' 

Sustainable Development Goals by addressing the 

critical challenges of water scarcity and energy 

insecurity prevalent in the MENA region. Specifically, 

the proposed hybrid MSF-RO desalination system 

integrated with a GTCC power plant aligns with SDG 6 

(Clean Water and Sanitation) and SDG 7 (Affordable 

and Clean Energy) through the efficient and sustainable 

production of both freshwater and electricity. 

2. Process description and model simulation 

This paper investigates the retrofitting of a hybrid 

MSF-RO desalination unit to an existing GTCC power 

plant in Port Sudan. Figure 1shows the simulation 

schematic of the proposed cogeneration plant in Aspen 

HYSYS 10. The combined powercycle plant contains a 

gas turbine cycle (G.T.E.), the HRSG unit and the steam 

turbine cycle (S.T.E.). A once-through MSF unit (MSF-

OT in Figure 1) and a RO unit generate fresh water. The 

simulation of cogeneration scheme in Aspen HYSYS uses 

the Peng-Robinson-Stryjek-Vera’s (PRSV) fluid package. 

In this section, the main units of the steady state process 

simulation model of the power and water cogeneration 

plant shown in Figure 1are presented. The Aspen HYSYS 

logical unit operations used are explained. The flow chart 

of the mathematical model is shown in Figure 2. 

2.1. Gas turbine combined cycle 

The unit’s operation used to model the gas turbine 

cycle are an air compressor, a combustion chamber, a 

high-pressure and a low-pressure turbine. The combustion 

chamber is simulated using the conversion reactor in 

Aspen HYSYS. A set of conversion reactions Equations 

(1) – (8) describe Fuel combustion. The molar composition 

of the natural gas and the operating parameters of the air 

and seawater are given in Error! Reference source not 

found.. 

Fuel gas undergoes combustion with compressed air 

within the combustion chamber, generating high-

temperature exhaust gases. These gases initially expand 

through the high-pressure gas turbine (HPT), producing 

sufficient power to drive the compressor. Subsequently, 

the gases expand further in the low-pressure gas turbine 

(LPT), generating additional power (Fig. 1). The LPT 

exhaust gases, at a temperature of 550 °C, enter the heat 

recovery steam generator (HRSG) where they transfer heat 

to produce steam through the superheater, evaporator, and 

economizer sections. Notably, instead of being released to 

the atmosphere, the exhaust gases exiting the economizer 

are directed to the brine heater of the osmotic turbine 

multi-stage flash (MSF-OT) desalination unit. The 

compressor inlet air temperature is subject to variations 

corresponding to the ambient conditions in Port Sudan, as 

detailed in Table 2. 

𝐶𝐻4 + 2(𝑂2 + 3.76𝑁2) → 𝐶𝑂2 + 2𝐻2𝑂 + 3.76 × 2𝑁2 
(1) 

𝐶2𝐻6 + 3.5(𝑂2 + 3.76𝑁2) → 2𝐶𝑂2 + 3𝐻2𝑂 + 3.76 × 3.5𝑁2 
(2) 

𝐶3𝐻8 + 5(𝑂2 + 3.76𝑁2) → 3𝐶𝑂2 + 4𝐻2𝑂 + 3.76 × 5𝑁2 
(3) 

𝑖 − 𝐶4𝐻10 + 6.5(𝑂2 + 3.76𝑁2) → 4𝐶𝑂2 + 5𝐻2𝑂 + 3.76 × 6.5𝑁2 
(4) 

𝑛 − 𝐶4𝐻10 + 6.5(𝑂2 + 3.76𝑁2) → 4𝐶𝑂2 + 5𝐻2𝑂 + 3.76 × 6.5𝑁2 
(5) 

𝑖 − 𝐶5𝐻12 + 8(𝑂2 + 3.76𝑁2) → 5𝐶𝑂2 + 6𝐻2𝑂 + 3.76 × 8𝑁2 
(6) 

𝑛 − 𝐶5𝐻12 + 8(𝑂2 + 3.76𝑁2) → 5𝐶𝑂2 + 6𝐻2𝑂 + 3.76 × 8𝑁2 
(7) 

𝑛 − 𝐶6𝐻14 + 9.5(𝑂2 + 3.76𝑁2) → 6𝐶𝑂2 + 7𝐻2𝑂 + 3.76 × 9.5𝑁2 
(8) 
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Figure 1.  Schematic of proposed of CCPP coupled with the MSF-RO desalination unit.  
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Figure 2. Flow chart showing the model of the proposed GTCC-MSF-RO system. 
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Table 1. System's input operating conditions. 

Parameter Symbol The value     Unit 

Fuel- Natural gas Temperature 35 ℃ 

Pressure 20 bar 

Fuel composition Methane(𝐶𝐻4) 98.000 % 

Ethane (𝐶2𝐻6) 00.253 % 

Propane (𝐶3𝐻8) 00.060 % 

i-Butane (𝐶4𝐻10) 00.020 % 

n-Butane (𝐶4𝐻10) 00.008 % 

i-Pentane (𝐶5𝐻12) 00.007 % 

n-Pentane (𝐶5𝐻12) 00.002 % 

n-Hexane (𝐶6𝐻14) 00.020 % 

Nitrogen (𝑁2) 01.500 % 

Carbon dioxide (𝐶𝑂2) 00.130 % 

Air 

 

Temperature Monthly average ℃ 

Pressure 1.01325 bar 

Mass flow 1.743251×106 kg. (h)−1 

Seawater Temperature Monthly average ℃ 

Pressure 1.01325 bar 

Salinity Monthly average % 

Table 2. Environmental input parameters in Port Sudan. 

Months Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Daytime temp 

(℃) [48] 

28 28 30 35 37 40 43 43 39 32 30 28 

Night-time temp 
(℃) [48] 

21 21 22 27 30 32 34 35 32 29 28 24 

Ave seawater 

temp (℃) [49] 

26.78 25.28 25.56 26.89 26.44 27.5 27.78 27.94 30.94 30.61 29.78 27.89 

Seawater salinity 
(%) [49] 

3.9750 3.9577 3.9481 3.8769 3.8962 3.8750 3.9058 3.9038 3.9462 3.9269 3.9615 3.9712 

 

The mass flow rate of air is 1.743251×106kg h⁄  in all 

the simulations. Aspen HYSYS adjust operation (ADJ in 

Figure 1) is used to perform the iterations required to 

calculate the changes in fuel mass flow rate in response to 

seasonal variation in ambient air temperature. This 

approach mimics the fuel flow control (FFC) operating 

strategy used in GTCC. The target is to maintain the gas 

turbine inlet temperature (TIT) at 1050°C.  Monthly values 

of fuel flow rate (kg/h), compressor power (MW), gas 

turbine power and mass flowrate of hot gases flowing to 

the HRSG are calculated using the G.T.E. cycle simulation 

model.  

In this study, the HSRG unit is comprised of three shell 

and tube heat exchangers each representing the 

Economizer, Evaporator and Super-Heater, respectively. 

This unit is the connection between the G.T.E. and the 

S.T.E. cycles. 

The steam turbine generates power by steam produced 

in the HRSG unit. Condensed steam turbine exhaust 

undergoes a phase change in the condenser. Condensed 

water is pumped from the storage tank to the economizer 

section of the HRSG unit. Feed water is heated gradually 

by the heat energy of the exhaust gases as described above. 

A shell-and-tube heat exchanger unit simulates the 

condenser. In the S.T.E. cycle, monthly variations of the 

temperature and salinity of seawater in Port Sudan affect 

the operating (saturation) pressure of the condenser.  

The set function (Cold-Pinch and Hot-Pinch in Figure 

1) in Aspen HYSYS implements the temperature 

differences between streams at the cold end and hot end of 

the condenser respectively. The cold pinch value is the 

difference between cooling seawater temperature (S.W. to 

Condenser stream) and the temperature of condensed 

water (Condensate water stream). The hot pinch value is 

the difference between the temperature of the steam 

turbine exhaust (Steam to Condenser stream) and seawater 

leaving the condenser (S.W. out Condenser stream). The 

cold and hot pinch values of the condenser are set at 16 °C 

and 8 °C respectively. 

Monthly changes in the mass flow rate of hot gases fed 

to the HRSG (Super-Heater) unit and the temperature of 

water condensate (Feed Water stream) flowing from the 

S.T.E. cycle affect the heat balance in the HRSG unit. 

Optimal operation of the HRSG units is guaranteed by 

maintaining the pinch temperature and approach 

temperature of the HRSG at 10°C and 8°C, respectively. 

The pinch temperature is the difference between the 

temperature of exhaust gases that exit the evaporator 

section, and the temperature of water stream fed to the 

evaporator (W. to Evaporator stream). The temperature 

approach is the difference between the temperature of the 

water stream fed to the evaporator (W. to Evaporator 

stream) and the temperature of the saturated steam leaving 

the evaporator (W-To-SupH stream). The set function 

(Pinch and Approach in Figure 1) in Aspen HYSYS 

implements the temperature differences between streams 

as explained above. The design parameters of the GTCC 

plant are given in Table 3. 
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Table 3.Design parameters and performance of the GTCC plant. 

Parameter Symbol The value Unit 

Centrifugal compressor Adiabatic efficiency 88 % 

Pressure Ratio 15 -- 

𝑐11 44.71 $. (kg. s)−1 

𝑐12 0.95  

Reactor Efficiency 99.9 % 

Losses pressure 50 kPa 

𝑐21 28.98 $. (kg. s)−1 

𝑐22 0.015 K−1 

𝑐23 1540 K 

High& Low-pressure gasTurbine 

 

 

 

 

Adiabatic efficiency 90 % 

Adiabatic efficiency 90 % 

𝑐31 301.45 $. (kg. s)−1 

𝑐32 0.94  

𝑐33 0.025 K−1 

HRSG 

 

 

 

 

 

HRSG pressure 

 

112 bar 

Losses pressure in the-shell 10 kPa 

Losses pressure in the-tube 20 kPa 

Pinch-point temperature 10 ℃ 

Approach temperature 8 ℃ 

𝑐41 6570  

𝑐42 21276  

𝑐43 1184.8  

Steam turbine Steam mass flow 2.4029×105 kg. (h)−1 

Adiabatic efficiency 90 % 

𝑐51 3880.5 $. (kW)−0.7 

Condenser Hot pinch temperature 16 ℃ 

Cold pinch temperature 8 ℃ 

Losses pressure in the-shell 100 kPa 

𝑐71 1773  

Steam cycle pump Adiabatic efficiency 75 % 

Pressure 112.6 bar 

𝑐61 705.48 $. (kg. s)−1 

Steam condenser pump Adiabatic efficiency 75 % 

Pressure ratio 1.987  

𝑐61 705.48 $. (kg. s)−1 

Economic parameters Interest rate (𝑖) 10 % 

Plant life (𝑞) 20 year 

Time of operation (𝑌) 335 (day/year) 

Price of fuel (𝑐𝑓𝑢𝑒𝑙) 3.30 $. (GJ)−1 

Price of selling electricity (𝑐𝑒𝑙) 0.044 $. (kWh)−1 

Price of selling water (𝑐𝑤) 0.1 $. (m3)−1 

Unit damage cost for 𝑁𝑂𝑋 emission 

(𝑐𝑁𝑂𝑋
) 

6.85 $. (kgNOX)−1 

Coefficient of M&O cost (𝛽) 0.06  

In the simulation presented in this study, changes in the 

temperature of the steam stream leaving the Super-Heater 

end of the HRSG (Steam to Turbine stream) and mass flow 

rate and temperature of HRSG exhaust gas stream (Hot 

Gases to Brine Heater stream) at the Economizer end 

mirrors the effect of weather conditions on the G.T.E. and 

S.T.E. cycles. Therefore, the effect of seasonal variations 

of ambient air temperature, seawater temperature and 

seawater salinity on the net power of the GTCC cycle and 

waste energy available to power the MSF unit (MSF 

thermal power) is determined. Monthly variations of 

fuelflow rate(kg/h), air mass density(kg/m3), air 

compressor power(MW), gas turbine power, steam turbine 

power(MW)are output variables of the power cycle 

simulation model. 

The monthly net power output of the combined cycle is 

calculated from the steam turbine power (S.T. Power in 

Figure 1) and the gas turbine power(L.P.T. Power in 

Figure 1)after subtracting the monthly total pump power 

requirement of the plant as shown in Equation (9). 

𝑁𝑒𝑡 𝑃𝑜𝑤𝑒𝑟 = 𝐿. 𝑃. 𝑇. 𝑃𝑜𝑤𝑒𝑟 + 𝑆. 𝑇. 𝑃𝑜𝑤𝑒𝑟 
− 𝑇𝑜𝑡𝑎𝑙 𝑃𝑢𝑚𝑝 𝑃𝑜𝑤𝑒𝑟 

(9) 

The total pump power is the summation of power 

required to circulate water from the condenser to the 

HRSG unit (W.P. Power in Figure 1), to feed seawater to 

the condenser (S.W.C.P. Power in Figure 1) and to the RO 

(R.O.P. Power in Figure 1) and MSF units (MSF.P. Power 

in Figure 1). These are calculated using the simulation 

model output energy streams as shown in Equation(10). 

𝑇𝑜𝑡𝑎𝑙 𝑃𝑢𝑚𝑝 𝑃𝑜𝑤𝑒𝑟

= 𝑃. 𝑃.𝑊.𝑃. + 𝑃. 𝑃.𝑆.𝑊.𝐶.𝑃. 

+  𝑃. 𝑃.𝑅.𝑂.𝑃. + 𝑃. 𝑃.𝑀.𝑆.𝐹.𝑃.. 

(10) 
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The combined cycle efficiency is expressed by: 

𝜂𝐶𝐶 =
𝑁𝑒𝑡𝑃𝑜𝑤𝑒𝑟

𝑚̇𝑔𝐿𝐻𝑉𝑁𝐺
 

(11) 

The utilization factor (𝑈𝐹)[21]is obtained as follows: 

𝑈𝐹 =
𝑁𝑒𝑡 𝑃𝑜𝑤𝑒𝑟 + 𝑊𝑑𝑒

𝑚̇𝑔𝐿𝐻𝑉𝑁𝐺
 (12) 

2.2. Desalination plant 

The MSF-OT desalination unit is composed of a top 

brine heater (Brine heater in Figure 1), 24 desalination 

stages and the bottom feed water heater (𝐸24 in Figure 

1).Each stage (𝑖) is simulated using a vapor-liquid 

separator (𝑆𝑖) and a shell and tube heat exchanger (𝐸𝑖). 

The Separator represents the flashing chamber while the 

shell and tube heat exchanger represent the condenser. In 

the heat exchanger, the latent heat of the condensed vapor 

leaving stage (𝑖)  heats the seawater coming from the 

stage (𝑖 + 1).The brine heater increases the temperature of 

seawater exiting the condenser of the first stage (𝐸1 in 

Figure 1), from(𝑇1)to the top brine heater temperature 

(𝑇𝑏). The heating medium is the exhaust gases of the 

HRSG unit. The stack gas temperature is fixed at 90°C. 

The basic mathematical model byEl-Dessouky and 

Ettouney [50]was used to estimate the temperature profile 

of MSF flashing stages as described below. The pressure 

in each chamber was calculated based on the saturation 

temperature of each stage. Successive pressure-drop from 

one stage to the next drives brine flow from one stage to 

the next. The simulation model output are the mass flow 

rate of seawaterand the MSF-water productivity 

(m3 day⁄ ). Both vary monthly in response to changes in 

feed seawater temperature (𝑇𝑓) and salinity shown in 

Table 2. In addition, fluctuations in the energy of the 

exhaust gases of the HRSG, the main heat source of the 

brine heater, affect monthly total freshwater productivity.  

The temperature profile in the MSF-OT unit is defined 

in terms of the temperature of the brine leaving the 

preheater (top brine temperature: 𝑇𝑏), the brine leaving the 

last stage (𝑇24) and the feed seawater temperature (𝑇𝑓).The 

top brine heater was set equal to 95 °C. 𝑇𝑓 varies according 

to the monthly weather data given in Table 2. The 

temperature of the rejected brine𝑇24 (leaving the last stage) 

is set equal to 10°C higher than (𝑇𝑓).The temperature 

difference between the top brine heater temperature 

(𝑇𝑏 =95°C) and the temperature of the brine leaving the 

last stage in this module (𝑇24) is the evaporation range 
(𝑇𝑏 − 𝑇24)Alhazmy [51]. Allowing the rejected brine 

temperature to vary with the seasonal changes of the 

seawater feed temperature is expected to enhance the 

production rate of fresh water by the MSF unit especially 

in cold seasons. The stage temperature drop (∆𝑇) is 

assumed to be equal and is obtained from the relation: 

∆𝑇 =
(𝑇𝑏 − 𝑇24)

24
 

(13) 

The temperature of the flashing stage 𝑖, is equal to: 

𝑇𝑖 = (𝑇𝑏 − 𝑖 × ∆𝑇) (14) 
The input parameters of the MSF-OT units are given in 

Table 4and are inserted as a SPREAD SHEET (Input 

Data) in Aspen HYSYS. In the simulation model the 

temperature of the vapor (𝑇𝑣𝑖)leaving the vapor-liquid 

separator was corrected for to thermodynamic losses 

caused by boiling point elevation(𝐵𝑃𝐸) and the non-

equilibrium allowance(𝑁𝐸𝐴)[50, 52]. The vapor 

condensation temperature for each stage(𝑇𝑣𝑖) is calculated 

using equations (15) – (25).  

𝑇𝑣𝑖
= 𝑇𝑖 − 𝐵𝑃𝐸𝑖 − 𝑁𝐸𝐴𝑖 − ∆𝑇𝑑𝑖𝑚𝑖

 (15) 
The temperature drop in the demister (∆𝑇𝑑𝑖𝑚) is 

assumed to be negligible compared to (𝐵𝑃𝐸) and (𝑁𝐸𝐴). 

The values of 𝐵 and 𝐶 in the correlation for the boiling 

point elevation are: 

𝐵𝑃𝐸𝑖 = 𝑋𝑖[𝐵 + (𝑋𝑖 × 𝐶)] × 10−3 (16) 

𝐵 = [6.71 + 6.34 × 10−3 × (𝑇𝑖) + 9.74

× 10−5 × (𝑇𝑖
2)] × 10−3 

(17) 

𝐶 = [22.238 + 9.59 × 10−3 × (𝑇𝑖) + 9.42

× 10−5 × (𝑇𝑖
2)] × 10−8 

(18) 

where (𝑇) is the temperature and (𝑋) is the salt weight 

percentage. The above equation is valid over the following 

ranges: 1 ≤  𝑋 ≤  16%, 10 ≤ 𝑇 ≤ 180 °C. 

Lior [53]established correlations to account for non-

equilibrium conditions within the MSF system. These 

equations provide values for the non-equilibrium 

allowance as a function of brine temperature, gate height, 

brine flow rate per unit chamber width, and stage 

temperature drop. 

(𝑁𝐸𝐴)10

= (0.9784)𝑇𝑖(15.7378)𝐻(1.3777)𝑉𝑏×10−6
 

(19) 

𝑁𝐸𝐴

=
(𝑁𝐸𝐴)10

(0.5∆𝑇 + 𝑁𝐸𝐴10)0.3281𝐿(0.5∆𝑇 + 𝑁𝐸𝐴10)
 (20) 

Equation(19) is valid for 10 ft stage length and 

Equation(20) is applicable for stages of any other lengths. 

(𝑇𝑖) is the stage temperature, (𝐻) is the height of the brine 

pool, (𝑉𝑏)is the brine flow rate per unit length of the 

chamber width, and ∆𝑇is the stage temperature drop.The 

gate height (𝐺𝐻)is obtained in terms of the stage pressure 

drop (∆𝑃), the brine density (𝜌b), the weir friction 

coefficient (𝐶𝑑), the stage width (𝑆𝑊), and the feed flow 

rate(𝑚̇𝑓). For stage 𝑖 the gate height is 

𝐺𝐻𝑖

= (𝑚̇𝑓 − ∑ 𝐷𝑗

𝑖−1

𝑗=1

)

× (2𝜌𝑏𝑗
∆𝑃𝑖)

(−0.5)
(𝐶𝑑. 𝑆𝑊)⁄  

(21) 

The brine pool height is set higher than the gate height 

by 0.2 m. 

𝐻𝑖 = 0.2 + 𝐺𝐻𝑖 (22) 

∆𝑃𝑖 = 𝑃𝑖 + 𝑃𝑖+1 (23) 

𝑆𝑊 =
𝑀𝑓

𝑉𝑏
 

(24) 

where (𝑃𝑖) and (𝑃𝑖+1) are the pressures in stages 

(𝑖)and (𝑖 + 1), and (𝑉𝑏)is the brine mass velocity per 

chamber width. The length of the last stage is determined 

as a function of the vapor flow rate (𝐷𝑛), the vapor density 

(𝜌𝑉𝑛
), the vapor allowable velocity (𝑉𝑉𝑛

), and the stage 

width(𝑆𝑊).  

𝐿 =
𝐷𝑛

𝜌𝑉𝑛
𝑉𝑉𝑛

𝑆𝑊
 

(25) 

The temperature correction is implemented in the 

simulation using the virtual stream extension (𝐵𝑃𝐸) shown 

in Figure 1.Compared to previous studies using Aspen 

HYSYS[43, 47], this work presents the most 
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comprehensive HYSYS simulation of once-through multi-

stage desalination process published to date. 
The RO unit was modeled using the mathematical 

model by El-Dessouky and Ettouney [50]. The set of 

equations (Equations (26) – (38)) are shown below.  

The feed flow rate (𝑚̇𝑓) based on recovery ratio (𝑅𝑅) 

and distillate flow rate (𝑚̇𝑑) is: 

𝑚̇𝑓 =
𝑚̇𝑑

𝑅𝑅
 

(26) 

The distillate product salt concentration (𝑋𝑑) 

𝑋𝑑 = 𝑋𝑓 × (1 − 𝑆𝑅) (27) 
where (𝑋𝑓)is the feed flow rate salt concentration, and 

(𝑆𝑅) is the salt rejection percentage; and the rejected brine 

is found from: 

𝑚̇𝑏 = 𝑚̇𝑓 − 𝑚̇𝑑 (28) 
The rejected salt concentration is estimated by: 

𝑋𝑏 =
𝑚̇𝑓 × 𝑋𝑓 − 𝑚̇𝑑 × 𝑋𝑑

𝑚̇𝑏
 

(29) 

The average salt concentration is estimated as: 

𝑋𝑎𝑣 =
𝑚̇𝑓 × 𝑋𝑓 − 𝑚̇𝑏 × 𝑋𝑏

𝑚̇𝑓 + 𝑚̇𝑏
 

(30) 

The temperature correction factor (𝑇𝐹𝐶) is found by 

the relation [54, 55] 

𝑇𝐹𝐶 = exp [2700 × (
1

273 + 𝑇
−

1

298
)] 

(31) 

The membrane water permeability (𝑘𝑤)[54, 55] 

𝑘𝑤

= 6.84 × 10−8 × [
18.6865 − (0.177 × 𝑋𝑏)

(𝑇 + 273)
] 

(32) 

The salt permeability (𝑘𝑠) is: 

𝑘𝑠 = 𝐹𝐹 × 𝑇𝐶𝐹 × 4.72 × 10−7

× [0.06201

− (5.31 × 10−5

× (𝑇 + 273))] 

(33) 

where the membrane fouling factor, denoted by (𝐹𝐹), 

influences the system's performance. Osmotic pressure 

calculations for the feed, brine, and distillate product sides 

were determined using the following equations: 

𝜋𝑓 = 75.84 × 𝑋𝑓 (34) 

𝜋𝑏 = 75.84 × 𝑋𝑏 (35) 

𝜋𝑑 = 75.84 × 𝑋𝑑  (36) 

The average osmotic pressure on the feed side and the 

net osmotic pressure across the membrane are found as 

follows: 

𝜋𝑎𝑣 = 0.5 × (𝜋𝑓 + 𝜋𝑏) (37) 

∆𝜋 = 𝜋𝑎𝑣 − 𝜋𝑑  (38) 

The net pressure difference across the membrane 

Equation (39) and the required high pressure pump power 

input to the RO Equation (40) was modelled using 

Moharram, et al. [44] as; 

∆𝑃

= (
𝑚̇𝑑

3600 × 𝑇𝐶𝐹 × 𝐹𝐹 × 𝐴𝑒 × 𝑛𝑒 × 𝑛𝑣 × 𝑘𝑤
)

+ ∆𝜋 

(39) 

𝑃. 𝑃.𝑅.𝑂. =
1000 × 𝑚̇𝑓 × ∆𝑃

3600 × 𝜌𝑓 × 𝜂𝑝
 

(40) 

where (𝐴𝑒) is the element area, (𝑛𝑒) is number of 

membrane elements, (𝑛𝑣) is the number of pressure 

vessels, (𝜌𝑓) the feed is flow rate density, and (𝜂𝑝) is the 

driving pump mechanical efficiency.  

The RO unit was included in the simulation using the 

SPREADSHEET option (Membranes shown in Figure 1). 

The water production target of the RO unit (RO-water 

productivity stream) is constant and equals 12,600 cubic 

metres per day. The effect of monthly variations of 

seawater temperature and salinity in Port Sudan on the 

power requirement of the high-pressure pump of the RO 

unit (𝑃. 𝑃.𝑅.𝑂. ) are considered.  

In the MSF-OT and RO sections, seawater usually 

enters at variable temperatures according to the monthly 

average seawater temperature of Port Sudan (Table 2) , 

with the input data for the MSF-OT and RO desalination 

plants provided in Table 4. 

The process simulation model of the power plant was 

verified by comparison with a reference case Bălănescu 

and Homutescu [56]. Details of the model validation are 

described in the supplementary material (SM) section. The 

simulation of MSF-OT and RO units were also validated 

using published dataEl-Dessouky and Ettouney [50]and 

the corresponding results are shown in the SM section. The 

validated model of the combined power and desalination 

plant is run using weather conditions (Table 2) and the 

input data of the power plant of Port Sudan (Table 3). 

Because of the low moisture content, the effect of air 

moisture content on performance of the plant is assumed 

negligible Liu and Karimi [57]. 

2.3. Economic analysis 

Simulation results of proposed scheme were used to 

perform an economic analysis as previously described 

by[37]. Values of the economic parameters are given in 

and Table 4 and Table 4.  

Calculation of the total annual cost (TAC) included the 

annual investment cost (𝐶̇𝑎𝑐), annual maintenance and 

operating costs (𝐶̇𝑀&𝑂) and 𝑁𝑂𝑋emission penalty cost 

(𝐶̇𝑁𝑂𝑋
) as shown in equation (41)[37].   

TAC = 𝐶̇𝑎𝑐 + 𝐶̇𝑀&𝑂 + 𝐶̇𝑁𝑂𝑋
 (41) 

The investment cost (𝐶𝐼𝑛)includes all costs associated 

with establishing a facility. This cost falls into the direct 

(𝐶𝑑𝑖) and indirect cost (𝐶𝑖𝑑 )categories[37, 58, 59] as 

presented in equation(42). 

𝐶𝐼𝑛 = 𝐶𝑑𝑖 + 𝐶𝑖𝑑 (42) 
Direct investment expenses include major and auxiliary 

equipment, site construction, and land costs.  

𝐶𝑑𝑖 = 𝐶𝑙𝑎 + 𝐶𝑒𝑞 + 𝐶𝑠𝑑 (43) 
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Table 4. Input data of MSF and RO desalination plant proposed. 

Parameter The value   Unit 

MSF- type Once through MSF 

Number of stages (n) 24 Stage 

Top brine temperature 95 ℃ 

Hot pinch temperature 10 ℃ 

Losses pressure in the evaporates-shell 50 kPa 

Losses pressure in the brine heater-shell 10 kPa 

Losses pressure in the brine heater-tube 20 kPa 

Vapor velocity in the last stage 𝑽𝑽𝟐𝟒
 6 m. (s)−1 

Brine mass flow rate per stage width 𝑽𝐛 180 kg. (m. s)−1 

Weir friction coefficient 𝑪𝒅 0.5 -- 

Pump pressure ratio 18.52 -- 

Brine heater heat transfer area 𝑨𝐛 100 m2 

Condenser heat transfer area 𝑨𝐜𝐨𝐧 60.32 m2 

𝒄𝟖𝟏 6000 -- 

RO membrane type SW30HR-380 

Membrane fouling factor  85 % 

Area 35 m2 

Permeate flow rate 20 m3 day⁄  

Number of membrane elements 7 Modules 

Number of pressure vessels 90 Vessels 

Recovery ratio 30 % 

Salt rejection 99.7 % 

Pump efficiency 75 % 

Inflation factor𝝃 1.399  

𝒄𝟗𝟏 7846 $ 

𝒄𝟗𝟐 996  

𝒄𝟗𝟑 393000  

𝒄𝟗𝟒 701.19  

In the current study, the land cost (𝐶𝑙𝑎) is not 

considered due to land availability. Mass flow rates, 

temperature and pressure values of the process streams 

required in equations (44) – (53) to calculate the 

processing equipment costs (𝐶𝑒𝑞)  are extracted from 

simulation results. Plant Equipment included the air 

compressor (AC), the combustion chamber (CC), the gas 

turbine (GT), the HRSG, the steam turbine (ST), the 

pumps (P), steam condenser (CON), the MSF desalination 

unit (MSF) and the RO desalination unit (RO). 

Ceq = CAC + CCC + CGT + CHRSG + CST + CP + CCON + CMSF + CRO (44) 

Air compressor[60, 61]: 

CAC = c11 × ṁair ×
1

[c12 − ηs,C]
× rp × ln rp 

(45) 
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Combustion chamber[60, 61]: 

CCC = c21 × ṁair × (1 + ec22.(Tout−c23)) ×
1

[0.995 −
pout

pin
]
 

(46) 

Gas turbine[60]: 

CGT = c31 × ṁg ×
1

[c32 − ηs,GT]
× ln

pin

pout
(1 + ec33×(Tin−1570K)) 

(47) 

Heat recovery steam generator[61, 62]: 

CHRSG = c41 × [(
QEC

∆TEC
)

0.8

+ (
QEV

∆TEV
)

0.8

+ (
QSH

∆TSH
)

0.8

] + c42 × ṁw + c43 × ṁg
1.2 

(48) 

Steam turbine[60]: 

CST = c51 × PST
0.7 × [1 + (

0.05

(1 − ηs,ST)
)

3

] × [1 + 5 × exp (
(Tin − 866K)

10.42K
)] 

(49) 

Water pumps [60]: 

CP = c61 × PP
0.71 × [1 +

0.2

(1 − ηs,P)
] 

(50) 

Condenser[63]: 

CCON = c71 × ṁs (51) 

Multi stage flash [11, 50]: 

CMSF =
0.096 × c81 × (Ab + 24 × Ac)

(ṁde)0.27  
(52) 

Reverse osmosis:[61, 64, 65] 

CRO = c91 × NOmembranes + c92 × ξ × (
ṁRO

ρ
× 24 × 3600)

0.8

+ c93 × ξ + 14.5 × c94 × PRO 
(53) 

Site development cost (Csd) is estimated using equation (54)[37]. 

Csd = 0.2 × Ceq (54) 

The indirect investment cost (Cid) includes freight cost (Cfr), construction overhead cost (Cco), owner's cost (Cow) and 

contingency cost (Ccm). Equations(55) – (59) present the calculation detail[58]. 

Cid = Cfr + Cco + Cow + Ccm (55) 

Cfr = 0.05 × Cd (56) 

Cco = 0.15 × Ceq (57) 

Cow = 0.1 × Ceq (58) 

Ccm = 0.1 × Cd (59) 

To determine the annual cost, the investment cost should be amortized using the capital recovery factor (CRF)[37] 

calculated using equations(60) and (61), respectively. 

Ċac = CRF × CIn (60) 

CRF =
i(1 + i)q

(1 + i)q − 1
 

(61) 

where (i) is the interest rate and (q) is the plant lifetime. Interest rate and plant lifetime was set as 10% and 20 years, 

respectively. 

Annual maintenance and operational costs (ĊM&O)are those expended following plant commissioning and during 

operation. The maintenance cost is calculated as a percentage of the annual investment cost (Ċac). Monthly pump power 

requirement of the plant was subtracted the power produced by the GTCC plant as previously described in equation (9); 

therefore monthly operating cost include fuel costs presented in equation (62)[37]. 

ĊM&O = β × Ċac +  cfuel × LHV × ṁfuel × Y × 24 × 3600 (62) 

The annualNOX emissions penalty cost (ĊNOX
) was calculated by taking into account milligrams of NOX in 1 kg of 

combustion product (mproducṫ ) using equation (63)[37]. 

ĊNOX
= cNOX

× ṁproduct × 150 × 10−6 × Y × 24 × 3600 (63) 

The annual income (Ṡ)received from selling the fresh water and electricity is obtained by: 

Ṡ = (WNet power × Y × cel × 24) + (ṁd × Y × cw × 24 × 3.6) (64) 

Where (cel) and (cw) is the electricity and water selling prices, respectively.  

The payback period (pp) was calculated by setting the Net Present Worth (NPW) and Net Future Worth (NFW)equal to 

zero in equations(65) and (66), respectively[37]. 

NPW = −CIn − ĊM&O [
(1 + i)pp − 1

i(1 + i)pp ] + Ṡ [
(1 + i)pp − 1

i(1 + i)pp ] 
(65) 

NFW = −CIn(1 + i)pp − ĊM&O [
(1 + i)pp − 1

i
] + Ṡ [

(1 + i)pp − 1

i
] 

(66) 
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3. Results and discussion 

3.1. Validation of the simulation model 

Increased water scarcity, energy poverty and ongoing 

reduction of fossil-fuel consumption is increasing the need 

to maximize energy recovery of waste streams before their 

rejection to the environment. 

Techno-economic evaluation of power-water 

cogenerating systems have contributed to the investigation 

of different dual-purpose plant configurations. The 

HYSYS simulation of the GTCC power cycle was verified 

by comparison to a reference case Bălănescu and 

Homutescu [56]. The process flow diagram of the 

reference power plant and the corresponding HYSYS 

simulation schematic is shown inFig.SM 1. The process 

parameters of the Orenda OGT15000 gas turbine 

calculated by the HYSYS simulation were in good 

agreement with values as shown in Table SM 1.The flow 

diagram of the MSF-OT of the model and the performance 

characteristics of the desalination unit El-Dessouky and 

Ettouney [50] are shown in Figure SM 2 and Table SM 2, 

respectively. 

The simulation results for the distillate flow rate, the 

steam flow rate, and the performance ratio are almost 

identical with the model output of the mathematical 

modelEl-Dessouky and Ettouney [50]. Error did not 

exceed 4.6%.A comparison of the values of distillate flow 

rate, brine flowrate and the salinity of the brine for each 

desalination stage is presented inFigure SM 3. Maximum 

error in distillate flowrate is in the first and final stages and 

does not exceed 3.6%. Compared to the reference case, the 

current model underestimates the brine flowrate in each 

stage by average 4.7%. The error of the salinity of the 

brine for each stage is very small 0.1% at the first stage 

and then diverges to reach highest value 1.8% at the last 

stage. The temperature profile of all the streams ofMSF 

unit in each stage (feed seawater, condensing vapor, and 

brine) agrees very well with the reference case as shown in 

Table SM 3.It is important to note that that the 

mathematical model by El-Dessouky and Ettouney 

[50]uses an approximate equation to calculate the 

performance ratio of the MSF-OTsystem (kg distillate/ kg 

steam). The latent heat of condensation used is based on an 

average stage temperature. In the simulation model 

performed in this study, the energy balance of the unit is 

based on a more accurate stage wise flashing evaporation 

phenomenon in the two-phase separator unit. 

3.2. Results of thermodynamic analysis 

The operating environment and designed conditions for 

power plants vary significantly based on their location, 

which affects their performance compared to the ideal 

conditions set by the International Organization for 

Standardization (ISO)[66-68] as show inTable 5.  

Table 5. International Organization for Standardization (ISO) 

condition. 

Parameter The value   Unit 

Dry ambient air temperature 15 ℃ 

Relative humidity 60 % 

Atmospheric pressure at the sea level 1.01325 bar 

Seawater temperature 15 ℃ 

Seawater salinity 35000 PPM 

ISO provides standard conditions for a consistent basis 

of comparison, but real-world conditions often deviate 

from these standards. The design parameters for the 

simulation results of the GTCC-MSF-RO unit using ISO 

conditions are shown in Table 6. 

The simulation of the GTCC-MSF-OR unit was 

performed using the input data of the power plant in Port 

Sudan and weather condition data (Table 2). The results of 

the simulation model of the integrated power and water 

generation plant show that it is possible to produce at least 

7,624 m3 day⁄  of freshwater using the waste energy of the 

exhaust gases of the HRSG. This constitutes 60% of the 

freshwater produced by the RO unit powered by 

electricity. The productivity of the MSF unit proposed in 

this study is comparable to the capacity of medium scale 

MSF unit.  

It of great relevance to Sudan to retrofit an existing 

combined cycle power plant with a medium scale MSF 

unit powered by the waste heat of the power cycle. The 

results obtained contributes to ongoing research efforts 

aiming at producing freshwater using waste heat 

streams[46, 47, 69]or using solar energy systems[42-45]. 

The performance of the MSF unit was evaluated under 

different weather conditions.  Ambient air temperature and 

seawater temperature in Port Sudan(shown in Table 

2)record its lowest value in January, February, and 

December. The highest air temperature is in the summer 

months of July and August. Average seawater 

temperatures rise steadily and reach their maximum in the 

month of September. In this month and the following 

months, the difference between average air and average 

seawater temperatures is minimal.  

Low ambient air temperature and low seawater 

temperature in the winter months of December, January 

and February are optimal for power generation as shown in 

Fig. In this season, the maximum monthly fuel 

consumption rate (Fig(a))is recorded. Due to the high air 

density values(Fig(b)) and consequently low air 

compressor power (Fig(c)) required, maximum power is 

generated by the gas(Fig(d)) and steam(Fig (e)) turbines. 

After subtracting the steam cycle pump requirement (Fig 

(f)),the net power output of plant is 177.5MW (Fig(g)). 

Combined cycle efficiency (45.84%) (Fig(h)) and 

utilization factor (55.72%)(Fig(i)) are at their highest 

monthly value. 
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Table 6. Performance results of the CCGT plant and MSF-RO desalinations operating in ISO condition. 

Parameter The value   Unit 

Fuel flow 29878.76 kg. (h)−1 

Air mass density 1.22100 kg m3⁄  

Net power 190.542 MW 

Compressor power 185.547 MW 

Gas turbine power 297.713 MW 

Steam turbine power 83.828 MW 

Steam cycle pump power 0.999 MW 

Efficiency 47.29 % 

Utilization factor 56.16 % 

Steam turbine temperature 518.30 ℃ 

Steam condenser temperature 31.01 ℃ 

MSF-rejected brine temperature 25.00 ℃ 

MSF-thermal power 128.562 GW/h 

RO-electrical power 2.0837 MW 

MSF- water productivity 8661.07 m3 day⁄  

RO-water productivity 12600.00 m3 day⁄  

Total water productivity 21261.07 m3 day⁄  

MSF- feed seawater 68135.39 m3 day⁄  

RO- feed seawater 42000.00 m3 day⁄  

MSF-salinity 40250.66 PPM 

RO-salinity 49955.00 PPM 

 
Figure 3. Monthly variation in the performance parameters of the power cycle in response to weather conditions. (a) fuel flow. (b) air mass 

density. (c) compressor power. (d) gas turbine power. (e) steam turbine power. (f) steam cycle pump power. (g) net power. (h) efficiency. (i) 

utilization factor. 
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In winter the temperature of the steam cycle condenser 

(Fig(a)) and the corresponding saturation pressure are low 

due to the cold sea water temperature. The steam turbine 

temperature is the highest relative to the rest of the year 

(Fig (b)).The mass flow rate and temperature of HRSG 

exhaust gas stream obtained in the winter month are used 

to determine MSF thermal power (Fig(c)). 

According to the simulation results of the combined 

cycle, it was likely to expect that freshwater production 

would be minimal in these winter months, because both 

the MSF-thermal power (Fig(c)) and the temperature of the 

brine heater (Fig(d)) are at their lowest values. 

Surprisingly, the thermal desalination unit produces 

8,025m3 day⁄ , which is the highest monthly value (Fig(e)). 

The result can be explained by the fact that the evaporation 

range of the MSF unit has a maximum value of 58.22°C in 

February. The span along which evaporation occurs is 

maximum as confirmed by the low temperature of the 

rejected brine (Fig(f)).The findings of this comprehensive 

simulation model imply that the evaporation range of an 

MSF unit has a stronger effect on freshwater productivity 

than the thermal energy supplied to the brine heater. The 

dominating effect of evaporation range is mirrored by 

research interest in defining temperature control strategies 

for the different seasons [70]and propose operating 

strategies [9, 51]of MSF units. 

Changes in the electrical power of the RO unit (Fig (g)) 

is primarily due to fluctuations in seawater salinity, which 

has its highest and lowest value in January (3.9750%) and 

June (3.8750%), correspondingly. The pumping power 

varies to maintain water production at 12,600 m3 day⁄  

(Fig (h)) at constant seawater feed to the RO unit (42,000 

m3 day⁄ ). In winter, total water production by the 

cogeneration plant is highest at 20,625 m3 day⁄  (Fig (i)). 

 

Figure 4. Monthly varaitions in the performance parameters of the steam cycle and MSF-RO unit. (a) steam condenser temperature. (b) 

steam turbine temperature. (c) MSF-thermal power. (d) MSF-brine heater temperature. (e) MSF-water productivity. (f) MSF-rejected brine 

temperature. (g) RO-electrical power. (h) RO-water productivity. (i) total water productivity. 
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Ambient air temperature rises steadily during the spring 

and summer months. July and August being the hottest 

months of the year. Consistent with research findings[8, 

29, 35-37, 71], rising ambient air temperature gradually 

reduce the net power output of the cycle, the combined 

cycle efficiency and freshwater production in conventional 

thermal desalination units run using streams bled from the 

steam turbines.  

The FCC control strategy was successfully 

implemented in the simulation model and the flowrate of 

fuel decreases sharply (Fig(a))in response to rising air 

temperature and density (Fig(b)).While the minimum 

power output of the gas turbine (Fig(d)) was observed in 

July, the minimum power output of the steam turbine 

(Fig(e)) and the combined cycle efficiency and utilization 

factor appear to be delayed in the month of September. 

The negative cumulative effect of relatively high air 

ambient temperature and high seawater temperature on the 

power cycle is more pronounced in September. In this 

month, the saturation pressure of the steam condenser rose 

in response to the high steam condenser temperature 

(Fig(a)). The minimum steam turbine power is 

accompanied by a maximum of the MSF thermal power in 

September (Fig(c)).The maximum value of the MSF 

thermal power is the result of the combined effect of the 

sharp decline of mass flow rate of the exhaust gases on one 

hand and a sharp rise in the temperature of the exhaust 

gases (Fig(c)) on the other hand. Nevertheless, the MSF 

unit produces the minimum amount of freshwater (Fig(e)) 

because in September the evaporation range is 54°C. 

Similar to what was observed in February, the evaporation 

rate has a dominant effect on freshwater production by the 

MSF unit. Consistent with this finding, the temperature of 

the rejected brine is highest (40.94°C) in the month of 

September as shown in (Fig(f)). 

Energy balance calculation of the MSF unit vary in 

response to monthly changes of the temperature profile of 

the MSF unit. The seawater feed to the RO unit is 42,000 

m3 day⁄ as shown inFigure 3 (a). Variations in seawater 

flowrate fed to the MSF unit and in the salinity of the 

rejected brine are presented in Figure 3 (b) and Figure 3 

(c), respectively. It is evident that the salinity of the brine 

rejected from the MSF unit is markedly lower than the 

salinity of the brine blown down from the RO unit (Figure 

3 (d)). The increase of freshwater production using MSF 

unit that uses the waste heat of the power cycle has an 

additional merit related to the relatively lower passive 

impact of hybrid desalination on the aquatic environment.  

The variability in seawater salinity plays a vital role in 

the efficiency of desalination and power generation 

systems. Elevated salinity adversely affects heat transfer 

efficiency in condensers, increasing back pressure and 

turbine exhaust steam temperature, which subsequently 

lowers both power output and thermal efficiency in steam 

turbines Attia [72]. Additionally, higher salinity in cooling 

water exacerbates these impacts, further reducing overall 

plant performance. In desalination systems, particularly 

reverse osmosis, increased salinity raises osmotic pressure, 

demanding greater energy input for effective operation. 

 
Figure 3. Monthly variations in the operating parameter of the MSF-RO unit. (a) RO-feed seawater. (b) MSF-feed seawater. (c) MSF-

salinity. (d) RO- salinity. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

38000

39000

40000

41000

42000

43000

44000

45000

46000

R
O

- 
fe

e
d

 s
e
a

w
a

te
r

Months

 RO- feed seawater(a)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

71500

72000

72500

73000

73500

74000

74500

75000

75500

M
S

F
- 

fe
e

d
 s

e
a

w
a

te
r

Months

 MSF- feed seawater(b)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

43250

43500

43750

44000

44250

44500

44750

45000

M
S

F
-s

a
li

n
it

y

Months

 MSF-salinity(c)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

55000

55250

55500

55750

56000

56250

56500

56750

57000

R
O

-s
a
li

n
it

y

Months

 RO-salinity(d)



 © 2025 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 19, Number 1  (ISSN 1995-6665) 57 

3.3. Cost estimation 

Table 7presents a detailed breakdown of the system's 

investment and annual costs at the optimal design point. 

Additionally, it encompasses the annual maintenance and 

operational expenses, NOx emission penalties, revenue 

generation, and payback period for the plant operating 

under nominal load and ISO conditions. 

Figure 4(a) and Figure 4(b) show that the cost of fuel 

and the penalty cost for producing NOx emissions are 

influenced by the amount of fuel used, which is in turn 

affected by air temperature. The highest costs for both the 

cost of fuel256,818 $/monthand the penalty cost for 

producing NOx emissions 101,655 $/month are observed 

in January, February, and December, while the lowest 

costs 244,795$/monthand 101,578 $/monthare recorded 

in July and August respectively. These variations are likely 

due to the impact of air temperature on fuel consumption 

and emissions. 

The net income Figure 4(c) fluctuates throughout the 

year, with the highest total net income recorded in 

February 440,833 $/month and the lowest in August 

413,246$/month. This pattern correlates with the 

variations in net power generation and freshwater 

productivity during the year. 

The payback period of the system Figure 4(d) is 

influenced by fluctuations in maintenance and operation 

costs. In February, the payback period is at its lowest 

4.075 years, indicating higher profitability due to lower 

costs. On the other hand, August shows the highest 

payback period 4.558 years, indicating lower profitability 

due to higher costs. These variations demonstrate how 

changes in maintenance and operation costs can impact the 

profitability of the system under different climatic 

conditions. 

Table 7. System investment and operational costs at optimal 

design point. 

Parameter Nominal load 

at ISO 

condition 

Air compressor($) 12.564E+06 

Combustion chamber ($) 0.0561E+06 

High pressure gas turbine ($) 4.6493E+06 

Low pressure gas turbine ($) 3.5517E+06 

HRSG ($) 4.8970E+06 

Steam turbine ($) 12.250E+06 

Steam condenser ($) 0.1183E+06 

Water pump ($) 0.1713E+06 

Seawater pump ($) 0.1039E+06 

RO desalination ($) 12.279E+06 

MSF desalination ($) 0.5256E+06 

Annual investment cost ($/𝐲𝐞𝐚𝐫) 9.7961E+06 

Annual maintenance and operational cost 
($/𝐲𝐞𝐚𝐫) 

39.071E+06 

Annual fuel cost ($/𝐲𝐞𝐚𝐫) 38.483E+06 

Annual penalty cost for producing NOx 

emissions ($/𝐲𝐞𝐚𝐫) 

14.648E+06 

Annual total cost (TAC) ($/𝐲𝐞𝐚𝐫) 63.515E+06 

Annual income received ($/𝐲𝐞𝐚𝐫) 68.120E+06 

Payback period (𝐲𝐞𝐚𝐫) 3.551 

 

Figure 4. Economic analysis (a) fuel costs. (b) NOx penalties (c) revenue. (d) Payback period under varying ambient conditions. 
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4. Conclusions 

Converting power plants into cogeneration systems is 

crucial to address the growing demands for energy and 

freshwater. Conducting comprehensive techno-economic 

analyses is vital to evaluate the feasibility of transforming 

combined power plants into dual-purpose systems. The 

conversion of an existing combined power plant in Port 

Sudan into a dual-purpose facility for power and 

freshwater production underscores the critical role of such 

analyses in project feasibility and optimization. 

 A comprehensive once-through multi-stage 

desalination process was simulated using Aspen 

HYSYS 10. This model represents the most detailed 

simulation of its kind to date. 

 Freshwater is produced using the waste energy of the 

power cycle rather than steam streams extracted from 

the power cycle. 

 The study showed that it is possible to power a medium 

scale MSF desalination unit using the thermal energy of 

the exhaust gases of the HRSG.  

 The simulation model provides a comprehensive 

assessment of the impact of weather conditions on 

power and freshwater production. 

 Under a monthly fluctuation, the maximum planned net 

power output reached 177.5MW in February, while the 

lowest net power output reached 166.3MW in August. 

Additionally, with a constant water production rate of 

12,600 cubic meters per day by the RO desalination 

unit, the maximum productivity of the MSF unit 

reached 8,025 cubic meters per day in February, while 

the lowest productivity reached 7,574 cubic meters per 

day in September. 

 MSF productivity fluctuates within 5% due to monthly 

weather conditions and was influenced primarily by 

evaporation range, which is controlled by the seawater 

temperature.  

 Changes in the evaporation range due to seawater 

temperature variations significantly impact water 

production from an MSF desalination unit, outweighing 

the effects of changes in brine heater thermal power. 

 The economic analysis reveals that July and August 

have the lowest costs for both fuel and NOx emission 

penalties, totaling 346,373 $/month, while January, 

February, and December incur the highest costs at 

358,473 $/month. This information is essential for 

optimizing the integrated system's operation to 

minimize expenses and maximize efficiency 

throughout the year. 

 The payback duration of 3.551years is a significant 

metric, indicating a relatively quick return on 

investment for the integrated system under ISO 

conditions. However, the variability in weather 

conditions and its impact on electricity generation, 

freshwater productivity, and operating expenses 

highlight the need for robust strategies to manage these 

fluctuations effectively. Considering these factors in 

the system's design and operation can help optimize 

performance and ensure profitability over the long 

term. 

 The model can be used to assess possible 

improvements of the design or performance of 

cogeneration plants. Relevant improvements could 

include inlet air cooling and control strategies or 

operating modes of the MSF unit to minimize the effect 

of weather conditions on the evaporation range. 

 The non-uniform salinity of seawater plays a critical 

role in the performance of desalination and power 

generation systems. While this research faces 

challenges in isolating the precise impact of salinity on 

power output and thermal efficiency, primarily due to 

the focus on controlling condenser conditions through 

feed seawater temperature adjustments, it is evident 

that salinity variations significantly influence 

desalination systems. Specifically, for RO systems, 

increased salinity raises osmotic pressure, requiring 

more power for effective desalination. This underscores 

the importance of incorporating salinity variations into 

the design and operation of both CCPP and MSF-RO 

systems to enhance overall efficiency and reliability. 
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Supplementary material 

 

Figure SM 1. Layout of the gas-steam-organic combined cycle (GSO CC). (a) Bălănescu and Homutescu [56] results. (b) model validation 

results. 
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Table SM 1. Verification of thermodynamic simulation results of the gas-steam-organic combined cycle (GSO CC) power plant of the 

different system components. 

Parameter Symbol Bălănescu and Homutescu [56] 

results 

Model results Unit Error % 

Air mass flow ṁa 70.82 70.09 kg s⁄  1.031 

Exhaust mass flow ṁg 71.09 71.09 kg s⁄  0.000 

gas turbine exhaust (1g) t1g 426 426.1 ℃ 0.023 

HRSG outlet flue gas (2g) t2g 188 189.5 ℃ 0.797 

HRB exhaust flue gas (3g) t3g 90 87 ℃ 3.333 

Gas cycle output PGTE 16205 16205 kW 0.000 

Gas cycle Efficiency ηGTE 34.1 34.1 % 0.000 

Steam mass flow ṁ2s 6.19 6.19 kg s⁄  0.000 

Extraction steam mass flow ṁ4s 0.698 0.698 kg s⁄  0.000 

HRSG inlet water (1s) t1s 100 98.63 ℃ 1.370 

HRSG outlet steam (3s) t3s 320 320 ℃ 0.000 

p3s 15.7 15.7 bar 0.000 

Extraction steam (4s) p4s 1.2 1.2 bar 0.000 

Condensation steam (5s) p5s 0.05 0.05 bar 0.000 

Steam cycle output PSTE 4884 4888 kW 0.082 

Steam cycle Efficiency ηSTE 28.78 28.83 % 0.173 

HRB inlet organic fluid (1r) t1r -- 35.52 ℃ -- 

p1r -- 35.01 bar -- 

Organic mass flow ṁORC 28.75 28.75 kg s⁄  0.000 

ORC turbine inlet (2r) t2r 120 120 ℃ 0.000 

p2r 35 35 bar 0.000 

ORC turbine exhaust (3r) t3r 64 63.25 ℃ 1.171 

p3r -- 8.39 bar -- 

ORC condenser outlet (4r) t4r 33 33 ℃ 0.000 

p4r 8.39 8.39 bar 0.000 

Organic cycle output PORC 741 741.1 kW 0.013 

Organic cycle Efficiency ηORC 10.98 10.97 % 0.091 

Overall of GSOCC cycle power PGSOCC 21830 21834.1 kW 0.018 

Overall efficiency of GSOCC ηGSOCC 45.47 45.58 % 0.242 

 
Table SM 2. Performance characteristics of MSF-OT by El-Dessouky and Ettouney [50]. 

Parameter Symbol Value Unit 

Input Parameter  

Feed seawater temperature Tf 25 ℃ 

Steam temperature Ts 116 ℃ 

Top brine temperature TB 106 ℃ 

Brine temperature in the last stage Tn 40 ℃ 

Heat capacity of liquid streams Cp 4.18 ℃ 

Salinity of feed seawater Xf 42000 PPM 

Vapor velocity in the last stage Vv24
 6 m/s 

Brine mass flow rate per stage width Vb 180 kg/m. s 

Weir friction coefficient Cd 0.5 -- 

Output Parameter 

 

 Model 

results 

El-Dessouky and 

Ettouney[50] results 

Error %  

The distillate flow rate ṁd 378.8 378.8 0.00 kg/s 

The steam flow rate ṁs 95.49 95.49 0.00 kg/s 

The feed flow rate ṁf 3236.80 3384.8 4.572 kg/s 

Performance ratio PR 3.96 3.96 0.00 -- 
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Figure SM 2. Flow diagram of MSF-OT desalination process model validation results. 

 



 © 2025 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 19, Number 1  (ISSN 1995-6665) 64 

 

 

Figure SM 3. Verification of thermodynamic simulation results of the MSF-OT. (a) distillate flow rate. (b) brine flow rate. (c) the salinity of 

the brine. 
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Table SM 3. Verification of the temperature simulation results MSF-OT. 

 

Sta

ge 

Condensing vapour temperature (oC) Brine temperature (oC) Feed seawater temperature (oC) 

Model  

result 

El-Dessouky  

and Ettouney 

 [50] results  

Error  

% 

Model results El-Dessouky  

and Ettouney 

 [50] results  

Error % Model  

results 

El-Dessouky  

and Ettouney 

 [50] results 

Error 

% 

1 101.999 102.002 -0.003 103.250 103.250 0.000 91.000 91.000 0.000 

2 99.250 99.254 -0.005 100.500 100.500 0.000 88.186 88.250 -0.073 

3 96.500 96.507 -0.006 97.750 97.750 0.000 85.416 85.500 -0.098 

4 93.751 93.759 -0.008 95.000 95.000 0.000 82.648 82.750 -0.123 

5 91.001 91.011 -0.011 92.250 92.250 0.000 79.862 80.000 -0.173 

6 88.251 88.262 -0.012 89.500 89.500 0.000 77.116 77.250 -0.173 

7 85.501 85.514 -0.015 86.750 86.750 0.000 74.352 74.500 -0.199 

8 82.750 82.765 -0.018 84.000 84.000 0.000 71.588 71.750 -0.225 

9 79.999 80.016 -0.021 81.250 81.250 0.000 68.826 69.000 -0.253 

10 77.249 77.267 -0.023 78.500 78.500 0.000 66.064 66.250 -0.281 

11 74.497 74.518 -0.027 75.750 75.750 0.000 63.284 63.500 -0.341 

12 71.746 71.768 -0.031 73.000 73.000 0.000 60.545 60.750 -0.337 

13 68.994 69.018 -0.036 70.250 70.250 0.000 57.787 58.000 -0.368 

14 66.241 66.268 -0.040 67.500 67.500 0.000 55.029 55.250 -0.400 

15 63.488 63.517 -0.045 64.750 64.750 0.000 52.272 52.500 -0.434 

16 60.735 60.766 -0.051 62.000 62.000 0.000 49.517 49.750 -0.468 

17 57.981 58.014 -0.058 59.250 59.250 0.000 46.763 47.000 -0.505 

18 55.226 55.262 -0.066 56.500 56.500 0.000 44.009 44.250 -0.544 

19 52.470 52.510 -0.075 53.750 53.750 0.000 41.257 41.500 -0.586 

20 49.714 49.756 -0.084 51.000 51.000 0.000 38.505 38.750 -0.633 

21 46.956 47.001 -0.096 48.250 48.250 0.000 35.737 36.000 -0.731 

22 44.197 44.245 -0.107 45.500 45.500 0.000 33.004 33.250 -0.739 

23 41.437 41.486 -0.118 42.750 42.750 0.000 30.226 30.500 -0.897 

24 38.689 38.739 -0.129 40.000 40.000 0.000 27.508 27.760 -0.908 

 
 

 
 

 
 

 


