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A novel cogeneration system is proposed for power generation and seawater desalination. It combines the
CRGT (chemically recuperated gas turbine) with the MED-TVC (multi-effect thermal vapor compression
desalination) system. The CRGT contains a MSR (methane-steam reformer). The produced syngas includes
plenty of steam and hydrogen, so the working medium flow increases and NOy emissions can achieve 1 ppm
low. However, the water consumption is large, ~23 t/d water per MW power output. To solve this problem and
produce water for sale, MED-TVC is introduced, driven by exhaust heat. Such a dual-purpose plant was
analyzed to investigate its performance and parameter selection, and compared with four conventional
cogeneration systems with the same methane input. Some main results are following: In the base case of the
CRGT witha TITof 1308 °C and a compression ratio of 15, the MED-TVC with 9 effects, the specific work output,
performance ratio and CRGT-consumed water ratio are 491.5 kj/kg, 11.3 and 18.2%, respectively. Compared
with the backpressure ST (steam turbine)/CC (combined cycle) plus MED/MSF (multistage flash), the
CRGT + MED has better thermal performance, lower product cost and shorter payback period, which indicates
the CRGT + MED dual-purpose system is a feasible and attractive choice for power and water cogeneration.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

CRGT (Chemically recuperated gas turbine) cycles combine
a natural gas fired gas-turbine cycle with a chemical recuperation
process [1—6]. In such cycles turbine exhaust heat is recovered in
a HRSG (heat recovery steam generator) and the superheater is
replaced by a MSR (methane steam reformer) to produce syngas, in
which the following reactions occur [7,8]:

CH, + Hy0CO + 3H, AH = 206.11K] / (mol CH,)
CO + H,00C0y + H, AH = — 41.17k / (mol CO)

CpHm + nHy0nCO + (m/2 + n)H,

The exhaust heat is thus recuperated chemically by the methane
conversion to Hy and CO. Comparing the syngas to the methane, the
fuel heating value is raised [9]. It shows that low pressure, high
temperature and high steam consumption help to increase the
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reforming conversion rate (the ratio between the converted
methane to the methane input) [10]. Even though the fuel conver-
sion is based on the available gas turbine exhaust and reaches only
a moderate level, the basic chemically recuperated cycle (without
inter-cooling or reheat) simulated by Kesser [2] still achieved
a thermal efficiency of 48.8%, higher than that of the STIG (steam
injected gas turbine). Owe to the presence of a significant amount of
steam and hydrogen in the reformed gas, the NOy emissions has been
estimated to be as low as 1 ppm [2] and the specific power output
becomes higher than that of a dry gas turbine cycle [11]. Such a cycle
also has, however, large water consumption, about 23 t/d water per
MW power output, which restricts the application of the plant;
especially in water-short areas [2]. A preliminary economic evalua-
tion of the CRGT system [7] indicated that it is economically feasible
only if a low-cost source of water is available. However, compared to
the CC (Combined Cycle, composed of a gas-turbine cycle and
a steam turbine cycle, usually having a thermal efficiency of
51-58%), the little lower thermal efficiency, much simpler config-
uration (an MSR instead of an entire steam turbine cycle configu-
ration) and ultra low NOy emissions still make CRGT quite attractive.

Seawater desalination is widely used commercially to produce
fresh water [12]. LT-MED (Low temperature multi-effect desalination)
is one of the commonly used heat-driven desalination methods
[13—24]. MED systems often have 4 to 12 effects. For example, in
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Nomenclature

A Total heat transfer area [m?]

a Specific heat transfer area [m?/(kg/s)]
Cost [k$]

CR Concentration ratio

COE Cost of electricity [$/kWh]
Cost of water [$/t]

E Exergy [kKW]

e Specific exergy [kW/kg]

H Annual running hours [h]

h Enthalpy [k]/kg]

i Discount rate

m Mass flow [kg/s]

n Number of the effects or plant life [y]
PBP Payback period [y]

PR Performance ratio

Q Thermal energy [kW]

R Annual revenue of the plant [k$]
Rne Methane conversion rate

Rpw Power-to-water ratio

Rsn Steam-NG mole ratio

T Temperature [K]

t Temperature [°C]

TBT Top brine temperature [°C]

TIT Turbine inlet temperature [°C]

TPC Total plant cost [k$]

U Heat-transfer coefficient

w Work [kW]

X Steam-air mass ratio

I’} Annual average investment coefficient
m Compression ratio

e Exergy efficiency

n Thermal efficiency

Nisn Isentropic efficiency

1 CRGT-consumed water ratio

AT, Minimum heat transfer temperature difference [°C]
ATeq Chemical equilibrium approach temperature

difference [°C]

Subscripts

0 Base cycle

a Ambient state

b Boiler

air Inlet air of the CRGT cycle

C Condenser

cm Condensate of the motive steam
coM Compressor

con Consumption

E Evaporator

en Entrained steam

ex Exhaust gas

f Flue gas

fu Fuel

h Heating steam

in Input

m Motive steam

net Net value

om Operation and maintenance
P Pump

PHE Preheater

pow Power subcycle

s Inlet steam of the MSR

syn Syngas

T Turbine

w Water production

w,tol Total water produced by MED

Ref. [14], two MED operating modes (parallel and parallel/cross) were
studied, with the parallel/cross flow system having the better
performance. Although the TBT (top brine temperature) in MED
system is lower than 70 °C, the motive steam is often with a pressure
around 3 bar (~134 °C) extracted from steam turbines or ranging from
20to30bar(212—234°C) supplied directly from a boiler [ 15,16]. From
the second law of thermodynamics viewpoint, the big temperature
difference causes much exergy loss in the heat exchange process, so
the TVC (thermal vapor compressor) is introduced to improve the
system thermal performance: the motive steam firstly entrains and
compresses a fraction of the vapor produced in an effect of the MED,
and then the mixture discharges as the heating steam at a tempera-
ture of about 70 °C [17,18].

Compared with the MED plant without vapor compression, such
a MED-TVC arrangement meets the desalination temperature
requirements better and achieves a higher performance ratio PR,
which is defined as the ratio between the mass flow rates of the
produced fresh water m,, to that of the consumed motive steam my,,

PR = my/mp (M

Meanwhile, the needs of cooling water and pumping power are
also decreased [13].

In a MED with mechanical vapor compression system, the MVC
(mechanical vapor compressor) can improve the performance of
the MED as well as the TVC, but the TVC is adopted in this paper
rather than the MVC for its effectiveness, easier operation and
maintenance, and good economic characteristics [19].

Integration of the CRGT plant with a MED-TVC desalination
system allows it to be supplied with its needed fresh water without
depending on other water supplies. In this cogeneration system,
the low temperature motive steam for driving the MED-TVC is
generated by the CRGT turbine exhaust heat recovery that avoids
a great waste of exergy if such low-grade thermal energy were
provided directly by burning fuel in a boiler. It’s obvious that the
synergy of the power and water dual-purpose plants has significant
energy, economy and environment benefits [12,13,20].

The main objective of this paper is to propose and analyze an
integrated cogeneration system composed of a CRGT (as the prime
mover) and a MED-TVC (as the bottom cycle). To investigate the
performance and parameter selection of the energy, exergy and
water production of the integrated cycle, the cogeneration system
was modeled, analyzed and compared to some typical conventional
power and water cogeneration systems with the same input. An
economic perspective was held to evaluate the costs of electricity and
fresh water and the payback periods of the different dual-purpose
plants. A parametric sensitivity analysis was also performed to
examine the influence of three important parameters, the steam-air
mass flow rate ratio x of the CRGT, the saturation temperature of the
motive steam t;; and the number of MED effects n. The results were
discussed to further clarify the synergy of the integrated system.

2. The cogeneration system configuration

The flow sheet of the cogeneration system is given in Fig. 1a and b.
As shown in Fig. 1a, the key process of the CRGT cycle is the reforming
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Fig. 1. a. Flow sheet of the CRGT+MED dual-purpose system, b. Flow sheet of the MED-TVC section in the dual-purpose system.

between the superheated steam and compressed NG (natural gas) in
the MSR, which represents recovering of the turbine exhaust heat
both thermally and chemically. The integration of the CRGT and MED-
TVC is embodied in the motive steam (16) generation in the HRSG
and the fresh water (6) supply to the CRGT. The extracted saturated
steam (16) is sent into the TVC to run the MED-TVC bottom cycle.

Fig. 1b illustrated the MED-TVC system. The seawater is fed into
the nine effects in parallel.

Using the TVC (thermal vapor compressor), the motive steam
(16) compresses a part (23) of the vapor generated in the effect
5 (E5), at a medium temperature. In the TVC the expansion of the
motive steam compresses the entrained vapor, and their mixture is
discharged from the TVC and used as the heating steam (22) for the
distillation process. It is thereby condensed and provides heat for
seawater evaporation in the first effect (E1).

Part of the condensate (14) is returned into the HRSG, and the
remainder (27) is introduced into flash chamber 1 (FLA1), where
a small amount of vapor (28) flashes off because of a pressure drop.
The vapor (25) evaporated from the seawater in E1 is mixed with
the vapor (28) and the mixture vapor passes through the PHE1
(preheater 1) before routed into E2 (effect 2) to serve as the heat

source together with the brine from E1 (26). The condensate of the
vapor flows into FLA2 (flash chamber 2).

This process is repeated in all effects except for E5 and E9. In E5,
part of the vapor is entrained by the TVC (23) (research shows that
entraining vapor from an intermediate effect is better than from the
last effect for enhancing the performance ratio PR [21]; only the
remainder (29) is introduced into the PHE5 (preheater 5). While in
E9, the vapor (30) is sent into the end CON (condenser) to preheat
the seawater (19) before it flows into the DST. Part of the preheated
seawater is used as the feed of the nine effects (24), and the balance
(21) is rejected back to the sea, and so is the brine (concentrated
seawater) outflow from E9 (20).

3. The cogeneration system simulation
3.1. Computation model and assumptions

Some properties of the feed steams are reported in Table 1. The
proposed systems have all been modeled with the ASPEN PLUS

software [25], in which the component simulation is based on energy,
mass and species balances, with the default relative convergence
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Table 1
Composition and some properties of feed streams.
Natural gas Air Seawater

CH,4 (mol%) 100 — —
N, (mol%) — 79 —
03 (mol%) - 21 -
H,0 (mass%) — — 96.5
NacCl (mass%) — — 3.5
Temperature (°C) 25 25 25
Pressure (bar) 1.013 1.013 1.013

error (the relative difference between the iteration used and the one
before) tolerance of 0.01%. For validation, the model was used to
simulate the performance of an MED-TVC and of a CRGT, separately,
and as shown in Sections 3.2 and 3.3 the simulation results compared
very well to available data.

The RK-SOAVE, STEAM-TA and ELECNRTL physical properties
(available in ASPEN PLUS) are selected for dealing with the
processes where the working media are gas, water and saline
water respectively (according to the instruction of ASPEN PLUS),
and the main assumptions for cogeneration system simulation are
summarized in Table 2.

3.2. CRGT model validation

A turbine blade-cooling model presented in Ref. [7] was incor-
porated into the simulation model. The MSR is modeled as a Gibbs
reactor, which determines the equilibrium conditions by mini-
mizing Gibbs free energy, while the chemical nonequilibrium
effects due to reaction kinetics are modeled using the chemical
approach temperature difference ATeq. [10], which can either be
specified or calculated from the following equations for a typical
reformer using a nickel-based catalyst [2]:

ATeq = O if Tyyn > 923K ()

AT,q = 4333 x [1— (Toyn — 273)/650] if Tyyn < 923K (3)

where Ty, is the temperature of the produced syngas of the
reforming reaction. The thermal efficiency is defined as:

where Qj, is the energy of the input fuel and Wy is the network
output of the power cycle.

Kesser et al. have reported the temperature, pressure and mass
flow rates of a basic CRGT configuration [2]. To validate the simu-
lation method used in this paper, a basic CRGT cycle was simulated
with the same assumptions and the results were compared with
those given in Kesser et al.,, as shown in Table 3. The comparison
shows that the results agree quite well, with relative differences of
the key cycle parameters within 3%.

The steam-air mass ratio x is defined as the ration between mass
flow rate ratio of the steam sent into the MSR (stream 7 in Fig. 1a)
and the inlet air of the CRGT (stream 1 in Fig. 1a):

X = Mg/My; = my/my (5)

It directly affects the methane conversion rate in the MSR and
the fuel demand of the CRGT. Ref. [2] shows that it has significant
influence on the thermal performance of CRGT cycle; when the inlet
air of CRGT is fixed, within a certain range(0~0.15), a larger x
means that more steam is added into the MSR, and the endo-
thermic reaction of steam and methane is strengthened, so more
heat energy of flue gas is recovered, resulting in higher thermal
efficiency while more water consumption (1 increases about 0.8
%-points per 0.01 x added).

3.3. MED-TVC model validation

The mass flow fed to each effect depends on the energy balance
and the minimum temperature difference allowed on each effect,
2.5-2.8 °C. The energy and exergy balances are derived with the
following assumptions:

(1) equal temperature difference across each effect;
(2) equal boiling point elevation for all effects;

The mixture of the vapor flashed from both accumulated
distillate and the brine preheats the seawater fed into each effect.
This gives a decrease in temperature across the preheaters, which
equal to the temperature drop between the effects [16]. The
performance of the TVC is taken from Ref. [17]. In the modeling and
simulation, the distillate produced in each effect is considered to be
salt free (actual salt concentrations are about 10 ppm, negligible for

= Whet/Q 4 : ;
n net/Qin (4) the purposes of the conducted simulation analyses).
Table 2
Main assumptions for the simulation.
Configurations Parameters Value Source
MSR Pressure drop (% of inlet pressure) 10 Kesser KF. et al.,, 1994[2]
Minimal heat transfer temperature difference gas/gas ( AT msr) 20°C Kesser K.F. et al., 1994[2]
Turbine Turbine inlet temperature (TIT) 1308 °C Kesser K.F. et al., 1994[2]
Isentropic efficiency (isn , T) 88% Kesser KF. et al.,, 1994[2]
HRSG Pressure drop (% of inlet pressure) 3 Kesser KF. et al.,, 1994[2]

Minimum heat transfer temperature difference (AT 1rsc)

Minimal outlet flue gas temperature (tf)
Isentropic efficiency (7isn , c)
Compression ratio ()

Combustor Pressure loss (% of inlet pressure)
Pump Efficiency (np)

MED-TVC Number of effects (n)
Temperature drop/effect (AT)
Boiling point elevation (BPE)

Top brine temperature (TBT)
Motive steam temperature (ty,)
Entrained steam temperature (tep)
Heating steam temperature (ty)
Temperature (t;)

Pressure(P,)

Compressors

Ambient state

20°C(15°C)
gas/gas(liquid)

90 °C Kesser KF. et al.,, 1994[2]
89% Kesser KF. et al.,, 1994[2]

15 Kesser K.F. et al., 1994[2]

3 Kesser K.F. et al.,, 1994[2]
85%

9

3.8°C Alasfour E.N. et al., 2005[16]
0.8°C Alasfour F.N. et al., 2005[16]
65.6 °C Alasfour F.N. et al., 2005[16]

140 °C (Saturated, 3.61 bar)
49.0 °C (Saturated)

69 °C (Saturated)

25°C

1.013 bar

Darwish M. A. et al., 2003[15]
Alasfour F.N. et al., 2005[16]
Alasfour F.N. et al., 2005[16]
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Table 3
Data summary for our simulation CRGT validation (The state point numbers refer to
Fig. 1a).

CRGT Parameters Ref. [2] ASPEN
PLUS
Air compressor inlet air myq[ma® 1 1
state (State point 1) t? 15°C 15°C
P 0.987 atm 0.987 atm
CH4 compressor inlet ms/ma? 0.021 0.021
CHy state (State point 3)  t3* 15°C 15°C
P3? 493 atm  4.93 atm
HRSG inlet water state ms/M;? 0.144 0.144
(State point 5) ts? 15°C 15°C
Ps? 1.97 atm  1.97 atm
MSR (State point 9) Outlet syngas 576 °C 569 °C
temperature (Tsyp) *
HRSG outlet flue gas state  my3/ma;r 1.155 1.155
(State point 13) t13 140 °C 140 °C
P13 1.00 atm  1.00 atm
HRSG Minimal heat transfer 15.7 °C 144 °C
temperature difference
(ATp HrsG)
Turbine outlet exhaust mqq/Mair 1.155 1.155
gas state (State point 11) tq; 596 °C 589 °C
P11 1.04 atm 1.04 atm
Overall cycle parameters Steam-Methane 6.1 6.1

mole ratio (Rsy) ?
Specific work output (w) 516 kJ/kg 503 kj/kg
Thermal efficiency (7) 48.8% 47.8%

2 Input variables.

To characterize the performance of the MED-TVC, the perfor-
mance ratio PR has been defined as Eq. (1). The specific heat
transfer area, a, is defined as the heat transfer area needed to
produce 1 kg/s fresh water:

a = A/my (6)

where A is the total heat transfer area of the desalination unit,
composed of the area of the effects Ag, the condensation area of the
end condenser Ac and the area of the preheaters Apyg. To calculate
their values, the heat transfer coefficients U of the evaporators,
condensers, and preheaters are taken from Ref. [26] (see Appendix
A), the temperature approaches AT (taken as the logarithmic
temperature differences) have been designed, and the heat duty Q
is gotten from the simulation case with ASPEN PLUS. The areas can
be figured out by:

A = Q/(U-AT) (7)

The specific exergy consumption, ecop, is defined as the exergy
consumed for producing 1 kg fresh water:

€con = Mm(em — €cm)/Mw = Mm(e1g — €14)/Mw (8)

where ey, is the specific exergy of the motive steam, and e.r, is that
of the condensate of the motive steam. Similarly, the specific
energy consumption, qcop, iS defined as the energy consumed for
producing 1 kg fresh water:

geon = Mm(hm — hem)/Mw = Mm(hie — h1g)/Mw (9)

where hy, is the specific enthalpy of the motive steam, and h¢, is
that of the condensate of the motive steam.

Using the model developed by the authors, PR, ag and ec, are
calculated under the same conditions as those previously given in
Ref. [16], in which the simulated configurations have the same oper-
ating conditions of an existing plant in the United Arab Emirates (the
Umm A1-Nar plant). The results are shown in Table 4. It can be seen that
the relative differences are no more than 3.6%, proving that the model
predictions compared well with the data in the reference literature.

Table 4
Data summary for the ASPEN PLUS MED-TVC check case.

MED-TVC Parameters Ref. [16] ASPEN PLUS
Number of effects (n) ? 6 6

Top brine temperature (TBT) ? 61.8 °C 61.8 °C
Temperature drop/effect (AT) ? 3.8°C 3.8°C
Boiling point elevation (BPE) * 0.8 °C 0.8 °C
Motive steam pressure (Py,) ¢ 25 bar 25 bar
Heating steam temperature (ty) ? 65 °C 65 °C
Feed seawater temperature (tgeeq) * 40 °C 40 °C
Cooling seawater temperature (tses) * 30°C 30°C
Motive steam/Entrained steam (mass flow) 1.36 1.36
Performanceratio (PR) 10.05 10.04

Specific heat transfer area of the effects (ag) 326.2 m?/(kg/s) 338.1 m?/(kg/s)
Specific exergy consumption(econ) 87.91 kJ/kg 88.23 KJ/kg
Specific energy consumption(gcon) 252.87 kJ/kg 253.02 kJ/kg

¢ Input variables.

4. The cogeneration system performance and discussion
4.1. Evaluation criteria

The system has two useful products: power and fresh water. To
characterize the cogeneration performance, the power-to-water
ratio Rpy is introduced. It is defined as the net generated power
Whet divided by the mass flow rate of the produced water my,:

Whet = Wr — Weom — Wp (10)

Rpw = Whet/Mw (11)

where Wr is the work output of the turbine, and the W¢op and Wp
is work consumed by compressors and pumps, respectively.

The exergy efficiency of the dual-purpose system ¢ is calculated
as the exergy output divided by the exergy input:

¢ = (Whet + Ew)/Ein (12)

where Ej, represents the exergy of the input NG, and E is the
exergy of the water production, which is given as the minimal work
needed in a reversible separation process for producing the same
amount of fresh water as in the cogeneration system [13].

The ratio of water used for the reformer (ms, stream 7 in Fig. 1a)
to the total water produced by the MED (my o, stream 17 in Fig. 1a)
is defined as CRGT-consumed water ratio 9:

d = ms/My o = My/My7 (13)
4.2. Cogeneration system performance

Mainstream states of the cogeneration system including
temperature, pressure, mass flow rate, vapor fraction and chemical
composition are presented in Table 5.

The performance results are reported in Table 6. The thermal
efficiency 7 of top cycle CRGT is 47.0%, and the performance ratio PR
of the button cycle MED-TVC is 11.3. For the integrated system, the
power-to-water ratio Rpw is 745 kJ/kg and the exergy efficiency ¢ is
45.7%. Table 7 shows the exergy destruction of different compo-
nents in the cogeneration system in detail. The component exergy
change is defined as the change in exergy between the entry state
and the exhaust state of each process.

If the HRSG did not generate the motive steam, its exergy
destruction would decline from 61.9 MW to 58.4 MW; however, the
exergy loss of the flue gas would increase from 50.0 MW to
102.9 MW. The integration of the MED-TVC into the CRGT cycle is of
great benefit to decrease the exergy loss of the flue gas and recover
the exhaust heat to produce large amounts of fresh water.
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Table 5
Mainstream states of the CRGT+MED dual-purpose system.
No. t(°C) p (bar) m (kg/s) Vapor fraction Molar composition
N, 0, CH4 co H, CO, H,0 NaCl
1 25 1.01 1000 1 0.79 0.21
2 399 14.9 777 1 0.79 0.21
3 25 1.01 20.7 1 1
4 140 21.3 20.7 1 1
5 25 3.0 120 0 1
6 25.1 225 120 0 1
7 474 214 120 1 1
8 407 213 141 1 0.162 0.838
9 567 19.2 141 1 0.101 0.004 0.183 0.043 0.669
10 1308 14.6 918 1 0.610 0.088 0.037 0.265
11 587 1.05 1131 1 0.641 0.109 0.031 0.219
12 494 1.03 1131 1 0.641 0.109 0.031 0.219
13 96.8 1.01 1131 1 0.641 0.109 0.031 0.219
14 65.6 0.3 58.4 0 1
15 65.6 3.75 58.4 0 1
16 140 3.61 58.4 1 1
17 25 3.0 660 0 1
18 25 3.0 540 0 1
20 35.1 3.0 144 0 0.934 0.066
22 69 0.3 89.6 1 1
23 49 0.12 31.2 1 1
24 324 3.0 804 0 0.989 0.011

Fig. 2 is the t-Q diagram of the exhaust heat recovery process. The
turbine exhaust heat is recovered in a high-to-low temperature
cascade. The horizontal-line segments (a) and (b) represent the
isothermal evaporation processes of the water streams (6) and (15),
respectively. The stream (6) is the water supply for CRGT cycle and the
stream (15) is heated to be the motive steam to drive MED-TVC. It can
be seen that owing to the integration of MED-TVC into the CRGT, the
heat recovery in HRSG is enhanced by stream (15) and the thermal
match between the heating and heated streams gets better. However,
the temperature difference along (a) and to the left is still large and
leading to exergy losses, which needs further improvement.

The exergy analyze in Table 7 also provides some guidance for
system performance improvement. The combustion-associated
exergy change is as usual the biggest item. This destruction can be
straightforwardly decreased by enhancing the reforming reaction
(elevating the fuel heating value) or increasing the inlet tempera-
ture of gas turbine beyond the assumed 1308 °C. For example, the
former can be realized by increasing the steam led into the MSR.

Table 6
CRGT+MED dual-purpose system performance summary.
CRGT section Compressor inlet air mass flow rate® 1000 kg/s
Steam-air mass ratio (x) ? 0.12
Steam-NG mole ratio (Rsn) 5.16
NG conversion rate (Ryc) 31.7%
Work output (w) 494.1 MW

Thermal efficiency of the top cycle () 47.0%
Performance ratio (PR) 113

Specific heat transfer area (a) 337 m?/(kg/s)
Specific exergy consumption (econ) 54.0 kJ/kg

MED-TVC section

Specific energy consumption (qcon) 216 kJ/kg
Water production (M, to1) 660 kg/s
Water sent to CRGT (ms) 120 kg/s
Cogeneration system  Fuel energy input (Qin) 1051 MW
Fuel exergy input (Ej,) 1078 MW
Work consumption for MED-TVC 2.61 MW
Net work output (Whet) 491.5 MW
Net water production (m,,) 540 kg/s

CRGT-consumed water ratio () 18.2%

Water exergy (Eyw) 1.50 MW
Power-to-water ratio (Rpw) 745 KJ[kg
Exergy efficiency (&) 45.7%

2 Input variables.

When the mass flow of air is fixed, the increase of steam-air ratio
x will result in the elevation of output network (see Section 6.1).
The latter would be possible if a more advanced turbine is used.
The turbine expansion progress causes the next largest exergy
destruction, which can be reduced by using a more efficient turbine
as well. The exergy destruction of HRSG is a bit less than that of gas
turbine. This destruction can be weakened by decreasing the
temperature differences between the heat exchanging streams, but
this would obviously require larger or/and more complex heat
exchangers [10].

5. Comparison with other cogeneration systems

To determine whether the proposed dual-purpose system, CRGT
integrated with MED-TVC (CRGT + MED), has an advantage over
the existing commonly used dual-purpose systems, we have
performed a performance comparison with four cogeneration
systems, including the older, widely used Rankine power generation
system having a backpressure ST) with an MSF desalination plant
(ST + MSF) [27—31], the ST plus MED (ST + MED), the more modern

Table 7
Exergy analysis of the CRGT+MED dual-purpose system.

Configuration Amount(MW) Percentage

Exergy input
Natural gas 1078.0 100.00%

Exergy output
Net power output 491.5 45.59%
Fresh water 1.5 0.14%

Exergy destruction
Combustor 3179 29.49%
Methane steam reformer (MSR) 10.0 0.93%
Compressors and pumps 28.8 2.68%
Gas turbine 63.9 5.93%
HRSG 61.9 5.74%
Mixer 11.1 1.03%
Thermal vapor compressor (TVC) 154 1.43%
Multi-effect desalination (MED) 21.1 1.96%
Flue gas 50.0 4.63%
Brine 0.7 0.07%
Mechanical and generator losses 43 0.39%

Exergy efficiency — 45.7%
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Fig. 2. The heat recuperation t-Q diagram of the CRGT+MED dual-purpose system.

highest efficiency dual-purpose system comprised of a CC with
backpressure steam turbine and an MSF desalination plant
(CC + MSF) [15], and the CC plus MED (CC + MED) [12]. In the
comparison analysis all systems are assumed to consume methane
at the same flow rate for a comparison base.

The reference MSF system considered here has the characteris-
tics given in Table 8 [29]. It is operated at a maximum brine
temperature of 90 °C, a heating steam temperature of 100°Cand a PR
of 8. For the water production as large as possible, all steam of the ST/
CC topping cycle is extracted to drive the MED/MSF bottom cycle.

5.1. Comparison with ST + MED and ST + MSF

In the ST plant, the parameters of the main steam are set to be
535 °(C, 161.8 bar. The thermal efficiency of the boiler is 98%, and the
thermal efficiency of the whole system is 37% (the common
parameters of subcritical power units in China).

When the methane flow rate is 20.7 kg/s (as the same as that in
CRGT), the main-steam flow rate is calculated to be 315 kg/s by
energy balance. As the heating steam of the MSF directly comes
from the steam turbine after the expansion process, the back-
pressure rises from original 0.085 bar—1.012 bar (100 °C), which is
chosen for being equal to the heating steam temperature in Table 8.
By simulating the turbine model with an isentropic efficiency of
80% in ASPEN PLUS, the work output drops from 388.7 MW to
309.9 MW. As a result, the thermal efficiency of the Rankine steam
power cycle decreases from 37% to 29.5% (Table 9), and the mass
flow rate of the heating steam in MSF is 315 kg/s.

Similarly, when the backpressure ST is integrated with MED, the
backpressure rises from original 0.085 bar—3.61 bar (140 °C), which
are the parameters of the motive steam in MED (Table 2). After
simulation with ASPEN PLUS, the turbine power output reduces

Table 8

Data of the reference MSF plant.
MSF Parameters Ref. [19]
Top brine temperature (TBT) 90 °C
Heating steam temperature (t;) 100 °C
Distillate output 313.25 kg/s
Number of stages (recovery + rejection) 21+3

Performanceratio (PR) 8

Specific heat transfer area of the effects (ag) 292 m?/(kg/s of water)
Specific exergy consumption(econ) 60.84 kJ/kg
Mechanical pumping energy (ep) 3824 kW

from 388.7 MW to 260.5 MW. Eventually, the thermal efficiency
of the Rankine steam power cycle decreases from 37% to 24.8%
(Table 9), and the motive steam of MED is also 315 kg/s.

The comparison results of the CRGT + MED, ST + MED and
ST + MSF systems are exhibited in Table 9.

Compared to the ST + MSF system, the CRGT + MED system has
76% higher power output and 79% less water production with the
same energy input. The reason is that the CRGT is much more
efficient than the Rankine steam power cycle; although the
performance ratio PR of MED is larger than that of MSF, the flow
rate of the motive steam sent into MED (140 °C steam, 58.4 kg/s) is
smaller than that fed into MSF (100 °C steam, 315 kg/s), limited by
exhaust heat recuperation in CRGT, leading the smaller m,, of the
MED. As the exergy of the power is much larger than that of the
water production, the exergy efficiency mainly depends on the
power output. Hence the exergy efficiency of the CRGT + MED
cogeneration system is higher than that of the ST + MSF one.

The power output of the ST + MED system is the lowest in the
three cogeneration systems, and hereby its exergy efficiency is the
worst. However, its fresh water production is the highest, for it has
the PR of 11.3 (larger than 8 of MSF), the motive steam mass flow
rate of 315 kg/s (larger than 58.4 kg/s of CRGT- cogeneration
systems), and no water supply for the top cycle (like the CRGT).

It is noteworthy that comparing the CRGT + MED dual-purpose
system with the ST- cogeneration systems, the MED bottom cycle
did not decrease the efficiency of the CRGT top cycle; it just
recovered the surplus exhaust gas heat after the reforming steam
recuperated its needed flue gas waste heat. Although the water
production of CRGT + MED is the least, its electricity output is the
most and the exergy efficiency is the highest. What is more, the
MED subsystem in CRGT + MED has the least total energy
consumption and heat transfer area among the dual-purpose units.

In addition, in the industry the MED system generally requires less
heat transfer area than MSF, but in this research the MED has a larger
specific heat transfer area than that of MSF. The explanation is as
following. Assume the water production of the two systems is just the
same, 1 kg/s. As the specific energy consumption of MED is lower
(54.0k]/kg VS 57.7 k]/kg in Table 9), the total energy consumption Q of
MED is smaller. Since the MED contains the phase-change heat
transfer, the heat transfer coefficients U of MED are usually larger
than those of MSF. However, in MSF the temperature difference
between the heating steam and brine (TBT) is 10 °C (100°C—90 °C,
assumptions in Table 8), while 3.4 °C (69°C—65.6 °C, assumptions in
Table 2) in MED, which causes the heat transfer temperature differ-
ences AT of MED is quite smaller; and hence through Eq. (7) the
specific heat transfer area A of MED becomes larger.

5.2. Comparison with CC + MED and CC + MSF

With reference to the CC specifications of the ST09FA model (GE
company, 50 Hz, including a MS9001FA gas turbine and a triple-
pressure-reheat steam cycle) [32—35], the CC in this paper was
simulated with ASPEN PLUS software. The main assumptions of the
gas turbine part are shown in Table 2 (TIT = 1308 °C and 7 = 15). In
the steam cycle, three reheat pressure levels of the HRSG are
140/30/4 bar, the condensation pressure is 0.05 bar, and the steam
temperature at turbine admission is 562 °C. Finally, the gas turbine
has an exhaust temperature of 587 °C and efficiency of 35.2%; the
turbine outlet steam flow rate is 164 kg/s; the CC has a thermal
efficiency of 56%, and the system net power output is 588.4 MW.

To provide the 100 °C heating steam for MSF (see Table 8), the
backpressure of the steam turbine in the bottom cycle is raised from
0.05 bar to 1.012 bar/100 °C. Therefore, the work output of the
above-described CC drops from 588.4 MW to 525.3 MW, and the
thermal efficiency decreases to 50.0% (Table 10).
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Table 9
Comparison among the CRGT + MED, ST + MED and ST + MSF systems.

System performance CRGT + MED ST + MED ST + MSF

Power section Fuel energy input (Qin) 1051 MW 1051 MW 1051 MW
Fuel exergy input (Ei,) 1078 MW 1078 MW 1078 MW
Work output 494.1 MW 260.5 MW 309.9 MW
Thermal efficiency of the top cycle (1) 47.0% 24.8% 29.5%

Desalination section Performance ratio (PR) 113 113 8
Gross water production 660 kg/s 3560 kg/s 2520 kg/s
Specific heat transfer area (a) 337 m?/(kg/s) 337 m?/(kg/s) 292 m?/(kg/s)
Total heat transfer area (A) 222,000 m? 1199550 m? 735840 m?
Specific energy consumption (qcon) 216 KJ/kg 216 KJ/kg 301 KJ/kg
Total energy consumption (Qcon) 143 MW 768.9 MW 758.5 MW
Specific exergy consumption (econ) 54.0 kJ/kg 54.0 kJ/kg 57.7 KJ/kg
Total exergy consumption (Econ) 33.9 MW 192.2 MW 145.4 MW

Cogeneration system Work consumption for desalination 2.61 MW 141 MW 30.8 MW
Net work output (Wpet) 491.5 MW 246.5 MW 279.2 MW
Net water production (my) 540 kg/s 3560 kg/s 2520 kg/s
Top-cycle-consumed water ratio (4) 18.2% 0 0
Water exergy (We) 1.5 MW 9.9 MW 7.0 MW
Power-to-water ratio (Rpw) 745 KJ[kg 69.2 kj/kg 111 kJ/kg
Exergy efficiency (¢) 45.7% 23.8% 26.5%

Similarly, when the backpressure CC is integrated with MED, the
backpressure of the steam turbine rises from the original
0.05 bar—3.61 bar (140 °C), the motive steam parameters of MED
(Table 2). In the simulation, the CC power output drops from
588.4 MW to 481.1 MW. Hence the thermal efficiency of the CC
decreases from 56% to 45.8% (Table 10), and the motive steam of
MED is 164 kg/s.

The comparison results of the CRGT + MED, CC + MED and
CC + MSF systems are summarized in Table 10.

Both the power output and water production of CC + MSF are
larger than those of CRGT + MED. Not only the thermal efficiency of
CCis higher than that of CRGT, but also the motive steam mass flow
rate of CC + MSF (164 kg/s) is much bigger than that of CRGT + MED
(58.4 kg/s). As a result, the thermal performance of the CC + MSF
system is better than that of CRGT + MED.

For CC + MED system, the elevation of the steam turbine
backpressure makes the thermal efficiency of the CC subcycle
decline by 10.2%-points, so the work output of CC + MED become
less than that of CRGT + MED and the exergy efficiency is also
lower. In the three cogeneration systems, the power output of
CC + MED is the lowest, but its water production is the highest. The
reason is as the same as that of the ST + MED system compared to
the CRGT + MED and ST + MSF systems in Section 5.1.

From Sections 5.1 and 5.2, it can be seen that with the same
energy input, the power and water productions of the five cogen-
eration systems are quite different from each other. The
CRGT + MED system has the second highest work output, the
lowest water production, and the least total heat transfer area. As
the exergy of the fresh water is too small, the exergy efficiency
¢ mainly emphasizes the power output of the dual-purpose system;
so the ¢ is not enough to describe the advantages and disadvantages
of the cogeneration systems. For example, the ST + MED system has
the lowest ¢, but its water production is the largest. To compare the
performances of the cogeneration systems completely, the further
economic study was carried on.

5.3. Economic perspective
The economic analysis was based on the following assumptions:

o The price of NG is 4.24$/MMBtu (0.14$/Nm?) for power gener-
ation [36], assumed to be constant over the life of the system.

e The annual running time H is 7000 h per year, and the plant life
n is 20 years [30].

e The discount rate i is 8% [31].

e No loan is made for the total plant investment.

Table 10
Comparison among the CRGT + MED, CC + MED and CC + MSF systems.

System performance CRGT + MED CC + MED CC + MSF

Power section Fuel energy input (Qin) 1051 MW 1051 MW 1051 MW
Fuel exergy input (Ein) 1078 MW 1078 MW 1078 MW
Work output 494.1 MW 481.1 MW 5253 MW
Thermal efficiency of the top cycle () 47.0% 45.8% 50.0%

Desalination section Performance ratio (PR) 113 113 8
Gross water production 660 kg/s 1850 kg/s 1310 kg/s
Specific heat transfer area (a) 337 m?/(kg/s) 337 m?/kg 292 m?/(kg/s)
Total heat transfer area (A) 222,000 m? 623450 m? 382520 m?
Specific energy consumption (qcon) 216 KJ/kg 216 KJ/kg 301 KJ/kg
Total energy consumption (Qcon) 143 MW 400 MW 394 MW
Specific exergy consumption (econ) 54.0 k]/kg 54.0 kj/kg 57.7 kJ/kg
Total exergy consumption (Econ) 33.9 MW 100 MW 75.6 MW

Cogeneration system Work consumption for desalination 2.61 MW 7.33 MW 16.0 MW
Net work output (Whet) 491.5 MW 473.7 MW 509.3 MW
Net water production (my,) 540 kg/s 1850 kg/s 1310 kg/s
Top-cycle-consumed water ratio (6) 18.2% 0 0
Water exergy (Ew) 1.5 MW 5.1 MW 3.6 MW
Power-to-water ratio (Rpw) 745 KJ[kg 256 kJ/kg 389 kj/kg
Exergy efficiency (¢) 45.7% 44.4% 47.6%
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e The price of electricity is 0.08$/kWh [37].
o The price of water is 0.7$/m> [38].

BOP (Balance of plant) consists of the remaining systems,
components, and structures that comprise a complete power plant
or energy system that is not included in the prime mover. For
a conventional power generation system, the BOP is usually
assumed to be 15% of the known components’ cost [39]. The term
O&M is the cost of operating and maintenance, assumed to be 4% of
the first cost of the system [40]. However, due to the upkeep and
maintenance of the reformer (including the catalyst), the BOP of the
CRGT is assumed to be 20% of the main components’ cost and the
O&M cost increases to be 10% of the first cost [33,40,41]. Taxes and
insurance are not considered in this evaluation.

The investment estimation of the five dual-purpose systems is
listed in Table 11. With the same mass flow of CH4 input, we can

Table 11
Investment cost of the dual-purpose systems.
Plant configuration Price Capacity Investment
cost[10°$]
CRGT + MED
Simple cycle section®  212$/kW[32] 4941 MW 104,758
MSRP 29$/kW([33,40,41] 1332 MW 3864
HRSG® 244$/m?[39,40,42] 81,406 m?> 19,863
CRGT section - - 128485
MED-TVC 1520%/(m>/day)[15,24] 660 kg/s 86,676
Total plant cost - - 215,161
ST + MED
Boiler? 20$/kW 1031 MW 20,322
Steam turbine and — 388.7 MW 17,608
generator®
Balance of plantf - - 5689
ST section - - 43,619
MED-TVC 1520$/(m>/day) [15,24] 3560 kg/s 467,462
Total plant cost - - 511,081
ST + MSF
Boiler 20$/kW 1031 MW 20,322
Steam turbine and - 388.7 MW 17,608
generator
BOP — - 5689
ST section — — 43,619
MSF 1615%/(m>/day)[30,31] 2520 kg/s 351,631
Total plant cost — - 395,250
CC + MED
CC section® 501$/kW[32] 5884 MW 294,765
MED-TVC 1520$/(m>/day) [15,24] 1850 kgfs 242,957
Total plant cost — — 537,722
CC + MSF
CC section 501$/kW[32] 5884 MW 294,765
MSF 1615%/(m>/day) [30,31] 1310 kg/s 182,792
Total plant cost - — 477,557

¢ Combustor, gas turbine, generator, compressors, and BOP are included. The unit
cost is taken from the simple cycle specifications of the PG9351FA model (GE
company, 50 Hz) [32].

b Ni-based catalyst is set inside. As the reforming reaction is in the moderate-
temperature range (407—567 °C), the unit cost of MSR is quite lower than that of the
high temperature reforming reactor in traditional hydrogen-producing process
[33,40,41].

€ The heat transfer area is calculated by Eq. (7). The heat duty Q and temperature
approaches AT (taken as the mean temperature difference) are gotten from the
simulation case with ASPEN PLUS. The heat transfer coefficients U, 99 W/(m? °C),
and unit cost are taken from the research in Ref. [42].

4 Shanghai Boiler Factory was consulted for the unit cost of the boilers. The
exchange rate of conversion from RMB to US dollars is 7.

€ Hangzhou Steam Turbine Factory was consulted for the investment cost,
according to the capacity of the steam turbine in the ST + MED/MSF cases. The RMB/
USD foreign exchange rate is 7.

f As the ST system is just a conventional power generation system, we assumed
the BOP accounts for 15% of the known component cost of the system [37,43].

& Combustor, gas turbine, HRSG, steam turbine, generator, compressors, and BOP
are included. The unit cost is taken from the CC specifications of the S109FA model
(GE company, 50 Hz, including a MS9001FA gas turbine and a triple-pressure-reheat
steam cycle) [32].

find that the capital cost of CRGT + MED system is the lowest;
however, the quite different capacities of the systems (especially
the seawater desalination subsystems) have significant influence
on the total plant cost. For instance, the MED-TVC in CRGT + MED
only costs 86676k$ (the least in the desalination subsystems), but
its water product is also the lowest, just 660 kg/s. To compare the
economic performances of the cogeneration systems, the COE
(electricity cost), COW (fresh water cost), and PBP (payback period)
of the systems should be analyzed.
The COE of the dual-purpose systems is calculated as:

COE = (ﬁ~TPCpow + Com,pow + Cfu,pow) /(H'Wnet,DOW) (14)

The numerator is the annual average electricity cost. TPCpow is the
total plant cost of the power subsystems (CRGT, ST and CC). g is the
annual average investment coefficient, a function of the discount
rate i and plant life n:

g =i/|l1—-(1 + ™" (15)

Com,pow is the annual O&M cost of the power subsystems. It
should be noted that Cg, pow is the annual fuel cost of the cogenera-
tion systems, while Whe pow is the hypothetical power output of the
power subsystems without steam extraction or pump-work supply
for desalination plants (Whpet,pow 0f CRGT, ST and CC are 494.1 MW,
388.7 MW and 588.4 MW respectively, see Section 4.1,5.1 and 5.2).In
other words COE distributed in this way is just the electricity cost of
the power separate generation systems with the same configuration
as the power subsystems in the cogeneration systems.

By deducting the electricity cost from the whole product cost,
the cost of the fresh water COW is calculated as:

cow = <B~TPC+C0m+CfufH-WnerCOE)/(H-mW) (16)

TPC, Com and Cyy are the total cost, annual O&M cost and fuel cost
of the cogeneration systems respectively. Wyt and myy are the net
product outputs of the cogeneration systems.

The payback period PBP is the time by which all the revenue of
the plant will have become equal to the investment TPC [42,43]:

R [(1 + i)”B"_l] / [1(1 + i)”’ﬂ = TPC (17)
R is the annual net revenue of the plant:

R = Re + Rw — Cgy — Com (18)

Re and Ry are the annual revenue of the net power and water
product, defined as the output multiplied by the corresponding
price.

Table 12 presents the comparison results. It is shown that the
COE () of the CRGT- cogeneration system is higher than that of
CC- ones (0.0419%/kWh vs. 0.0400%$/kWh), while both are lower
than that of ST- systems (0.0426$/kWh). Because the efficiency of
CC (56%) is higher than that of CRGT (47%), although the former
configuration is far more complicated, which costs much more
capital investment, its COE achieves the lowest yet. For all the
power subsystems, the annual fuel cost Cpy,pow 0Ccupies the most
of the annual average electricity cost (64%~90%), and followed
by the annual average investment (- TPCyow (4%~18%) and
annual O&M cost Com,pow (6%~18%).

The COW of the CRGT + MED is the lowest in the five dual-
purpose systems (1.28$/t). That is because the generation of the
motive steam just uses the surplus exhaust gas heat, so as not to
reduce the power output of the CRGT power cycle; the deducted
electricity cost from the total product cost is quite large and the
water cost part is relatively small. On the contrary, due to the steam
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Table 12

Comparison of electricity and fresh water cost and payback period.
Items Investment Work output COE Water output cow R PBP

(10%$) (MW) ($/kWh) (kg/s) ($/t) (10%$) (y)

CRGT + MED 215,161 491.5 0.0419 540 1.28 81,577 3.9
ST + MED 511,081 246.5 0.0426 3560 1.50 61,896 14.0
ST + MSF 395,250 279.2 0.0426 2520 1.60 75,753 7.0
CC + MED 537,722 473.7 0.0400 1850 1.74 105,937 6.8
CC + MSF 477,557 509.3 0.0400 1310 1.79 119,839 49

extraction for running MED/MSF, the network output of ST/CC
power subsystems decreases greatly; the water cost has a high
proportion of the total cost. Besides, the less TPC of CRGT-MED
system is also in favor of the lower COW.

Compared with the CC- cogeneration systems, the fresh water of
the ST- ones cost a little less; the main reasons are the total plant
cost is relatively low and the water output is pretty large.

The low TPC and high revenue of CRGT + MED system result in its
shortest PBP in the five cogeneration systems (3.9 years). The
revenue of CC + MED/MSF system is remarkable, but its high TPC
makes the PBP (6.8/4.9 years) longer than that of CRGT + MED;
however, it is still shorter than that of ST + MED/MSF (14.0/7.0 years).

Compared to the ST + MED/MSF and CC + MED/MSF cogene-
ration systems, the CRGT + MED system has lower product cost and
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Fig. 3. a. The effect of the steam-air ratio x on normalized energy input Qin/Qin,0, power
output Whey/Wheto and water production my,/my,, b. The effect of the steam-air ratio x
on exergy efficiency ¢, CRGT-consumed water ratio § and power-to-water ratio Rpw.

shorter payback period. Hence the CRGT + MED dual-purpose
system is considered to be feasible and attractive for power and
water cogeneration.

6. Parametric sensitivity analysis of the cogeneration system

As the steam-air mass ratio x has a strong effect on the thermal
performance of a CRGT, and both the temperature of the motive
steam ty, and the number of effects n directly affect the PR of the
MED-TVC, a parametric analysis was carried out to investigate their
influence on the performance of the cogeneration system.

In the Fig. 3(a), 4(a) and 5(a), the input fuel energy Qjp, net work
output Wper and mass flow rate of the produced water m,, are
normalized by the corresponding values of the base cycle (see
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Fig. 4. a. The effect of the temperature of the motive steam t;, on normalized energy
input Q;;/Qin0, power output Wye/Wheto, water production my,/my,, and performance
ratio PR b. The effect of the temperature of the motive steam t;,, on exergy efficiency e,
CRGT-consumed water ratio 0 and power-to-water ratio Rpyw.
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section 4.2), so that the change trend of them can be exhibited more
clearly in one figure.

6.1. Influence of the steam-air ratio x

Fig. 3 shows the influence of x on Qjn, Whet, Mw, ¢, 6 and Ry when
the inlet air my;; is fixed.

An increasing x implies more steam sent into the MSR. Since the
TIT, the minimum heat transfer temperature differences in MSR,
HRSG and MED are kept constant, increasing steam reactant causes
an increase of input fuel energy Qj,. Due to the increase of the
working fluid flowing through the turbine, Wi is increased.

As more steam is introduced to MSR, the steam-NG mole ratio
(Rsy) is enhanced, the endothermic reaction of steam and methane
is strengthened, more heat energy of flue gas is recovered and the
methane conversion recovers more exhaust heat for reforming,
which results in less energy left for the motive steam generation in
HRSG. With a fixed MED-TVC configuration and ty,, decreasing
production of the motive steam causes the decline of the water
production myy.

The decrease in my, and increase in Wye; make the power-to-
water ratio Rpw go up. Meanwhile, the increasing steam sent into
MSR and decreasing water production cause the CRGT-consumed
water ratio 6 move up rapidly.

Since the exergy of the water only accounts for a small portion of
the total production exergy (Wpet + Ew), the exergy efficiency
¢ mainly depends on Wper and Qjp. As Wyer grows faster than Qjy,
a higher exergy efficiency of the CRGT section is achieved.

It is noted that the maximum steam-air ratio is limited by the
constraint on the minimum pinch point temperature difference of
15 °Cin HRSG [2]. From Fig. 3a, we can see that when x gets close to
0.15, all the exhaust heat is used for generating steam needed for
reforming, none is left for motive steam generation. Hardly any
fresh water would thus be produced.

6.2. Influence of the temperature of the motive steam tp,

The motive steam is generated by the surplus exhaust heat after
the reforming steam recuperates its needed flue gas waste heat.
Since the compressor inlet air mass flow rate, steam-air mass ratio x,
TIT, minimum heat transfer temperature differences in MSR, HRSG
and MED are fixed, the steam sent into the MSR, surplus exhaust
heat for motive steam generation, the work output of the CRGT cycle
and Qj, are kept the same (Fig. 4a). Hence if the motive steam
temperature is raised, its flow rate will come down.

An increasing t; implies less motive steam and a higher
performance ratio PR (Fig. 4a). The increase of PR and drop of my,
have opposite effects on the water production. As a result, the my,
increases and reaches a maximum, at tp = 140 °C among the
calculated points and decreases afterwards.

Although the change of the pumping work of MED has the same
trend as that of my,, for the pumping work is rather small compared
to the work output of the CRGT, Wyt shows little change in Fig. 4a.

As a result of the changes of the Wyer and mpm, Rpw becomes
minimal and the ¢ maximal when ty, is 140 °C (Fig. 4b).

When t, is 140 °C, the CRGT-consumed water ratio ¢ also rea-
ches the minimum due to the trend of m,, and the invariability of
steam sent into MSR (Fig. 4b).

6.3. Influence of the number of MED effects n

The number of effects n does not affect the thermal perfor-
mances of the top CRGT cycle. When n is increased, the motive
steam generation in HRSG, the work output of the CRGT and Qj,
(Fig. 5a) are changeless.

While the n is increasing, the PR moves up, and the my, rises
(Fig. 5a). Although the power consumption of pumps goes up in
MED, it is still much less than the work output of the CRGT. So the
decrease of Wy is quite inconspicuous (Fig. 5a).

Due to the change trends of the Wpet and my, the power-to-
water ratio Rpw decreases. The CRGT-consumed water ratio ¢ also
declines because the steam sent into MSR keeps the same but the
myy rises. Since the increase of the exergy of the water production is
not remarkably and the Wy has a little decrease, the increase of
the exergy efficiency of the cogeneration system is quite restricted
(Fig. 5b), 0.012% per effect added. It can be seen that n mainly affects
the performance of the MED part in the cogeneration system. The
cost of water COW was figured out to decrease 0.02~0.03$ per
effect added, for the water output grows faster than the investment
of the MED subsystem while n increasing.

7. Conclusions

This paper proposed and analyzed a novel cogeneration dual-
purpose system, which integrates a CRGT with the low temperature
(65.6 °C) MED-TVC system. The turbine exhaust heat was recovered
for generating motive steam to run the MED-TVC, which in turn
provided the reforming process with its needed water. The main
conclusions include:
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(1) In the base case of the compression ratio being 15, turbine inlet
temperature being 1308 °C, motive steam temperature being
140 °C, MED-TVC with 9 effects, entrained vapor from the fifth
effect, and the steam-air ratio being 0.12, the specific work
output, performance ratio, and CRGT-consumed water ratio are
491.5 kJ/kg, 11.3, and 18.2% respectively.

(2) Comparing the CRGT + MED with the ST + MED, ST + MSF,
CC + MED and CC + MSF cogeneration systems with the same
mass flow rate of input methane,

e The thermal efficiency of CRGT is higher than that of ST but
lower than that of CC. Compared to MSF, MED has a higher
PR, lower specific energy and exergy consumption, while
larger specific heat transfer area, owing to its smaller heat-
transfer temperature differences.

e The CRGT + MED system has the second highest work
output, the lowest water production, and hence the least
total heat transfer area.

e The COE of the CRGT- cogeneration system is higher than
that of CC- ones quite close (0.0419%/kWh vs. 0.0400$/kWh),
while both are lower than that of ST- systems (0.0426$/
kWh); the COW of the CRGT + MED is the lowest, 1.28$/t,
while the COW of the other dual-purpose systems is in the
range 1.50~1.79$/t; the PBP of the CRGT + MED is the
shortest.

From the lower product cost and shorter payback period of

CRGT + MED, we can draw the conclusion that the

CRGT + MED dual-purpose system is a feasible and attrac-

tive choice for power and water cogeneration.

(3) A parametric sensitivity analysis was also conducted to inves-
tigate the effects of steam-air mass ratio x, motive steam
temperature ty, and the MED effects n. It was found that raising
x increases the exergy efficiency ¢ and there exists an optimal
tm which maximizes the water production my, and ¢; the
influences of n include ¢ increasing 0.012% and COW decreasing
by 0.02 ~0.03$ per effect added.
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Appendix A. Heat-transfer coefficient correlations used in the
MED models [26]

The correlations for the overall heat transfer coefficient in
various units are given by the following expressions:

Ue = 1.9394 + 1.40562 x 1073 T; — 2.07525 x 107> T?

+23186 x 1076 12

Uc =1.6175+1.537 x 1074 T, 4 1.825 x 1074 T2
—~8.026x 107873

Upye = 14.18251642 + 1.1383865 x 1072 Tep
+1.3381501 x 1072 Tey

where U,, U., and Upyg are the overall heat transfer coefficient in
the evaporator, condenser, and feed/distillate product preheater, all
are in kW/m? °C, T; is the brine boiling temperature in effect i, Ty is
the vapor saturation temperature in the condenser, T, is the
distillate condensate temperature entering the feed/distillate

product preheater, and Ty is the intake seawater temperature. All
temperatures in the above correlations are in °C.
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