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Abstract

The paper describes the feasibility study results of the Combined Power and Desalination Plant incorporating the Low-temperature multi-effect distiller of horizontal falling-film type (MED), HRSG, and Combustion Turbine fuelled by natural gas preferably. In this system the large quantity of slightly superheated steam is injected into the turbine to increase its power output. The injected steam thermal energy is fully recovered along with the extra cooling of the flue gases in direct-type feed heater of MED. Plant major components, performance, economics and  techniques for determining profitability are discussed.
Introduction

Increase in electricity  and water consumption and environment pollution are closely related and grave consequences of humane evolution and rapid growth in the population worldwide.

At present a multieffect distiller of horizontal falling-film type (MED)  fed with sea water, brackish one, or industrial wastes are considered a workhorse of desalination development around the world. Simple and reliable design, technological maturity and flexibility, high quality of distillate produced at acceptable costs, high unit capacity, and good operating records are their main figures of merit. MED relies for operation on multiple repetition of a pair of basic processes: evaporation of water from the brine film coating the tubes outer surface and successive condensation of water vapour. 

As the energy share in costs breakdown of thermal desalination is high (40 - 60%) and show no sign of decline,  the quest for less expensive energy sources is the task of primary importance.  Hence the most beneficial application of  MED  is in combination with the topping power cycle.

The electric power development around the world is dominated by combustion gas turbines . Heavy duty gas turbines for industrial and utility applications have many advantages. Compared with steam plants they are small in size, mass , and initial cost per unit output. They are available with relatively short delivery times and are quick to install and put to use. They are quick-starting, often by remote control, smooth-running, and provide the highest degree of flexibility and efficiency, and the lowest level of emission.

Combustion Turbine with steam injection (STIG )  has been identified as a promising way of generating electric power at high efficiency and low capital cost compared to a combined cycle as it needs no steam turbine, condenser, and cooling tower /1,2,3/. The combustor inlet air contains approximately 12 - 16% of water vapour with natural gas fuel respectively. To achieve these conditions,  the 50-70% of  steam generated  at 15-20  Bara by heat  recovery steam generator (HRSG) installed at the exhaust of the turbine is injected into the compressor discharge plenum. The effect of steam injection on the heat rate (curves 2,3) and the power output rate (curve 1) of the single-shaft STIG is illustrated by  Fig.1. Cases 2 and 3 correspond to the steam temperatures of 235 and 4600C respectively. As seen steam injection may boost the power output up to 20% at heat rates decreased by 7 - 12%. ( Figures vary widely between turbines makes depending on compression ratio, compressor design and turbine duty.)  Another beneficial effect of increased amount of water vapour is a reduction of the  NOx  emissions to very low levels (15 - 20 ppm).



Fig.1 STIG Performance vs steam-to-air ratio: 1 - Power Output, 2,3 - Heat Rate 

The energy in hot stack gases amounting to 20-35% of the fuel energy represents  the sensible heat of combustion products and the heat of water vapor condensation. For conventional heat transfer surfaces the latter process is extremely undesirable as it is accompanied by low-temperature-corrosion phenomenon induced by SO2 constituent. Sub-dew-point surface temperatures cause acids in the flue gas to condense, and the components of conventional steel economizers will corrode. The proven and nonexpensive solution to the problem is the direct-type gas-water heat exchanger. The water-gas heater is similar in design to the main element of the wet-gas desulfurization systems (FGD)  which have been  long commercialized, have high reliability and short payback period. In the heater the flue gas of  110 - 180oC is cooled down to the temperature approaching the cold water one entering the heater.  As follows from the graphs of Fig.2 calculated for the initial water temperature of 40oC and flue gas temperatures of  110oC and 180oC  the final temperature of hot water and its  flow rate (characterized by water-to-wet-gas mass flow ratio) substantially depend upon the vapor contents in flue gas. To prevent vapor condensation on the inside of the stack , the conditioned flue gas may be reheated  by steam,  hot feed water, or  flue gas extracted before the heater. 




Fig.2  Gas-Water Heater Performance vs steam-to-air ratio: 1,2 - Flue gas temperature  - 110 and 180oC

The temperatures of 60-650 C  are sufficient for the hot effluent water to be used as a feed to the low-temperature distiller operating at the top brine temperatures not surpassing 700C. Conducting the desalination at low temperatures has some indubitable advantages: low rates of  CO2  release, corrosion,  and scale deposition.  The water heating from ambient temperature to the process top one is undesirable co-process as it accounts for substantial increase in desalination heat consumption. It may be as high as 12-15% depending on the effects number and the ratio of water enthalpy rise to the process yield. Attempts to mitigate this phenomenon have led to a variety of MED flow configurations outlined elsewhere /4/.

The afore-mentioned allow one to conclude that coupling STIG  to MED  via Gas-Water Heat Exchanger may result in reduced capital costs and superior performance.

Plant Configuration and Performance

Privatization of power industries occurring in some countries brings about more IPPs (Independent Power Producers) and ,hence,  higher  demand for small- and middle-size capacities. Judging by the last years merchandise the gas turbines under 60 MW have been in highest demand /5/. MED plants exhibit strong economies-of-scale, their most efficient  application sizes being  admittedly higher than  5000 -  10000 t/day. The order-of-magnitude correlation between process capital requirement per plant output size against plant size is plotted in Fig.3. The actual data scatter may be large and  can be explained by the effect of different trends in design. The range of 2000 - 10000 t/day is the domain of minimum capital investment costs criterion. Large-size plants are mostly engineered to the minimum costs of the plant life cycle. The above points predetermined the cogeneration unit size selection for feasibility study purposes.



 Fig.3  MED process capital per the plant unit  vs the plant size.

The plant  under study is based on the single-shaft gas turbine( of 38.3 MWe generating 139 kg/sec of hot flue gases of 545OC at ISO ambient conditions . The said gases are cooled down sequentially in HRSG (Fig.4)  generating 24.5 kg/sec of steam at 16 Bara and 50oC superheat, and  gas-water heat exchanger fed by the coolant rejected from the MED condenser. The former heats up about 400 kg/sec of   water from 40OC to 61.9OC. Out of the steam total amount, 10 kg/sec is injected into STIG, the balance being fed to MED via the steam jet ejector. It  takes up and compresses the portion of  vapour from the intermediate or last effect, thus decreasing heat and cooling water consumptions of the distiller. The feed heated up in the gas-water exchanger is led to the ‘hot’ effects and sprayed over the vertically stacked bundles of tubes. Unevaporated remainder - brine is driven by pressure difference and gravity from stage to stage with increasing concentration, leaving the coldest stage with the highest  one. To keep the brine TDS concentration within the acceptable limits, the brine is diluted in the ‘cold’ effects with fresh sea water heated up in the MED condenser. The required wetting rate of the falling film in evaporators is provided with the low-head recirculation pumps.  The quality of condensate  (1-2 ppm) extracted from the first two effects is high enough to direct it to the low-pressure boiler without further processing and deaerating. 
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Fig.4 The flow diagram of the Combined Power and
Multieffect Desalination Plant





The economizer of HRSG is configured to obviate two known problems: low-temperature corrosion and steaming at HRSG partial loads. It incorporates a high-temperature section and a low-temperature one. The latter is a closed loop additionally comprising circulation pump, water-to-water heat exchanger and a dump heat exchanger. The condensate pumped out of MED is preheated in water-to-water heat exchanger to avoid low-temperature corrosion. At the design -point operation the dump exchanger stands idle. When the temperature and the flow rate of flue gases decreases, the thermal load transferred to the evaporator decreases, reducing the steam production. However the economizer duty transferring capacity doesn’t decrease proportionately hence make-up absorbs more enthalpy than at design-point performance. Extra heat load leads to steaming ( boiling) in economizer and subsequent flow blockage to the steam drum. Steaming probabilities are higher at low ambient temperatures when the exhaust gas temperature is low as well.  In STIG the economizer excessive load is dumped down via the dump exchanger to the feed. 

Due to slightly higher availability of gas turbine ( by 2-5%),  two MED each producing  8760 t/day of distilled water are coupled to the one set of STIG  and HRSG.  Out of the MED gross output about  5.0% is used to make up the steam injected into the turbine. The performance data of the dual-purpose plant are summarized in Table 1. 

                 


They have been obtained with the program ‘GTMED’ written by the author. It may be classified as the general-purpose performance program intended for design calculations, application studies, evaluating modifications and arrangement of components, and specifying performance in new environments. Its core is a set of subroutines describing the behaviour of the main components: Compressor, Turbine, HRSG, Gas-Water Heater, Steam Ejector and MED.  The segregation of the combustion turbine on the compressor and the turbine allows the relationship between steam injection quantity, combustion temperature, steam-to-fuel ratio, and ambient conditions to be thoroughly studied. The program as well incorporates the catalog of some high-demand combustion turbines produced by leading manufacturers.

Operation Modes

Obviously the continuous steady-load operation is the most efficient mode of cogeneration. That assures high utilization of capital-intensive equipment and maximum savings in annual operating costs.  This is not the case with Middle East Countries by the following reasons.

1. Inevitable seasonal variation in ambient temperature is followed by a change in  the gas turbine power  and flue gas outputs. Thus the air temperature increase from 15 oC to 45 oC may bring about  nearly  the 20% power output decrease .

2. Unlike water consumption which is relatively uniform in many cases, power demand is undergone high-amplitude seasonal and diurnal variation with minimum load equal to 25 - 30 % of summer peak, power and water demands are not necessarily synchronized. The typical ambient temperature and power load seasonal profile curves of the Middle East countries are shown in Fig.5.

3. Air conditioning load is the major contributor to the power load variation, and lower ambient temperatures coincide with decreased power demand period. As mentioned above gas turbines exhibit inverse relationship between ambient temperature and power output.

Hence dual-purpose plant  efficiency and flexibility are closely related issues. 
A simple cogeneration system typically consists of a HRSG located behind a gas turbine. The system is efficient and trouble-free when the power load is held nearly  

     Fig.5   Power Load and Ambient Temperatures annual profiles

constant. In the system being operated in the power-load-following mode the variation in power output brings about the steam output fluctuations and steaming in  HRSG economizer. The known solutions are 1. supplementary firing, 2. auxiliary fuel-fired boiler incorporation, and 3. water storage. All of them heavily penalize the system economics. More complex cogeneration system additionally incorporates  extraction-condensing steam turbine feeding MED with extraction steam. In the system MED  load is kept stable by tailoring the steam flow to the turbine condenser. The system has limited flexibility, is costly for small-size plants and limited to the applications with the water-to-power ratios less than 8-16 ton/(hr*MW). The thorough study of conventional cogeneration systems performance and economics has been carried out by F.Lennox et al /6/.

Predicted part-load performance of the STIG & MED plant at the uniform steam conditions and flow rate to MED units is presented in Figs.6,7. As seen, at ambient temperature of 350C,  STIG unloading may be executed down to 45% without noticable drop in the MED output drop. It brings about gradual decrease in steam injection and increase in the dump exchanger load . Below the 45% load the MED output droops steeply. As compared to a  common turbine, STIG heat rates are rather low within the whole operation range. 

To capitalize upon the plant flexibility, variable power profile should be embedded into the plant operation mode.  As power load depends saliently upon the ambient 



Fig.6 Plant part-load performance vs power rating: 1- heat rate, 2- steam injection, 3- MED output, 4 - feed flowrate

 

  

Fig.7 Dump exchanger performance vs plant power rating: 1 - thermal duty, 2 - exit feed temperature

temperature, the seasonal power profile may be tentatively described as single-variable function:

	L=Pmax+(Pmax-Pmin)*(T-Tmin)/(Tmax-Tmin),
	(1)


where  L - Power load, Pmax - Installed capacity at maximum ambient temperature, Pmin - minimum power output agreed upon, Tmax , Tmin -  maximum and minimum monthly average temperatures, T - monthly average temperature.

Fig.8 shows the effect of the turndown ratio Pmin/Pmax   in Eq.(1)  on STIG power output  L (curve 1) and heat rate (curve 2) averaged over time of the year at the ambient temperature profile of Fig.5 and uniform water production rate. The curves are built at Tmax =36.8oC, Tmin=21.7oC , Pmax=37.0 MW at the corresponding heat rate of 11290 kJ/kWh.




Fig.8 STIG power output (1) and heat rate (2) vs load turndown Pmin/Pmax.

The figures evidence that the plant in question possesses a unique performance flexibility and eficiency which make it suitable for applications with wide variation in power demand (45 - 100%) at relatively stable water output.

Economics

Inherent unique flexibility of STIG & MED decrease the capital costs requirement as there is much less need in a standby fuel-fired package boiler and an excessive water storage facilities. (In common cogeneration system the boiler is intended to take over the MED steam load at power cycle part-load performance or in case  the turbine and HRSG require maintenance.) Capital costs breakdown is summarized in Table 2 and is order-of-magnitude as labour costs are least certain. 

The economics of the dual-purpose plant (DPP)  largely depends on whether it is connected to the utilities grid or operated in island mode. In the case of electric interconnection with the utility system, the plant reliability requirement for emergency power supply  is reduced by the utility readiness to maintain a backup capability without expensive standby charges. Therefore DPP may be designed without excess generating capacity. Synchronous interconnection between DPP and the utility should be mutually advantageous:




1. DPP produced electricity will most likely be purchased by the utility at a rate lower than the costs the utility would incur.

2. A willingness of DPP owner to use it in the electric-load-following mode could be a valuable asset for the utility.

3. DPP load factor may be maintained at higher values.

4. DPP saves the utility from having to build new  and, therefore, relatively expensive power plant. For the latter the production costs are higher than the utility average ones.

The minimum attractive price for utility-purchased electricity may be derived from the economic comparison between DPP selling the power at wholesale and single-purpose distillation plant involving minimum capital expenditure. The latter is energized by fuel-fired boiler.  Capital investment  and operating costs for alternatives  are shown in Table 3.Also included in the table are gross payout and  discounted rate of return (IRR) on the incremental investment for the cogeneration case. The following premises  are used in comparison.  Operating costs for STIG are broken into fixed and variable components equal 22 $/kW-yr and 0.002 $/kWh respectively.

         


The same components for MED are assumed to be 300 $/ton-yr and 0.08 $/t. Natural gas cost is 1.7 $/GJ. Depreciation period - 20 years, local property tax and insurance - 2%, discount rate - 6% at zero inflation rate, the  debt-to-equity ratio is 3.0  It is assumed that all plant ( equipment pieces ) and alternatives have a 20-year useful life. Book depreciation is used to repay the debt holders. The costs of plant removal is assumed to equal the salvage or junk value resulting in zero salvage.

The typical values of minimum acceptable IRR  for  IPPs are in the range of 15 - 20%.  Given the assumptions, the 18% IRR level can be obtained at the electricity price of 0.050 USD/kWh under uniform-load operation (Case ‘STIG’, Table 3)  and  0,065 USD/kWh if the plant follows seasonal profile of the power output represented by Eq.(1).  As follows, the plant economics is extremely sensitive to operation mode and , hence,  to the electricity price.
Conclusions

1. The combination of low-investment-cost STIG and high-efficiency MED is a viable alternative for mid-size cogeneration projects with variable power load and relatively uniform water demand.

2. Preferable configuration of STIG & MED plant incorporates several basic components: 1. single-shaft combustion turbine, 2. low-pressure HRSG with two-stage economizer, 3. direct-type gas-water heat exchanger, and 4. multieffect distiller with vapour recompression by steam jet ejector.

3. Plant economics substantially depends upon the load-dispatch strategy. The transition from base-load operation to intermediate-load coverage raises the minimum utility purchased electricity price by 10 - 20%. Knowledge of Load Duration Curves, Usage Profile Curves and Ambient temperature Duration Curve are necessary condition for optimal customer-tailored design.

4. Software package is developed for design and predicting the actual performance of plant.
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Table 3

Plant  Economics

Category

Units

Base

STIG

1.0

Availability

---

2.0

Load factor*

3.0

Net power to/from grid

GWh/yr

4.0

Net water output

10^6 t/yr

5.0

Capital Investment

MUSD

Annual Costs 

6.0

Fuel

MUSD

7.0

Electricity

--"--

0.4823

0.0

8.0

O&M total

--"--

9.0

Local property tax & insurance

--"--

0.596

0.9820000000000001

10.0

Depreciation & Return on Debt

--"--

11.0

Total Costs

--"--

6.5183

11.762

12.0

Costs chargeable to water

--"--

6.5183

0.33699999999999974

13.0

Water specific operation costs

USD/ton

1.1660644007155636

0.06543689320388345

14.0

Annual savings

MUSD

--

5.6682316636851535

15.0

Gross payout

years

--

3.4049419898713644

16.0

Electricity cost

USD/kWh

17.0

 IRR

%

--

18.0
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Table 1

 Combined Plant Performance

         Description

Units

Value

Operation mode

STIG

1.0

Air inlet temperature

Degr. C

35.0

2.0

Steam injection

kg/sec

10.0

3.0

Exhaust Gas Flow rate

kg/sec

126.4

4.0

Exhaust Gas Temperature

Degr. C

560.0

5.0

Power Output rate

MWe

37.3

6.0

Specific Heat rate

kJ/kWh

11310.0

7.0

HRSG steam capacity

kg/sec

24.5

8.0

Steam Pressure

Bara

16.0

9.0

Steam temperature

Degr. C

252.0

10.0

Gas outlet temperature

Degr. C

121.0

11.0

Gas-Water Heater Duty

MW

37.1

12.0

Gas temperature after heater

Degr. C

41.5

13.0

Water inflow rate

kg/sec

392.0

14.0

Water inlet temperature

Degr. C

40.0

15.0

Water outflow rate

kg/sec

402.0

16.0

Water outlet temperature

Degr. C

61.9

For one MED

17.0

Gross product capacity

t/day

8760.0

18.0

Power consumption

kWe

430.0

19.0

Number of effects

---

10.0

20.0

Effect surface area

sq.m.

3400.0

21.0

Steam flow rate to MED

kg/sec

7.25

22.0

Steam ejector discharge pressure

Bara

0.34

23.0

Discharge steam flow rate

kg/sec

11.12

24.0

Top brine temperature

Degr.C

69.5

25.0

Sea water TDS

%

4.0

25.0

Concentration ratio

kg/kg

1.83

26.0

Feed flow rate to evaporators

kg/sec

202.0

27.0

Maximum Sea water temperature

Degr.C

30.0

28.0

 Sea water to condenser

at maximum sea water temperature

kg/sec

661.0

29.0

Coolant temperature after

condenser

Degr.C

40.0
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2.03544127866574

2.5510771369006253

52.53

57.07

2.3157894736842106

2.805194805194805

57.0

60.86

2.642808912896691

3.0762997974341664

59.06

62.8

2.7956844234659473

3.188132164531355

60.05

63.48

2.8555030384875084

3.268737339635382

62.93

65.58

3.0279291553133514

3.4897820163487734

65.23

67.92

3.269799403067953

3.6773790518497953

67.71

70.3

3.4860614724803427

3.869907076483202


