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SUMMARY 
 
Dual-purpose plants for the simultaneous production of water and electricity are 

extensively used by the Saline Water Conversion Corporation (SWCC). The co-

generation systems currently utilize either extraction-condensing or back pressure 

turbines. Although the MSF / power plants dominate the operational scene, there 

are still some misunderstanding about their thermal performances. Al-Jubail plant, 

which is the largest co-generation plant in the world, consists of two phase dual 

purpose complexes. Phase I is an extraction-condensing system while Phase II is 

a back pressure system.  

 

This study is intended to examine and compare the thermal performance of the 

two co-generation systems using the concepts of the first and the second laws of 

thermodynamics. The thermal performance and benefits of the two co-generation 

cycles at different design modes were first evaluated at length. At maximum 

continuous rating (MCR), Phase II co-generation cycle exhibited an improved 

thermal performance. Utilization factor and second law efficiency are 84 and 39 

percent respectively for Phase II and compared in the same order to be 57 and 33 

percent for Phase I. Boiler savings for Phase II & I cycles at MCR are 40 and 20.3 

percent respectively, compared to single purpose power generation and water 

production plants. Micro-exergy analysis of different design ratings revealed that 
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70 to 76 percent of the total losses occur in boiler, 13.5 to 21 percent in MSF 

distiller and 6 to 6.9 percent in the turbine/generator.  

Actual thermal performance of two co-generation cycles of Phase II and one cycle 

of Phase I were evaluated using operational data covering more than one year 

operation period. The thermal efficiencies of the three operational cycles in most 

cases are very close to the MCR design values.  

 

Three different methods (power credit, water credit and available energy) are 

used to analyze the distribution of the boiler fuel energy between power generation 

and water production. The available energy method is based on the rational 

accounting and thermodynamic background and is found to be the most equitable 

for allocating boiler fuel energy. Using the available energy method, at MCR the 

fuel energy allocated to water production is around 220 and 212 kJ/kg for Phase I 

and II respectively and the corresponding heat rate for electric power generation is 

11203 and 9201.5 kJ/kWh. Prospects for innovative designs of co-generation 

cycles and MSF distillers with improved energy consumption are discussed in this 

report. 

 
 

1. INTRODUCTION 
 
1.1 Background 
 
Al-Jubail Desalination and Power Plant is the largest power/water cogeneration plant in the 

world. It incorporates two phases of construction employing two different dual purpose 

thermodynamic cycles. Phase-I has 6 x 60 MW extraction condensing type of turbines while 

Phase-II has 10 x 127 MW back pressure turbines. Analyses of these two different cycles 

based on the first and the second laws of thermodynamics using design and actual operating 

data are essential for evaluation and comparison of the thermal performance of the two types 

of plants. The allocation of the fuel supplied to the boiler and used for the production of 

power and water is very important particularly for estimation of the water production and 

power generation cost. It is also important for comparison of MSF energy requirement with 

the energy consumed by the newer and competitive SWRO desalting systems. Al-Jubail 
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plant management felt the importance of the present analyses and approached RDC to carry 

them out. 

 

 

1.2 Theoretical Aspects  
 
Dual-purpose plants are widely used for simultaneous production of power and water. In dual 

purpose plants, the steam which is generated at high temperature and pressure, expands in 

steam turbines (thus producing work) before being supplied to the desalting plants. A number 

of possible arrangements of power/water co-generation systems can be achieved. In the case 

of water production by MSF distillation process, the distillers are normally coupled either with 

extraction condensing or back pressure steam turbine. 
 

The arrangement of an extraction-condensing turbine permits only a fraction of steam to be 

supplied to the desalting plant while the rest continues its expansion to the condensing section 

to produce more work. It is characterized by its good flexibility where power to water ratio 

can be varied from values twice as those for the back pressure turbine to very high values up 

to (almost) single purpose operation with respect to power. Yet, it has been reported that 

there is an optimum extraction pressure for a fixed power generation capacity at a given gain 

output ratio and top brine temperature [1]. 

 

On the other hand, the scheme of routing the partially expanded steam to desalination is 

achieved by back pressure turbine arrangement. In this case, the pressure at the turbine outlet 

is governed by the desalting plant conditions and is higher than the exhaust pressure of the 

conventional condensing turbines. Hence, back pressure turbines provide relatively more 

steam to drive distillation process and therefore produces a lower power to water production 

ratio in comparison to condensing turbine cycle. 
 

Alternatively, power generation may be driven by gas turbines and thermal energy from their 

exhaust may be used to generate low (to medium) pressure steam in waste heat recovery 

steam generators (HRSGs). In such set-ups, steam may be routed directly or through back 
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pressure turbine to the brine heater of distillation plant. In some plants auxiliary firing for higher 

yields are also incorporated into HRSGs.  
 

Since power to water ratio produced by various conventional co-generation systems depends 

on plant design, selection of a co-generation system requires the evaluation of thermodynamic 

and economic factors. Extraction turbine system can give 8 to 15 MW/ MIGD while back 

pressure turbine system can give 3 to 6 MW/ MIGD and Gas turbine system starts at a ratio 

of 8 (same as the first system) up to 20 MW/ MIGD. The fuel savings by co-generation 

cycles tend to increase with decreasing power to water ratio. 
 

Although fuel energy consumption assessment for operating distillers directly from boilers is 

straight-forward, this is not the case when the generated steam at high pressure is utilized to 

produce work before its use as a heat source for the distillers. It is therefore, necessary to 

charge the fuel used in dual purpose plants to the two products (i.e., desalted water and 

power) based on some rational rules. The problems of allocating the fuel supplied to the boiler 

between the power and desalting process and the estimation of fuel consumed by, or charged 

to, the MSF desalter have become very important in recent years. A number of allocation 

methods or rules are available to divide the fuel energy between the two products of co-

generation (water and power). Two extreme approaches give all the benefits of dual purpose 

plants to either power or water production.  

 
1.3 Literature Review  

 

Thermal performance values of power and water co-generation systems have been reported 

in the literature. Al-Zubaidi reported a preliminary study to examine the techno-economics of 

large power/desalting co-generation units [2]. Capital and operating costs of different type of 

co-generation systems were determined. Co-generation system design based on extraction-

condensing steam turbines and MSF plant results in very competitive power and water unit 

costs. According to Al-Zubaidi, the optimum power to water ratio lies between 19 and 22 

MW/ MIGD. This is much higher than values cited above, which can be attributed to systems 

analyzed in 1989 by the said study. A particular drawback of the said systems is their 
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extremely high extraction pressures thus enormously wasting energy by throttling, which could 

yield low system thermal ratings.  
 

Moreover, based on systems as the ones described above, available energy consumption and 

the second law efficiency were used for rating the desalting plant and the dual-purpose plant 

respectively [3&4]. These rating methods proved to be more realistic than other rating 

methods i.e., performance ratio, gain output ratio for desalting plants and the first law 

efficiency and utilization factor for dual purpose plants. In these analyses, the thermodynamics 

of a single purpose desalting plant and a co-generation plant with an MSF unit operated by 

steam extracted from a steam turbine were examined. 
 

El-Nashar carried out a techno-economic study to obtain the optimum design parameters of 

an MSF evaporator coupled with existing single steam power plant which provides turbine 

extraction steam to the evaporator [5]. The study used both energy (enthalpy) and exergy in 

cost accounting in order to compare the optimum design parameters obtained for each case.  
 

Barclay reported that although MSF units are now very large and reliable and their operation 

and maintenance are well understood, there are still some misunderstandings about their 

performance when coupled to power plants [6]. He suggested that such misunderstandings 

could be resolved by using exergy analysis. In conclusion, he claimed that the exergetic 

efficiency of dual purpose plants is highly affected by water to electricity ratio as well as an 

improved continuity of operation. 
 

Darwish et al., reported a method in which the fuel energy charged to the desalting and power 

production systems are divided according to their available energy consumption [4]. Wade 

and Fletcher reported a method of analyzing the prime energy consumption to be allocated to 

power and desalination processes, covering both single and dual purpose schemes by 

comparison with the efficiency of a reference power cycle [7]. The method is claimed to be 

reasonably simple to apply and can take account of variation in overall energy consumption 

over a wide range of power demands to suit practical system loading conditions. 
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Kamel and Sims developed integrated thermal cycle modes for the simulation of dual-purpose 

power/ desalination plants [8]. A financial model is used to establish the economics of the 

integrated plant and to determine power and water costs based on a classical method of cost 

allocation in dual purpose facilities; representing costs on an x-y curve with all costs allocated 

to power as a point on the ordinate, and all costs allocated to water as a point on the 

abscissa. The line joining the two points gives the range of water and power costs for a 

specific plant. Based on the cost of power with the same cycle in a power-only plant, the cost 

of water can be determined without either product subsiding the other. 

 

Al-Sofi reported a very simple approach based on steam enthalpy and incorporating useful 

energy concept [1]. In this method steam enthalpy requirements of either product (water or 

power) for both processes in single and co-production are compared. 

 

Al-Sofi and Srouji reported another method utilizing steam enthalpy for fuel allocation in dual-

purpose plant [9]. The method is based on useful energy concept through a formulation of an 

ideal point at which power and water products are equivalent. The impact of power to 

distillate ratio on fuel allocation is examined and compared with two other methods (the one in 

the above paragraph and an exergy approach with assumptions set forward by the author and 

reported in the next paragraph). This comparison showed a couple of very interesting things. 

One of which is the expected close agreement between the first two approaches as they both 

utilize useful energy concept. On the other hand, results obtained by El-

(which is to be discussed next) were found to fall either above or below the two lines of 

references [1&9]. This was attributed to El- n. 
 

El-Nashar et al reported the method that is adopted by Abu Dhabi Water and Electricity 

Authority (previously known as Abu Dhabi Water and Electricity Department) for fuel cost 

allocation [10]. The quantity of steam produced by the boiler is apportioned to water and 

electricity in two steps. The first step, is to charge the amount of boiler steam directly going to 

the MSF evaporator to the water, and the second step is to allocate the amount of steam 

going into the turbine between electricity and water. This is done by calculating a hypothetical 

amount of steam, which would have been required by a pure condensing turbine to generate 
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the same amount of power which is generated by the back pressure or controlled extraction 

turbine. The difference between this hypothetical amount of steam and the actual steam flow 

to the back pressure or extraction turbine is the amount of the steam used by the evaporator. 

 

 

 

2. OBJECTIVES  
 
This project is aimed at accomplishing three main objectives. 

1. To examine and compare the thermal performances of Al-Jubail Phase I & II co-

generation systems for the simultaneous production of electricity and water. 

2. To investigate the impact of different operating variables, which would further improve 

the thermodynamic efficiency of both power and desalination plants. 

3. To determine the energy consumption in desalination and power generation units using 

different energy allocation methods and to explore the prospects of applying them to 

Al-Jubail power generating cycles and MSF desalination process. 

 
 

3. METHOD OF ANALYSIS 
 

3.1 Overall Thermal Analysis  
 

Three power/water co-generation cycles representing Phase-I and II were selected.   Two 

blocks (65 & 83) were selected to represent Phase-II while one block was selected for 

Phase-I. A schematic diagram of Phase-I co-generation system is shown in Figure 1. It is a 

regenerative ranking cycle with a boiler, extraction type turbine, two feed water heaters, 

deaerator  and one MSF distiller.  The process steam to drive the distiller is extracted at a 

point in between the intermediate and low pressure turbine.  The steam at the end of the low-

pressure turbine is passed to a condenser. Figure 2 shows a schematic diagram of Phase-II 

dual purpose plant with back pressure turbine.  It is also a regenerative ranking cycle 

incorporating a boiler, two feed heaters, deaerator, boiler feed pump turbine/generator and 

four MSF distillers. 
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The thermal performance of each cycle was then evaluated  based on design data as well as 

actual operation data. The design characteristics of each one of the two phases were obtained 

and plant operating data were collected. Data collected include mass flow rate, pressure and 

temperature of all thermally involved streams as well as power generation and power 

consumption in both the desalting and power generation systems. Criteria used for evaluation 

of the thermal performance included the first law efficiency (η) and utilization factor (UF) as 

well as the second law efficiency (ε). These are defined as follows: 

 

 

 
( ) ( )

ε =
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Where, 
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3.2 Subsystem Thermal Analysis  

 
Micro-exergy analysis was then performed for each cycle to determine irreversibility 

associated with each subsystem. For the case of dual-purpose plants of water and power 

production, the most essential subsystems are the boiler, the turbine and the MSF distiller. 

Some of the associated subsystems are the condenser, deaerator and the boiler feed pumps. 

 
3.3 Fuel Energy Allocation  
 

Boiler fuel energy consumption and division between power generation and water production 

were determined for both phases using energy allocation methods which are put forward in 

the literature. The three employed methods are power credit method, water credit method 

f
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and available energy method. In the power credit method all the benefits of dual purpose plant 

are given to power production and the desalted water process being considered as being 

operated directly by a separate boiler. In the water credit method all the benefits are given to 

the desalting process and the power process is charged with fuel energy as if the plant is 

operated for single purpose power production only. The available energy method allocates all 

energy consumption in power generation and water production plants on the basis of available 

energy consumed by each as shown below.  
 

The fuel energy charged to the desalting and power production process (Qf) will be divided 

according to their available energy consumption. 

 
The boiler availability output (Ab) is defined by 

 Ab =    ms ( aso - awi ) -----------------------------------(6)  

The fuel energy charged to desalter, Qfd (kJ/kg)  is equal to the thermal energy requirements 

plus pumping energy requirement.  

 Qfd =   Q A
A

W
f

d

b

p

p
. +

η
    ----------------------------------(7)  

Where    ( ) ( )Ad = + − + −W m a a m a anet bh di do e ei eo ---------(8) 
 
Fuel energy charged to power production, Qfp  can be presented as:  

 Qfp =    Q A A
A

W
f

b d

b

p

p
.

−
−
η

 ------------------------------(9)  

 

Equations 7 & 9, which are based on the available energy method, were used to evaluate the 

energy usage in power and desalination plants of Al-Jubail co-generation cycles.  

 
 

4. RESULTS  AND  DISCUSSION 

4.1 Al- Jubail Phase I Co -generation Cycle  
 

Al-Jubail Phase I   co-generation arrangement incorporates an extraction-condensing turbine 

which permits only a fraction of the steam supplied from the boiler to the desalting plant while 
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the rest of steam continues its expansion to the condensing section and produces more work. 

Thermal performances of this cycle at different design modes were firstly evaluated followed 

by thermal analysis of the actual operational performance of one of the cycles. 

 

4.1.1 Design performance  
 
Design-based data as provided by the contractor were analyzed using the concepts of the first 

and second laws of thermodynamics to evaluate the thermal performance of the cycle at 

different power generation loads. Irreversibilities associated with the cycle were determined 

and subsystems, which are responsible for major losses, were identified. Summary of the 

design thermodynamic analysis is shown in Table 1. Four co-generation operation modes 

corresponding to power to water ratio of 31.23, 46.87, 62.49 and 66.25 kW.h/m3 (5.9, 8.8, 

11.8, 12.5 MW/MIGD) representing 47, 70, 94, 100 % power plant loading respectively, 

and 100% distillation plant loading of 5.088 MIGD (23127 m3/day) were thermally analyzed. 

A fifth co-generation mode (where there is no water production and the cycle is acting as a 

single power generation system producing 23.5 MW of power plant load) was also evaluated. 
 

Variation in utilization factor and also the first and the second law efficiencies with power to 

water ratio are shown in Figure 3. It shows that the utilization factor declines as the power to 

water ratio is increased. Conversely, the second law efficiency is virtually not influenced by 

such variation of power to water ratio and is almost maintained constant at around 33 percent. 

The first law efficiency ranges between 19 to 22 percent and is relatively low compared to the 

utilization factor and second law efficiency. This is attributed to allocation of all boiler fuel 

consumption to power generation and the benefits of the dual purpose cycle in providing the 

desalter plant with its thermal energy requirements are completely disregarded. The thermal 

efficiency of the cycle operating as a single power generating system is not shown in Figure 3, 

and table 1 reveals that for such system energy utilization factor as well as the first and the 

second law efficiencies are the same and equal to 25.54 %. 
 

Thermodynamic advantages of combining power and water production in a dual-purpose 

cycle can also be represented by fuel energy saving factor (FESF). FESF can be calculated 

by considering the difference between the total fuel supplied to separate (single purpose) 
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power and (single purpose) water plants and the fuel supplied to the dual purpose plant 

divided by the latter as shown in the following relationship.  

FESF
Q W Qd b net f f

=
+ −( / / )

Q f

η η
-------------------------------------

(10) 
Figure 4 shows that for Phase I,  FESF ranged between 0.43 to 0.2 and is highly dependent 

upon power to water ratio (which is only changed by variation in power generation with 

constant water production) and as power to water ratio increases, FESF declines. Such 

savings are achieved as a result of utilization of a good part of energy that is rejected (as 

waste heat) in the turbine condenser of a single-purpose power generation plant. In other 

words, steam extraction from the turbine to the MSF brine heater leads to the realization of 

this saving.  

 

Figures 5 and 6 show the total availability losses of the cycle as well as breakdown of the 

losses among the major subsystems. It reveals that the major cycle inefficacy occurs in the 

boiler where 70 to 76 percent of the fuel energy is dissipated. The two other units which are 

experiencing relatively high irreversibility are the MSF distiller and turbine/generator 

respectively. The distiller losses ranged between 13.5 to 21 percent while the 

turbine/generator losses ranged between 6 to 6.9 percent of the total cycle losses. Minor 

losses generated by other subsystems, which included deaerator, feed water heaters, 

condenser and pumping power for power generation are lumped together and were found to 

range between 2 to 5 percent. 

 
4.1.2 Actual Operational Performance 
 
The thermal performance of one of the Al-Jubail Phase I extraction co-generation cycles was 

monitored over a period of 375 days. Operational data collected from the cycle included fuel 

consumption as well as gross and net power generation, water production, temperatures, 

pressures and flow rates of all liquid and vapor streams entering or leaving the thermally 

involved subsystems such as turbine/generator, condenser and deaerator plus low and high 

pressure water heaters. A computer program for thermodynamic property calculation was 

then used to determine physiochemical properties of each stream. Summary of the operational 
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data and thermal performance of the co-generation cycle is shown in Figure 7. The power 

generation ranged between 56 to 61 MW, which is 88.9 and 96 percent of the maximum 

design power load. Water production varied between 4.83 to 5.35 MIGD representing 95 

and 105 percent of the design rated water production. Power to water ratio ranged between 

56.4 to 64.7 kW.h/m3 (10.64 to 12.2 MW/MIGD), which is 85 to 98 percent of the MCR 

value. During this period the cycle utilization factor ranged from 43 to 73 percent; second law 

efficiency was in between 28 & 38 percent and first law efficiency ranged between 20 & 27 

percent, which are all within the design values. This can be seen from variation in utilization 

factor as well as the first and the second law efficiencies with time which are shown in Figure 

7(f). The dotted lines in this figure represent system efficiencies at MCR. 

 
4.2 Al-Jubail Phase II Co -generation Cycle  
 
Al-Jubail Phase II co-generation cycle is a back pressure turbine arrangement where all the 

expanded steam is supplied to the desalting plant. 

 
4.2.1 Design Performance 
 
Summary of the thermodynamic analysis of Al Jubail Phase II back pressure turbine system, 

which is based on the design heat balance diagrams is shown in Table 2. The power to water 

ratio can be varied from as low as 9.96 to 33.92 kW.h/m3 (1.8 to 6.4 MW/MIGD) by 

varying the turbine power generation from 9.88 to 134.44 MW and water production by four 

coupled distillers from 5.25 to 21.0 MIGD. Within this range of power to water ratio, as 

shown in Figure 8, the utilization factor increases slightly from 78 to 83 percent. Conversely, 

both the first and the second law efficiencies are highly dependent on power to water ratio. 

First law efficiency increases from 7 to 22 percent while second law efficiency increases from 

23 to 39 percent as P/W ratio increases from 9.96 to 33.92 kW.h/m3. They are consistent 

with the improvement obtained in the fuel energy saving factor which increases from 12 to 40 

percent, in the same range of power to water ratio as shown on Figure 9. 
 

The micro-exergy analyses of the cycles are shown in Figures 10 and 11. The results reveal 

that the boiler is the most inefficient subsystem where 62 to 72% of the total energy 

destruction in the co-generation cycle occurs. The next two subsystems of major destruction 
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are the MSF unit (22-26%) and turbine/generator (3-12%). The irreversible losses of the 

boiler increase as the power to water ratio is increased and the reverse is true for the turbine 

losses. The irreversibility of the boiler are due to the inefficiency of combustion process where 

chemical energy is converted to thermal energy and irreversibility associated with the internal 

thermal energy exchange sub-processes. The turbine irreversibility is due to the losses in the 

high and low pressure sections. The power losses in other subsystems are very little and 

account for only less than one percent of the total exergy destruction. 

 
4.2.2 Actual Operational Performance 
 
The operational performances of two out of ten co-generation cycles in Phase II  (block 65 & 

83) were monitored over a period of 429 and 416 days respectively. Summaries of the 

operational data and thermal performance of the two cycles are shown in Figures 12 and 13. 

Figure 12 exhibits the thermal performance of Unit 65. During the monitoring period of this 

unit, the power generation ranged between 132 and 106 MW. Total water production of the 

four distillers attached to this block ranged between 24.69 and 20.9 MIGD. During the 

period within 160 to 250 days both power generation and water production declined and 

accordingly power to water ratio dropped down to around 26.5 kW.h/m3 (4.1 

MW/MIGD).During this period the distillers were working at only 85% load. Figure 12(e) 

shows that utilization factor ranged between 76 and 96 %, second law efficiency between 42 

and 33 % and first law efficiency between 22 and 19 % during the monitoring period of 429 

days. The corresponding design efficiencies at MCR are also shown in the same figure. 

 
 

The thermal performance of Unit 83 is shown in Figure 13. The generated electric power 

ranged between 127 to 118 MW, which represents 100 and 93 % of MCR. Water 

production of its four distillers varied between 23.3 and 19.23 MIGD. Utilization factor as 

well as the first and the second law efficiencies are very close to the MCR design values in 

most cases. This indicates the satisfactory thermal performances of the cycles. 

 
4.3 Comparison between Phases I and Phase II Co -generation Cycles  
 
As described in previous sections, Al Jubail Phase I & II co-generation cycles are quite 

different in design and operation. Phase I extraction cycle is giving high power to water ratio 
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(P/W) compared to Phase II back pressure arrangement. At maximum continuous rating 

(MCR), the P/W for Phase I  is 66.25 kW.h/m3 which is almost twice that of Phase II. Table 

3 shows that Phase II co-generation cycle is exhibiting an improved thermal performance 

compared to Phase I arrangement. It exhibits relatively high utilization factor and second law 

efficiency. Moreover, fuel energy saving factor is also higher in Phase II than Phase I, which 

indicates a better fuel usage. 
 

The results of the micro-exergy analysis at full load for the two phases are shown in Figures 

14, 15 and 16, which are based on the supply of 100 units of fuel exergy to each cycle. 

Supply of 100 units of fuel energy separately to Unit 83 and 65 of Phase II produces 23.218 

and 23.55 MW of net electrical power respectively with 4 MIGD of water in each unit. While 

100 units of fuel energy to Phase I produces 24 MW of net electrical power and 2.239 

MIGD. The three figures reveal that the boiler is the most inefficient subsystem and it is 

responsible for the energy consumption of about 55-56 % of input fuel energy. It is thus 

essential to search for ways and means for reducing the irreversibility associated with the 

boiler. 
 

The MSF distiller is the second major irreversible unit of the co-generation cycles where 

around 10.6 and 16 percent of fuel energy is dissipated in Phase I & II, respectively. The 

operating and design conditions of the distillers in both the phases are to some extent 

comparable (brine recycle configuration, twenty-two stages, additive treatment and low 

temperature operation). The exergy input/output ratio of Phases I & II MSF distillers are 21 

and 18 respectively, which are quite high compared to values (claimed by Barclay) for reverse 

osmosis (which is said to be as high as 6) or low temperature vapor compression (which is 

said to have a value of 5) [6]. The irreversibility of the MSF distiller is mostly an inherent 

design characteristic which is also dependent on operating conditions such as the flash range. 
 

The turbine is the third highest irreversible subsystem in the cycle where about 2.5 to 5 

percent of fuel energy is lost in Phase I & II, respectively. The higher irreversibility of Phase I 

turbine could be attributed to the low isentropic efficiency of the low pressure turbine section. 
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4.4 Fuel Energy Allocation  
 
In the dual-purpose cycle, the energy supplied from the fuel is used to produce power and 

water. The division of the total energy into separate components to produce power and water 

was determined in this work by three approaches: power credit, water credit and available 

energy approach as described in section 4.3. 
 

Design heat balance diagrams of Phase I and II co-generation cycles, which cover a wide 

range of power to water ratio, were analyzed to determine boiler fuel allocation. Figure 17 

shows an x-y curve representing fuel allocation to water and power for the two phases when 

they are operating at 100% load for both water production and power generation. The 

intersections on the ordinate at points A & A′ represent the cases when all the fuel energy 

requirements are allocated to water and intersections on the abscissa at points B & B′ 

represent the cases when all fuel requirements are allocated to power, for Phase I & II, 

respectively. The line joining the two boundary points gives the range of fuel consumption for 

power and water. Points C (C′) and D (D′) show the two cases when all the co-generation 

benefits are given to power generation in the first set of points and to water production in the 

second set of points. Point E (E′) represents energy allocation when it is based on available 

energy method without either product subsiding the other. For both phases it is evident that 

the availability method is yielding a fuel allocation value, which falls in between the values 

obtained with the two boundary approaches. 

 
4.4.1 Fuel Energy Allocation to Water  
 
In this approach the concept of independent cycles are used as basis. The impact of variation 

of power to water ratio on fuel energy allocated to water (FEAW) for Phases I & II  co-

generation cycles is shown in Figure 18. Curve A represents the case when all the benefits of 

the dual-purpose plant are given to power generation and a separate boiler operates the 

desalination plant. Curve C represents the case when all the benefits of the dual-purpose plant 

are given to water production and electrical energy is generated by a single purpose power 

production plant. Curve B represents the situation when the benefits of the DPP are shared 

between water and power facilities and the fuel energy is divided according to available 

consumption by each facility. Figure 18 shows that FEAW using the available energy method 



16

falls consistently in between the power and water credit methods and ranges between 265 

and 190 kJ/kg, which corresponds to performance ratio of 9.1 and 10 respectively. Lines 

MM' and NN' represent the maximum continuous rating (MCR) of Phases I and II, 

respectively. Using the availability method, the FEAW at MCR is 220 and 212 kJ/kg for 

Phases I & II, respectively which is around 40 to 45 percent less than that required by a 

single purpose water plant. 

The percentage of fuel energy allocated to water versus the ratio of power to water is shown 

in Figure 19. For both the phases the percentage of FEAW declines as power to water ratio 

increases. At MCR, the percentage of FEAW for Phase I & II using the available energy 

method are  24 & 46 percent, respectively. 

 
4.4.2 Fuel Energy Allocation to Power Generation 
 
The fuel energy allocated to power (FEAP) is usually expressed as the heat rate which is 

defined as the heat consumed per unit power output. Heat rates obtained through the three 

approaches (power credit, water credit and available exergy) are shown in Figure 20. The 

obtained heat rate from the available exergy method falls in between those obtained from the 

other two methods and declines from 13,500 to 9,300 kJ/kWh for Phase II as power to 

water ratio increases from 9.96 to 31.8 kW.h/m3. Conversely, for Phase I using the same 

approach the heat rate is almost constant at about 11,500 kJ/kWh and is not influenced by 

the variation of power to water ratio. At MCR the heat rate for Phases I & II is about 11,200 

and 9,200 kJ/kWh, respectively using the available energy method which is only around 5 to 

10 percent less than the heat rate required by a single purpose power cycle. The fuel energy 

allocated to water is around 40 percent less than the single purpose water cycle. It is thus 

apparent that at MCR most of the fuel savings of the dual purpose are gained by the desalter 

where 84 and 75 percent of the co-generation fuel savings are allocated to water production 

for Phases I & II, respectively. 

 
4.5 Prospective of Designs with Improved Energy Consumption  
 
Although the fuel energy consumption for water production using co-generation cycle 

compared to single purpose water production desalting plant was reduced from 107.5 to 58.3 

kWh/m3 for Phase I and from 103 to 61.1 kWh/m3 for Phase II at MCR, it is still around 3 
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times higher than the fuel energy requirements for a reverse osmosis plant with a 0.35 mass 

recovery ratio and 36 % power generation cycle efficiency. But RO plants have the limitations 

of relatively high product salinity and limited scale up potential. 

 
 
 
4.5.1 Innovative Co-generation Cycles 
 
The specific energy consumption for water production can either be reduced globally by 

increasing the overall thermal efficiency of co-generation plant or locally by reducing the 

distiller irreversibility through the improvement of design and/or operating conditions of the 

distiller. 

 
The global thermal performance of the co-generation cycle can be improved by introducing 

innovative modifications to conventional power cycles. Combined gas-vapor cycles in which a 

gas power cycle (Brayton) topping a vapor power cycle (Rankine) are reported to have high 

thermal efficiencies than either of the cycles executed individually and can thus be considered 

as a good alternative to conventional power cycles. Combined cycles with efficiencies more 

than 40 percent were reported [11]. 

 
Prospects of applications of gas turbine hybrid all-water systems have been reported. The 

hybrid system incorporates gas turbine, steam turbine, MSF and mechanical vapor 

compression distillers. Thermo-economic analysis of the hybrid system revealed that the 

production cost of water could be reduced by as much as 30 % [12]. 

 
4.5.2 Distillers with improved thermal performance 
 
Increasing the number of stages and/or increasing the top brine temperature can reduce the 

specific energy consumption of MSF distillers[13]. The top brine temperature is currently 

limited by the solubility limits of calcium sulfate salts. Recently, a promising approach for 

pretreatment of seawater using nanofiltration membrane has been successfully used which 

results in almost total sulfate removal [14-16]. Increase of number of stages up to 40 will 

result in an increase of the performance ratio to around 13 kg/2326 kJ[17]. Increase of 

performance ratio and top brine temperature (TBT) will be associated with the increase of 
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capital cost and thus cost tradeoffs between cost of process energy and capital deemed to be 

necessary. It has been shown through simulation that higher TBT design could also beget 

higher power fields using the same boiler fuel. This is to say that the overall system efficiency 

could be improved provided dual-purpose power plant turbo-generators are also redesigned 

to suit the revised requirements [18]. Al-Jubail Phase II is designed to operate at a high top 

brine temperature of 12.8oC. The plant is currently operating at a TBT of 90 to 90oC. For the 

sake of improving the energy consumption and reducing the distillers irreversibly, it would be 

worthwhile to operate the plant at higher TBT.   

 

Multi-effect distillation (MED) can be considered as a good alternative to multistage flash with 

regard to specific energy consumption because it needs fewer effects than a 

thermodynamically equal MSF plant. Hypothetical MED plant designs were reported in which 

the process design is a once through, forward feed which combines together the advantages 

of both horizontal and vertical configurations utilizing fluted aluminum tubes housed in a 

concrete shell [19]. The expected performance ratio of the plant is 24 with a production of 

about 80 MIGD of distilled water. Significant cost savings might be obtained with this design 

due to low energy consumption and use of cheap materials (concrete and aluminum alloys) 

and the total water cost is expected in the range of $ 0.46/m3 to $ 0.66/m3. 

 
 
5. CONCLUSIONS 
 
(1) The thermal performances of Al Jubail Phases I & II  co-generation cycles at different 

design modes were evaluated using the concepts of the first and the second law of 

thermodynamics. Impacts of power to water ratio on utilization factor and second law 

efficiency of both cycles were investigated. 

 

(2) At maximum continuous rating  Phase II co-generation cycle is exhibiting an improved 

thermal performance compared to Phase I. The utilization factor and second law 

efficiency of phase II are 83 and 39 %, respectively and the corresponding values for 

Phase I are 57.9 and 33%. 
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(3) At MCR, Boiler fuel saving for Phase I & II co-generation cycles are around 20 and 

40 percent, respectively, compared to single purpose power generation and water 

production facilities. 

 

(4) The micro-exergy analysis of the different design modes revealed that 70 to 76 

percent of the total losses occur in the boiler, 13.5 to 21 percent in the MSF distiller 

and 6.0 to 6.9 percent in the turbine /generator. 

 

(5) Actual operational data collected from two co-generation cycles representing Phase II 

and one cycle representing Phase I over a period of 375 days, revealed that the 

thermal efficiencies of the three cycles are to a great extent comparable with the 

corresponding design values. 

 

(6) Available energy method is found to be the most equitable method for allocating boiler 

fuel energy to power and water. 

 

(7) At MCR using the available method the fuel energy allocated to water for Phases I & 

II, respectively are 219.9 and 211.8 kJ/kg which are 40 to 45 percent less than that 

of a stand alone water plant. Conversely, energy allocated to power are 11203 and 

9202 kJ/kWh which are only 5 to 10 percent less than that of a stand alone power 

plant for Phase I & II, respectively. 

 
 
6. RECOMMENDATIONS 
 

(1) To analyze and compare the thermal performance of selected co-generation cycles 

representing Al-Khobar, Yanbu, Shugayg, Shoaiba and Jeddah plants. 

(2) To carry out a detailed parametric study using the simulation program in order to 

understand the physical behavior of the co-generation plant. 

(3) To carry out a detailed and an in-depth thermo-economic analysis of different 

configurations of power/water co-generation cycles. 
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Table 1:  Thermal Analysis of Design-based performance of Al-Jubail 
Phase I 

 

Power generated  (P)  MW 15  30  45  60   63.6  

Power Loading (%) 23.5 47.0 70.1 94.3 100 

Water Production (Md) 
 MIGD 

0   5.088  5.088  5.088  5.088  

Power to water ratio (P/W)      MW/MIGD
 (kW.h/m3) 

∝ 5.896 
(31.23) 

8.844 
(46.87) 

11.79 
(62.49) 

12.5 
(66.25) 

Boiler fuel consumption (Qf)  MW 57.27 143.43 186.93 230.05 240.66 

Net power generation (Wnet)  MW 14.63 25.77 40.4 55.02 57.94 

Distiller available energy (Ad)  MW 0 21 20.88 20.89 20.9 

First law efficiency (η )  =   Wnet  / Qf 25.55 18 21.61 23.2 24.08 

Utilization factor  (UF) = (Wnet + Qd)/ Qf 25.54 73.74 64.12 58.0 57.13 

Second law eff. (ε )= (Wnet +Ad + Ade)/ Qf 25.54 33.42 33.4 32.2 33.28 

Distiller output mass exergy, (Ado)    MW 0 1.055 1.055 1.055 1.055 

Total exergy losses in BTG+Desal,  MW 42.63 116.6 145.48 175.395 181.67 

Overall cycle efficiency (Wnet+Ad)/Qf 27.38 18.7 22.18 23.76 24.51 

Pumping power for desal,   MW 0 3.48 3.48 3.48 3.48 

Pumping power for electricals,    MW 0.375 0.75 1.12 1.5 1.58 

Exergy losses in desal ejector,   MW 0 1.17 1.148 1.3 1.17 

Boiler operated desalting fuel requirements,  
 MW 

0 100.88 100.25 103.72 100.35 

Single purpose power generation fuel 
requirement,   MW 

57.27 103.72 143.86 180 189 

Total fuel requirement,   MW 57.27 204.6 244.11 283.7 289.35 

Fuel saving of DPP over the two single 
plants,   MW 

0 61.17 57.18 53.67 48.69 

Fuel Energy Saving factor (%) 0 42.6 30.6 23.3 20.23 
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Table 2:  Thermal Analysis of Design-based performance of Al-Jubail 
Phase II (Unit 65) 

 

Power generated  (P)  MW 134.44 127 107.5 43.47 9.88 

Water Production (Md)  MIGD 21  21  21  10.5  5.25  

Power to water ratio (P/W)  MW/MIGD
 (kW.h/m3) 

6.4  
(33.92) 

6.05 
(32.06) 

5.12  
(27.14) 

4.14  
(21.94) 

1.88  
(9.96) 

Boiler fuel consumption (Qf)  MW 519.83 523.63 445.79 213.36 96.64 

Net power generation (Wnet)  MW 117 109.7 90.7 35.37 6.1 

Distiller available energy (Ad)  MW 84.4 80.1 68.47 34.7 15.51 

First law efficiency (η )  =   Wnet  / Qf 22.5 20.9 20.3 16.58 6.31 

Utilization factor  (UF) = (Wnet + Qd)/ Qf 83.9 82.8 82.2 81.4 78.8 

Second law eff. (ε )= (Wnet +Ad + Ade)/ Qf 38.74 36.83 36.2 33.72 23.45 

Distiller output mass exergy, (Ado)   MW 4.76 4.76 4.388 2.176 1.09 

Total exergy losses in BTG+Desal,  MW 398 409.34 350.7 175.8 89.45 

Overall cycle efficiency (Wnet+Ado)/Qf 23.4 21.85 21.3 17.6 7.4 

Pumping power for desal,   MW 14.1 14.1 14.1 7 3.5 

Pumping power for electricals,    MW 3.36 3.2 2.7 1.1 0.25 

Exergy losses in desal ejector,   MW - 3.15 2.2 1.87 1.05 

Boiler operated desalting fuel requirements,  
 MW 

402.98 408.49 353.7 177.2 89.6 

Single purpose power generation fuel 
requirement,   MW 

343.88 322.57 266.9 104.2 18.14 

Total fuel requirement, MW 746.86 731.06 620.6 281.4 107.74 

Fuel saving of DPP over the two single 
plants,   MW 

227 207.26 174.81 68.05 11.1 

Fuel Energy Saving factor (%) 43.66 39.6 39.2 31.9 11.5 
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Table 3:  Comparison between Phase I and Phase II (Unit 65) Design 

Performance at Maximum Continuous Rating  
 

Parameter Phase I Phase II 

Power to water ratio (P/W)      MW/MIGD
 (kW.h/m3) 

12.5           (66.25) 6                   (32) 

First law efficiency (η )  =   Wnet  / Qf 24.08 20.9 

Utilization factor  (UF) = (Wnet + Qd)/ Qf 57.9 82.8 

Second law eff. (ε )= (Wnet +Ad + Ade)/ Qf 33.3 36.8 

Fuel energy saving factor (%) 20.3 39.6 

 Boiler 74.8 71.0 

Turbine / Generator 6.7 4.0 

 MSF  13.5 13.0 

 

Distribution of % 

exergy losses 

among major 

subsystems  Others 5.0 2.0 

Available energy 219.8 211.8 Fuel energy 
allocation to water 
production (kJ/kg) 

Power credit 387.5 364.4 

Available energy 11203 9201.5 Fuel energy 
allocation to 
power generation 
(kJ/kW hr.) Water credit 11778 10150 

 
 



23

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Extraction / 
Condensing  
Turbine

Condenser

Condensate 
Pump

Heater # 1 Heater # 2

Deaerator 

MSF 
Boiler

Fuel

Fig. 1. Schematic Diagram of Al-Jubail Phase I Co-generation Plant 
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Power Cogeneration Cycle. 

Figure 3: 

UF = (Wnet + Qd)/Qf 

ε = (Wnet + Ad + Ade)/Qf 

η = Wnet /Qf 
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Fig. 5 Variation of overall and subsystem exergy losses with power to water ratio 
for  
 Phase-I cogeneration cycle (water production = 5.088 MIGD) 
 

    
Fig. 6 Breakdown of exergy losses among the major subsystems for Phase-I   
 Cogeneration cycle 
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Figure 8: 

UF = (Wnet + Qd)/Qf 

ε = (Wnet + Ad + Ade)/Qf 

η = Wnet /Qf 
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Figure 10. Variation of Overall and Subsystem Exergy Losses with Power to 
Water Ratio for Phase-II Cogeneration Cycle 

Figure 11. Breakdown of Exergy Losses Among the Major Subsystems  for 
Phase-II Cogeneration Cycle 
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Fig 14.   Exergy Productive Diagram for the MCR Design Condition of Al- Jubail Phase I based on Supply of 100 MW of Boiler Fuel Exergy (Numbers 
shown in parenthesis are actual values of the boundary conditions) 

(228 MW)

(5.08 MIGD)
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Fig 15.  Exergy Productive Diagram for the MCR Design Condition of Al- Jubail Phase II Unit 83 of C8 based on Supply of 100 MW of Boiler Fuel 
Exergy (Numbers shown in parenthesis are actual values of the boundary conditions) 
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Fig 16.  Exergy and (Energy) productive diagram for the MCR design condition of Al-Jubail Phase-II Unit 65 of C-6 (based on 
    Supply of 100 MW of Boiler fuel exergy. 
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