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Thermal desalination plants need large amounts of fuel to desalinate large quantities of seawater. At the
same time, burning non-beneficial gases in the oil refineries is considered a huge waste of energy instead
of using it. In this paper, a novel study on the possibility of operating the thermal desalination plants by
waste gases that emerged from oil refineries rather than burning these gases in the air is performed.
Hybrid MSF-MED thermal desalination processes are utilized in this study to produce a total range of
100-40,000 m>/day. Three scenarios are performed utilizing the waste gases with MSF-MED. The com-
parison brings out that using waste gases would save roughly 1136 $/h (UHC-unit hourly costs, $/h) while
comparing against the conventional natural gas operation. Moreover; 5 m>/h of waste gases would pro-
duce an amount of 58-60 MW of electric power combined with a production of 100 m?/d of fresh water
(gas turbine cycle scenario) and 4.5-5 MW combined with a production of 40,000 m>/d in case of organic
Rankine cycle operation. Based on energy and exergy balances, the 3rd scenario gives remarkable results.
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Nomenclature

A cross-sectional area, m?

BH brine heater unit

BPR boiling point ratio, °C

Cp specific heat capacity, k]/kg°C
cc combustion chamber unit
Comp  compressor unit

cv calorific value, kJ/kg

D diameter, m

Ex exergy rate, kW

GR gain ratio = My/M;

H; head losses, m

HP.T high pressure turbine unit

h enthalpy, kJ/kg

lex exergy destruction rate, kKW
L latent heat of vaporization, kJ/kg
LPT low pressure turbine unit

M mass flow rate, kg/s

MED multi effect distillation

MSF multi stage flash

N number of stages, or effects
NEA non-equilibrium allowance, °C
ORC Organic Rankine cycle

P pressure, bar

PR performance ratio

Pr pressure ratio, bar

Q thermal power, kW

Re reynolds number

S salinity ratio, g/kg

SFC specific fuel consumption, kg/h/kW
T temperature, °C

TBT top brine temperature, °C

U overall heat transfer coefficient, kW/m? °C
UHC  unit hourly costs, ZIS¥OM §/h
Vv velocity, m/s

w work, kW

WGC Waste Gas Chimney

VA level, m

Subscripts

a air

b brine

cc combustion chamber
comp compressor

cond condenser unit

w cooling water

d distillate

ex exhaust, exergy

evp evaporator unit

f feed

fsh flash tank

g generator

H.P.T high pressure turbine
i inlet

LPT low pressure turbine
m mechanical

MED multi effect distillation
MSF multi stage flash

Niig number of stages in MSF
Nefr number of effects in MED
n last stage

0 out

orc Organic Rankine cycle
p pump

r recycle stream

rec recuperator

S steam, isentropic

sea tend to sea

sg steam generator

t turbine, tube

v vapor

w exergy work, kW

wg waste gases

Greek

density, kg/m>
effectiveness
efficiency
isentropic index

== o

1. Introduction

Water shortfalls in the Arab countries are one of the problems
that hamper growth in these, especially in the states of North Africa
countries. Desalination of saline (sea/brackish) water is one of the
most promising techniques to overcome water shortages in a con-
siderable number of states. Multi stage flash (MSF) and multi effect
distillation (MED) are considered a vital option to solve the water
shortage problem from the perspective of thermal power. MSF-BR
and MED-PF configurations have a gain ratio ranged as 11.5 and
20 respectively with a share capacity around 95,000 m3/d with
specific power consumption ranged between 1meq-4mst KW h/m3
[1]. To produce such large quantities of fresh water, large amounts
of thermal power that conventionally represented by the fossil fuel
are urgently needed which are already available in abundance.
Entirely the same; with the volatility of fossil fuel prices and the
continued high prices, fossil fuels remains a problem for thermal
desalination plants. At the same time, the oil refining plants pro-
duces large amounts of waste gas which is burning around the clock
in the air so enormous thermal energy waste. It is calculated that an
amount of 960 m?/d of waste gases would be fired in the air (Egypt

case study, 5 m>3/h per each plant [2]). Burning waste gases cause
many severe problems, including, for example:

e They contain large quantities of sulfur.

e Air pollution is constantly, especially when flame failure gener-
ated hydrogen sulfide.

e Produce large amounts of carbon monoxide and nitrate
compounds.

e Produce large amounts of heat energy when incinerated.

Thus, it gets more urgent for the use and recycling of these waste
gases in the propagation of thermal energy that will run thermal
desalination plants and create electricity. The average flow rate of
flue gases is about 5m>/h [2] which contains hydrogen sulfide
(H2S), Hydrogen (H,), Methane (CH4), Ethane (C;Hg), Ethylene
(CHy4), Propane (CsHg), Propene (CsHg), Butane (C4Hq0), Butene
(C4Hg), Pentane (CsH;;), and Pentene (CsHqp). Other than the gas
hydrogen sulfate, the rest of the gas has a high calorific value. The
norm of the calorific value is about 45,000 k]/kg, meaning of this a
huge amount of thermal energy is completely misplaced and in addi-
tion increasing the pollutant contents to the surroundings. Regain-
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ing of the waste gas is reasonably economic and has close to environ-
mental benefits. Most of recent researches are focused on the utiliza-
tion of waste heat not waste gases in power generation, such as a gas
turbine cycle, steam cycle and organic Rankin cycle [3-10]. It also
practiced as a heat source for absorption refrigeration cycles
[11,12]. The retrieval of waste heat for water desalination was inves-
tigated via [12-18]. Dexin Wang [19] developed a water recovery
technology extract a portion of the water vapor and its latent heat
from flue gases based on a nano-porous ceramic membrane capillary
con-condensation separation mechanism. However; the permeate
wasn't exceeded over 4.5 kg/m? h. Dexin [19] technology was partic-
ularly beneficial for coal-fired power plants that use high-moisture
coals for flue gas cleanup. Lu Zisheng [20] showed a three types of
sorption refrigerators which are driven by waste gases from diesel
engine and cooled by seawater. Zisheng [20] configurations used
the gases waste heat (via heat exchanging) to increase the COP of
the addressed cycle. Another application related to the waste heat
that emerged from waste gases was presented by Wei He [21]. Wei’s
work focused on the thermoelectric generator performance by the
use of waste heat that emerged from waste gases. Chengyu Li [22]
investigated how to use waste heat recovery for different types of
power cycles (e.g., Rankine cycle, trans critical cycle and combined
cycle). Li’'s work [22] focused on working fluid selection and heat
exchanging from waste gases. The power produced wasn’t exceeded
over 150 kW [22]. Naijun [23] performed an experimental work to
produce 400 W from ORC by the aid of waste heat emerged from
waste gases heat exchanging. It is obvious from the literatures that:

e Most of the previous works are produced small amounts of
fresh water, energy and power.

e The previous works are focused on some specific cases.

o All literatures are shared about how to use waste heat from
waste gases for ORC, thermos-electric generator, cooling, heat
exchanging, etc. None of them mentioned how to burn waste
gases to produce massive power and/or fresh water.

e Regarding to the desalination matter, the published researches
have shown how to use thermal energy waste to power on ther-
mal desalination plants, but none of them progressed to no men-
tion of the role of the oil refinery waste gases as a specific case.

This work wasn’t investigated before. The novelty of the current
work is depending on why and how to utilize and burn the waste
gases from the oil refineries plants to produce large amounts of
fresh water and electric power. The main contribution of the work
is to present a new applicable idea to solve the power and water
shortage by the use of wasted gases. The primary idea of this study
is grounded on the use of oil refinery plant waste gases in order to
power on thermal MSF-MED. In this study, three scenarios are per-
formed and simulated for the purpose of waste gases from oil
refinery plants. The validated REDS [24-26] is utilized to simulate
the proposed scenarios. The first scenario is combining MSF-MED
with steam generator unit which is fired on by waste gases instead
of conventional heat source (natural gas saving). A flash cyclone
tank is the primary link between the MSF and MED. The second
scenario is regarded the same as the first, however; the outlet
exhausts from the steam generator is utilized to run the organic
Rankine cycle (ORC). Waste heat from burning operation would
operate the ORC to generate power for the pumping system. The
third scenario is to operate the MSF by the outlet exhausts from
gas turbine cycle (GTC). Energy and exergy analyses are performed
for the selection of the most reliable scenario. The estimate of this
study may be pinpointed as follows:

- Study of using oil refinery plants waste gases for power gener-
ation and seawater desalination instead of burning it into the
air (case study: Suez Oil Refinery Co. [27]).

- Energy, mass, exergy and cost analyses are performed.

- A comparison between the three scenarios and then the best
choice in terms of saving energy, exergy and water production
would be considered.

- Comparison between the proposed scenarios and the conven-
tional operation of MSF-MED under the same operating
conditions.

- Measuring the performance of MSF-MED is implemented in this
work.

- A Visual simulator program is established to simulates the three
scenarios in order to facilitate the process of calculating the
energy.

- The operating conditions data points are fixed at reasonable val-
ues to ensure optimized results.

- The effect of many different factors on productivity and gener-
ate electricity is performed.

- The most alternative solution based on the best scenario is
elected in this study.

2. Waste gases problem and analysis

The environmental impact of crude has been often negative
because it is toxic to virtually all sorts of animation and its extrac-
tion fuels causes hazards and the climate change. Oil refineries
cause smog and air contamination. It pollutes at unacceptable,
unhealthy levels. Moreover; oil refineries emit many gases like sul-
fur dioxide (SO;), nitrogen oxide (NO,), carbon dioxide, carbon
monoxide, methane, dioxins, hydrogen fluoride, chlorine, benzene
and others. The problem has been raised when officials in the Suez
company for manufacturing and petroleum refining [27] wanted to
find out an alternative solution to get rid of the waste gas. Some-
times it blew out the flame, causing leakage of large amounts in
the air with an unpleasant smell. Therefore; we have been cooper-
ating to discover a resolution to this problem. Since the gas is
burned in the air without any benefit, a huge energy is considered
wasted in the air every day (43,800 ton/year). Proposals have
focused on the following:

Installation of gas filters to gather up the maximum quantity of
sulfur then to be used for other useful industries.

Burning gas to hot up the steam to rotate adjusted a desalina-
tion plant instead of burning in the breeze.

Consider the possibility of benefiting from the outside exhaust
from burning in order to run the electric power station.

Table 1 shows the gas analysis that been extracted from the gas
chimney. The gas mass flow rate is about 5 m3/h (120 m?/day), and
the discharge pressure is in the range of 1.2-1.5 bar.

3. Scenarios and systems descriptions
3.1. The 1st & 2nd scenarios (WGC-MSF-MED & WGC-MSF-MED-ORC)

The 1st proposed system is modeled and designed in order to
use the waste gases to go off along the steam generator unit which
would generate the sufficient steam to the brine heater unit. The
system elements are listed as follows:

- Waste gas chimney (WGC): would deliver an amount of 5 m3/h
of waste gases to the steam generator.

- Steam generator (SG): would generate the needed steam to the
brine heater unit.

- Brine heater (BH): the generated steam by the steam generator
would transfer its latent heat of vaporization through the brine
heater unit which would transfer the thermal energy to the pre-
heated seawater comes from the MSF-BR plant.
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Table 1 - Multi stage flash brine recycle plant (MSF-BR): the plant pro-
Compositional analysis of waste gases of Suez Oil Refinery plant [27]. ductivity, top brine temperature, number of stages and seawa-
Component, vol.% Coker  Coker ter salinity ratio are assigned. The condensed steam from the
gases  distillate brine heater would be delivered to the flashing tank.
unifining - Flash tank (FSH): The condensed steam from the brine heater
gases would be flashed at lower pressure in the flash tank unit. The
H,S 9.85 382 flashing steam side would power on the MED-PF unit where
Hydrogen 4.05 10.88 .
M the rest of water side would accumulate at the bottom of the
ethane 2117 45
Ethane 1723 1479 tank.
Ethylene 1.85 00 - Multi effect distillation parallel feed plant (MED-PF): The pro-
Propane 1451 17.03 ductivity, seawater temperature, feed salinity, and number of
Fr];’li?:z ?'gg (s).gz effects are assigned. The condensed steam in the first effect
n-Butane 711 485 would be mixed with the accumulated water from thfe flashing
1-Butene 368 0.05 tank bottom then pumped to the steam generator unit.
Neo-Pentane 1.83 0.01 - Circulating pump (P): the pump unit is to deliver the accumu-
i-Pentane 186 178 lating water to the steam generator unit.
n-Pentane 2.77 1.02
1-Pentene 2.07 0.0
Cet 4.41 127 Fig. 1 shows the schematic diagram of the 1st scenario of the
proposed system. The 2nd scenario of the proposed system is con-
sidered the same the first however; organic Rankine cycle (ORC) is
Cv, k/kg 45,000 used in order to increase the benefit from the thermal energy from
Cp, kJ/kg°C 2 busti df h h h
AJF 125 combustion gases emerged from the steam generator. The exhaust
Density, kg/m? 15 gases from the steam generator would power on the ORC. Toluene
Mass flow rate, m*/h 5 working fluid is recommended and used as a working fluid through
Pressure, bar 1.2-1.5 the ORC [24-26,28]. Fig. 2 shows a schematic diagram of the 2nd

Dynamic viscosity, Pas  2e-5 proposed system. The ORC components are listed as follows:
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Fig. 1. The schematic diagram of the 1st scenario.
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Fig. 2. The schematic diagram of the 2nd scenario.

- Heat exchanger evaporator unit (Hevp): the exhaust gases
emerged from the steam generator would transfer its thermal
power and passion to the toluene working fluid through the
evaporator unit.

- Turbine (T): organic Rankine turbine would power on all pump-
ing systems in MSF and MED. The needed power, kW is consid-
ered as the warhead on the organic turbine unit.

- Recuperator (REC): the outage steam (toluene) from the turbine
is still in the super heat region, according to the positive side on
the T-S diagram [28,29]|. Therefore; recuperator unit would
transfer the thermal power to pumped liquid stream from
pump unit that goes to the evaporator heat exchanger unit.

- Condenser (Cond): condenser will condensate the steam
emerged from the recuperator unit before pumping operation
to the evaporator.

- Pump (P): the pump would deliver the liquid stream for the
recuperator unit before going to the evaporator unit.

The governing equations for the 1st and 2nd scenarios are listed
in Table 2. All physical properties of Toluene working fluid (ORC)
are presented in the Appendix A.

3.2. The 3rd scenario (WGC-MSF-GTC)

The 3rd proposed scenario is differing from the 1st and the 2nd.
It is anticipated to produce the electric power and water by the aid
of gas turbine cycle (GTC). The waste gases from the refinery plant
would fire on the combustion chamber adding by this more ther-
mal power (heat addition) to the stream goes to the high-
pressure gas turbine. The exhausts from the H.P.T would power
on the L.P.T then the rest of exhausts would power on the brine
heater for the MSF-BR plant. The system components are listed
as following:

- Waste gas chimney (WGC): to deliver the required waste gases
to the combustion chamber unit.

- Gas compressor (Geomp): to compress the air and increasing
the pressure stream that going to the combustion
chamber.

- Combustion chamber (CC): increasing the thermal power of the
gases (heat addition) up to the H.P.T operation.

- High pressure gas turbine (H.P.T): to deliver the required power
to the gas compressor.
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Table 2
1st & 2nd scenarios equations.

Waste gases chimney
Chimney tube cross sectional area m?, waste gases flow velocity and pressure are calculated as follows:A, =Zx Df, m?, and Vg = Mug/(Pug x Ar), m/s, 1

Pyg = (%JrHL +dZ) x g X Py, bar, and H; = 64/Re

Steam generator

The waste gases mass flow rate kg/s, Myg = "’éw;y 2
Air mass flow rate kg/s: Mq =4 x Mg, Where A/F is the air to fuel (gases) ratio 3
Exit exhausts temperature °C: Ty, = W, where CV is the gases calorific value, k]/kg, and Cp, is the specific heat capacity of the waste gases, k]/kg°C 4
The waste gases thermal power kW: Qg = Myg x CV x &g 5
The specific gas consumption, kg/h/kW: SFC = 3600 x Myg/Q.g 6
Brine heater

Heat rejection kW: Qpn, = Maw_msr < Ahaw_msr 7
Inlet steam temperature °C: Ty = T Tot 1. T, 8
Steam mass flow rate, kg/s: Mg = %

Multi Stage Flash brine recycle configuration

For known distillate product My, feed stream Mg to the mixer unit is obtained, kg/s: My = (Sp/(Sp — Sf)) x Mg 10
Total needed feed (M) based on 1st splitter ratio: My, = M;/SPL1, Therefore the rest of feed loss: My = My, — My, and the brine blow-down loss: M, = My — My 11
Stage temp drop based on top brine temperature (TBT), last stage brine temperature (T,) and number of stages (N): Tgg = TBT — T,/N 12
The recycle brine flow rate M,, kg/s and latent heat L, kj/kg is then calculated: Y = (Cp x Tsg)/L, My = Mg/(1 — (1 = Y)N) 13
Then the salinity ratio g/kg of the recycle stream is calculated S,: S, = Gy My + (M —Mg) xSy —My x5y) 14

The outlet temperature of the distillate product T, could be calculated based on brinre blow down temperature T,, non equilibrium allowance NEA, and boiling point 15
ratio BPR: T, = T, — NEA — BPR, the non-equilibrium allowance NEA and BPR are calculated by the following equations:NEA = A+ B x Ty + C x T2 + D x T2,
Where A =2.556, B=—-0.203 x 10", C = —0.129 x 10~", D = 0.1123 x 10"°BPR = (B+ C x S) x S, Where S is the stream salinity
and, 10’ x B=6.71+6.43 x 1072 x T, + 9.74 x 107> x T210° x C = 2.38 + 9.59 x 107> x T, + 9.42 x 107> x T?

For the heat recovery and rejection sections, the overall heat transfer coefficient based on vapor temperature T,: 16
U=1.7194+3.2063E —3 x T, + 1.5971E — 5 x Tf, —1.9918E - 7 x T?, [23]

Flash tank

The flashing dryness fraction: Xg; = % 17

Unvaporized water kg/s: My = (1 — Xg) X Miotal 18

The flashing enthalpy for the MED side, KJ/kg: hy = h_med + Xgn X (Ng_med — N—med) 19

Multi Effect Distillation parallel feed configuration

Energy balance for the condenser unit based on the specified effectiveness &: Tr= & x (Ty-Tseq) + Tsear Where T, is the vapor temperature; and the distillate 20
temperature is obtained from the same equation: Ty = T,~(& x (Ty-Tseq)

Mass and material balances: My= Mg x Sp/(Sp-Ss), Mp = Ma x Sg/(Sp-Sf) 21

And steam flow rate M; could be obtained from the following relation: Mg = My/PR where PR is the performance ratio which is also obtained as 22

L(Ty)

5
L(T)+Cp(Tan S)x(Ty T,)x% } ﬁxcp(m.s,)spm,,,sb)

following:PR =

The BPE is the boiling point elevation as a function of brine temperature and salinity percent; cooling water blow down from the condenser unit is obtained from 23

the following energy balance relation: M, = % — My, Where the T,, is the average temperature, °C, for the feed seawater across the condenser unit

Tg+Tse
(Tﬂl/ = !+2 M)

Therefore; the total mass flow rate is then calculated: My = M, + M 24
Pump
Pump work kW: Wp, = Mo x AP/p x 17, 25
Enthalpy of saturated liquid water, KJ/kg: hpo = (Wp/Miotar) + hpi 26
ORC heat exchanger evaporator
Evaporator thermal power Qy, based on enthalpy difference (Toluene working fluid): Qpe, = More x Ah 27
Effectiveness of heat exchanger evaporator unit: ., = ;W jz" 28
Outlet temp of Waste Gases (exhausts), °C: Texo = Texi — €ney X Texi — Tui 29
ORC turbine
Outlet enthalpy of the turbine outlet, kJ/Kkg: ho = hy — 17, X 15 (ei — heos), the turbine power is depending on the desalination part pumping system 30
Calculate ORC mass flow rate kg/s: Morc = W¢/(hg — heo) 31
ORC recuperator
Outlet recuperator temperature to the condenser unit, °C: Tro = Trj — &rec X (Tri — Tri_p) 32
The recuperator thermal power, kW: Q, = Mo, x Ah, then the outlet recuperator enthalpy is calculated:hy_p = MQT',C +hip 33
ORC condenser
Heat rejection kW: Qcong = Morc x Ah 34
Outlet cooling water temperature, °C: Tewo = €cond X (Tcondi — Tewi) + Tewi 35
Cooling water mass flow rate kg/s: May = Qcona/Ahcw 36
- Low pressure gas turbine (L.P.T): to deliver the required - Multi stage flash (MSF-BR): would produce the
power for the main grid or to the production sector. The L.P.T required fresh water via brine heater unit as a source of
exhausts would power on the brine heater of the MSF plant. heat.
- Brine heater (BH): would receive the L.P.T exhausts to exchange
the thermal heat with the seawater side for the MSF-BR plant Fig. 3 shows a schematic diagram of the 3rd proposed system.

(heat rejection process). Fig. 4. represents a schematic diagram of the gas turbine cycle on
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the T-S diagram. Table 3 shows the governing equations that rep-
resents the 3rd scenario.

4. Modeling, simulation and assumptions

The proposed scenarios in this work require an iterative pro-
gram in order to work out the complicated streams (recycle and
backward streams). Hence; the authors used REDS software library
[25,28] in order to make the projected scenarios. Three models are
built according to the proposed configurations. The models are

built according to design calculation method. The system border
streams (outlet temperature, ambient temperature, inlet cooling
water temperature, etc.) are assigned by the user than the entire
design data (area, length, volume, mass flow rate, etc.) Will then
be calculated. Therefore; a user would assign the amount of needed
fresh water from the desalination plant then all possible or
required data for all the system units would be calculated in
sequence. Specifying the system productivity would calculate the
required thermal load (in case of MSF). Besides; the required
design limits and performance calculations would be pass out
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Table 3
The 3rd scenario equations.

Waste gases chimney

Chimney tube cross sectional area m?, waste gases flow velocity and pressure are calculated as follows:A, =Zx Df, m?, and Vg = Muwg/(Pwg x Ar), m/s, 37

Pyg = (%JrHL +dZ) x g X Py, bar, and H; = 64/Re

Gas compressor

Outlet isentropic temperature, K: Tys = T; x Prg, the compressor power is calculated by the meaning of isentropic and mechanical efficiencies, kW: 38
Weomp = % the outlet compressor temperature K is then calculated: T, = Cpm‘%

Combustion chamber

The waste gases mass flow rate kg/s: Myg = W where CV is the calorific value of the waste gases and air mass flow rate kg/s is then calculated: 39
Mg =4 x Myg

The combustion chamber power kW: Q. = Myg x CV x & 40

The specific fuel (waste gases) consumption kg/h/kW: SFC = 3600 x Myg/Q¢ 41

High Pressure Turbine (H.P.T)

H.P.T top cycle temp, K: T; = wﬁ the H.P.T power is assigned by the MSF pumps and the compressor power. 42

: . 4
Isentropic outlet temperature, K: Tros = Ty — U e 43
Outlet turbine pressure, bar: P, = — 44
()™
Low Pressure Turbine (L.P.T)
Inlet turbine temperature, K: Ty = Tro + g2i%, where the turbine power is assigned by the user or the load demand. 45

instantly. For thermal configuration, the thermal load would calcu-
late the mass flow rate and the considered physical properties.
Figs. B.1-B.3 in Appendix B show the model interface of the pro-
posed scenarios. The modeling assumptions are listed in Table 4.
Physical properties and operating conditions are stored in lookup
tables. The argument functions would call the data stored in the
lookup tables. Saturated liquid and vapor phases of pressure, tem-
perature, enthalpy, specific volume, and specific entropy are stored
behind the modeled blocks. The source of physical properties is
obtained from NIST [30] web chemistry book. The n-D Lookup
Table block evaluates a sampled representation of a function in n
variables y = f (x1,x2,x3,...,xn) where the function f can be empir-
ical. The block maps inputs to an output value by looking up or
interpolating a table of values you define with block parameters.
The example figure of Lookup Tables is presented in the Appendix
B (Fig. B.4). Generally, optimization process has been done in order
to bring down the costs and techno-economic solutions. Desalina-
tion plants (MSF and MED) were optimized in order to lower the
thermal loads on the brine heater for MSF and first effect for
MED. Optimization for the 3rd scenario would reduce the mass
flow rate of gases through the gas turbine cycle, thence; reducing
the power of the gas compressor unit.

Table 4
Data assumptions for the proposed scenarios.

5. Results and discussions
5.1. Results of 1st & 2nd scenarios

It has to any designer to take into account the cost of raw mate-
rials used. Then it must be the work of modeling and optimization
processes in order to reduce raw materials, especially to increase
productivity while handling thermal power plants. In this study,
if any effect and improvement of the operational conditions of
the desalination plants would affect positively to what followed
from operations and units. It is so important to know the impact
of the number of stages and/or effects on productivity for both
MSF and MED because it would reduce or increase the percentage
of steam. Moreover; Increasing the thermal load is followed effect-
ing by this on the areas, dimensions, and the percentage of fuel
consumption. The gain ratio (GR = My/M;) is an important term to
decide how to optimize the desalination process. Therefore; higher
values of GR would be considered. Fig. 5 shows the effect of
increasing number of stagessr or effectsneq on the GR. The GR
for MED-PF is noticed at 11.3 for 12 effect against 5.7 for 6 effects.

Furthermore; it achieves 9.7 at 40 MSF-BR stages against 2.43
for 10 stages of MSF-BR. Therefore; it depends on the designers’

Unit process Assigned data

Calculated data

MSF-BR TBT, °C =90-140 (~)!

Seawater temperature, °C = 27

Last stage temperature, °C = 40

Seawater salinity ratio, ppm = 45,000

Brine blow down salinity ratio, ppm = 70,000
Plant productivity, m?/day = 18,000 (~)!
Feed seawater splitter ratio = 0.482

Pumping system efficiency, % =75
Brine heater effectiveness, % = 80

Total number of stages = 40 (heat recovery = 37/heat rejection = 3) (~)!

Total feed, make up feed, kg/s
Brine loss, kg/s

Total brine loss profile, kg/s

- Recycle stream, kg/s

- Salinity profile, ppm

- Distillate profile, kg/s

- Brine temperature profile, °C
Feed and recycle temperature profiles, °C
Vapor temperature profile, °C
stages dimensions

Tubes heat transfer area, m?
Pumping system power load, kW
Pumping system pressure, bar

- Brine heater thermal power, kW
- Total cycle steam flow rate, kg/s
- Top steam temperature, °C

Brine heater area, m?
Performance ratio
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Unit process

Assigned data

Calculated data

Steam Generator

Waste Gas Chimney

Flash Tank

MED-PF

Pump

Heat Evaporator (ORC)

Turbine (ORC)

Recuperator (ORC)

Condenser

Pump (ORC)

Gas turbine cycle

Gas Compressor

Combustion Chamber

High Pressure Turbine

Low pressure Turbine

Notes

Effectiveness, % = 80
AJF=12.5
Waste gases CV, kJ/kg = 45,000

Waste gases density, kg/m> = 1.5
Dynamic viscosity, Pa s = 2e—5
Funnel tube diameter, m = 0.31

Flashing pressure for MED, bar = 0.35 (0.12-0.4)!
Steam velocity, m/s = 2.5-45

Seawater temperature, °C = 27

Brine blow down temperature, °C = 40
Seawater salinity, ppm = 45,000

Brine blow down salinity, ppm = 70,000
Productivity, m*/day = 20,000 (~)!
Number of effects =1:12 (~)!

End condenser effectiveness, % = 80
Pumping system efficiency, % =75

Steam cycle pump efficiency,% = 75

Hot side temperature difference, °C = 20-50
Specific heat capacity of waste gases, kJ/kg°C =2

Demanded load by the grid + Pumping system load, kW
Generator and turbine efficiencies, % = 95, 85
Effectiveness, % = 80

Condensation temperature, °C = 35
Inlet cooling water temperature, °C = 27
Effectiveness, % = 80

ORC pump efficiency, % =75

Pressure ratio, bar = 5-10
Efficiency, % = 85

Mechanical efficiency, % =95
Effectiveness, % = 80

AF=12.5

Waste gases CV, kJ/kg = 45,000

Pressure ratio, bar = 5-10

Pumping system power, kW

Efficiency, % = 85

Generator efficiency, % = 95

Ambient pressure, bar = 1.03

Demanded power, kW

Efficiency, % = 85

Generator efficiency, % = 95

(~)!: Variable input according to the optimized selection

Data are run out based on steady state operating conditions

Ambient temperature is fixed as 25 °C for all process runs

Seawater temperature is fixed as 27 °C for all process runs

Waste gases mass flow rate is fixed at 5 m*/h

Total gases flow rate, kg/s

Air mass flow rate, kg/s

Thermal power, kW

Exhaust gases temperature, °C
Outlet steam temperature, °C
Chimney cross sectional area, m?
Pressure drop, bar

Gases velocity, m/s

Pressure head losses, bar

Steam inlet/outlet tube diameter, m
Height & width, m

Total tank volume, m?

MED flashing enthalpy, kj/kg
Flashing dryness fraction, %

Tank bottom mass flow rate, kg/s
MED steam flow rate, kg/s

Feed profile flow rate, kg/s
Distillate profile, kg/s

Brine flow rate, kg/s

Salinity profile, ppm

Feed temperature profile, °C

Brine temperature profile, °C
Vapor temperature profile, °C
Distillate temperature profile, °C
Gain ratio

Effect heat transfer area, m?

Total effects heat transfer area, m?
End condenser area, m?

Pumping systems power, kW
Pumping system pressure, bar
Pump power, kW

Outlet stream temperature, °C
Outlet stream enthalpy, kJ/kg
Effectiveness,%

Thermal power across tubes, kW
Outlet exhausts temperature, °C
Outlet vapor temperature, °C and enthalpy, kJ/kg
Outlet vapor pressure, bar

Heat transfer area, m?

ORC mass flow rate, kg/s

Outlet temperature and enthalpy
Outlet stream temperature and enthalpy to the condenser
Outlet stream temperature and enthalpy to the evaporator
Thermal power, kW

Cooling water mass flow rate, kg/s
Outlet temperature and enthalpy
Condenser pressure, bar

Thermal power, kW

Pump power, kW

Outlet stream temperature, °C
Outlet stream enthalpy, kJ/kg

Adiabatic index

Compressor power, KW

Outlet temperature and enthalpy
Waste gases flow rate, kg/s

Air mass flow rate, kg/s

Thermal power, kW

Specific waste gases consumption, kg/h/kW
Adiabatic index

Outlet turbine pressure, bar

Top cycle temperature, K

Outlet isentropic temperature, K
Adiabatic index

Pressure ratio, bar

Inlet turbine temperature, K
Outlet isentropic temperature, K

The elevation of the waste gases chimney is fixed at zero level (no elevation)
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Gain ratio (Md/Ms)

Effect of i mcreasmg stages No. on the Gain ratio for MED-PF and MSF-BR.
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Fig. 5. Effect of number of stages or effects on the gain ratio (GR = My/M;) for MED-PF and MSF-BR.
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decision about the reliable operating conditions, areas, and cost.
However; increasing the number of effects gives an advantage to
the desalination plant by reducing the total water price by increas-
ing the GR. Fig. 5 shows that by increasing the number of effects,
the GR will increase. Thence; the number of stages and effects
for the MSF-BR and MED-PF are fixed at 40 and 12 respectively.
The variations of some operating and design conditions against
the number of stages of the MSF-BR is shown in Fig. 6. Fig. 7 shows
the same variations per effect for the MED-PF where the number of
effects was 12 effect. The profiles data are taken at 18,000 m>/d
and 20,000 m?/d for MSF-BR and MED-PF respectively.

It is obvious from Figs. 5-7 that increasing the number of stages
or effects has a massive effect on the process optimization such as
GR parameter. However; top brine temperature (TBT, °C) has also a
massive effect on valuable parameters such as waste gases flow
rate, specific wastes consumption, specific steam consumption,
and dryness fraction percentage. Fig. 8 shows the effect of both
terms (N, and TBT, °C) on the last-mentioned parameters. It is
noticed in Fig. 8a that the effect of increasing the Ny, is massive
comparing against the TBT effect on the My Increasing the Ny
was found decreasing the percentage of M, thence; the chance
of increasing the productivity is increased too. On the contrary,
increasing the TBT leads to an increase in the proportion of fuel

(a) Vapor pressure profile, kPa

Vapor pressure, kPa
[N
o

15
10
5 i i i i i i
0 2 4 6 8 10 12
No. of Effects
(c) Salinity profile, kg/kg
A SORE . S W S —

0.0705

0.07

Salinity profile, kg/kg

0.0695

0.069 5 5 5 ‘ i
0 2 4 6 8 10 12
No. of Effects

waste gases and thus reduce productivity or increase the cost. This
was made clear in the form of Fig. 8b where increasing gas con-
sumption rate significantly, especially under the influence of TBT.
Either in the form of Fig. 8c has been the effect of TBT is very clear
to the rate of steam consumption, while the effect of the Ny,
almost constant. For Fig. 8d, the effect of Ny, on the dryness frac-
tion is remarkable where increasing the Ny, would increase the
percentage of vapor over the percentage of mixture (from 30% @
Ngig=10-90% @ Ny, =40) thence; decreasing the costs over the
flash tank related to the design considerations.

For MED-PF, Fig. 9a-d shows the effect of steam pressure, bar
and N on the waste gases flow rates, kg/s, specific fuel (wastes)
consumption, kg/h/kW, specific steam consumption, kg/h/kW,
and dryness fraction. In Fig. 9a:c, it is found that the effect of steam
pressure on M,,, SFC, SSC is remarkable. However; Ny is highly
effective on the flashing dryness fraction parameter. In Fig. 9a:c,
increasing the steam pressure inlet to the MED-PF unit would
decrease the M,,, SFC, and SSC, meaning by this a reduction in
technical cost by increasing the plant productivity. The value of
0.35 bar (steam temperature = 72.66 °C) is found more optimized
for the all plant operation putting in consideration the upper oper-
ating conditions of the MSF-BR plant. The effect of Ny on the
related parameters is slightly remarkable however; N is quite

(b) Distillate profile, kg/s
10.8 A S A A A A

10.6 |-}
19.4

19.2

Distillate profile, kg/s

19

E E 5 —&— Brine
Distillate |

Temperature profile, oC

No. of Effects

Fig. 7. The variations of some different operating conditions against the number of effects for the MED-PF: (a) vapor pressure, (b) Distillate profile, and (c) salinity profile,

temperature profile.
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(b) SFC=Mwg/Qsg. kg/lkWh
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Fig. 8. The effect of No. of stages and TBT, °C on: (a) waste gases mass flow rate, kg/s, (b) specific fuel (gases) consumption, kg/h/kW, and (c) specific steam consumption, kg/h/

kW, flashing dryness fraction.

important to increase the GR. Flashing dryness fraction is quite
important parameter because it simply means the percentage of
steam to power on the MED-PF. It is obvious in Fig. 9d. that by a
slightly decrease in Ny would increase the dryness fraction per-
centage production thence; remarkable results from the side of
techno economic results. The flashing dryness fraction is ranged
between 70% up to 95% at 22 and 16 MED effects respectively.
Moreover; increasing the steam pressure up to 0.35 bar would
increase the flashing dryness fraction. The optimized values for
steam pressure and Ny is fixed at 0.35bar and 12 effects
respectively.

Fig. 10a -d. represents the effect of operating conditions (steam
pressure, TBT) on the same parameters the last been mentioned. It
is noticed that the effect of TBT is remarkable on such parameters
(Mg, SFC, SSC, flashing dryness fraction). In Fig. 10a, the increasing
of TBT would be followed by an increasing in the mentioned
parameters. At the same time, any increase in steam pressure
would decrease the values of the same parameters. Therefore; it
is a matter of optimization in order to achieve a remarkable result.
However; in Fig. 10b, the increasing of TBT caused a decreasing in
flashing dryness fraction with opposite effect of steam pressure
term. The effect of steam pressure would increase the value of
the flashing fraction from 80% up to 95%. Fig. 11a and b. shows
the effect of productivity of MSF and MED on the mass flow rate
of waste gases and dryness fraction.

Clearly evident that the impact of the productivity of MSF-BR
over M, significant largely because the thermal correlation
between the brine heater and the steam generator. It is found that
the M, increased from 0.8 kg/s up to 1.4kg/s at 1le4 m*/d and
1.8e4 m>/d respectively. The MED-PF productivity hasn't any sig-
nificant change on the M,,. On the contrary; Fig. 11b. presents a

remarkable effect from MED-PF productivity on the dryness frac-
tion percentage. It is noticed that the dryness fraction percentage
is increased from 80% up to 95% at 1le4 m3/d and 1.5e4 m3/d
respectively. However; the increasing in the MSF-BR productivity
would decrease the dryness fraction percentage.

From the previous figures the following notes should be
considered:

- The productivity of the MSF-BR has a quite effect on the waste
gases however; it may decrease the dryness fraction percentage
and this considered not favorable.

- The effect of TBT on My, SFC, and SSC is quite noticed because
of the thermal connection between brine heater and the steam
generator.

- Number of stages has also an effect on the GR and M.

- For MED-PF, the effect was directly proportional to the flashing
dryness fraction parameter. Increasing the productivity and
steam pressure would increase the flashing dryness fraction
percentage, thence; reducing the techno-economic
consideration.

For the ORC, Fig. 12 shows the effect of evaporator hot side tem-
perature (dT = Texi — Teyp) and ORC turbine power on the Mo, kg/s
and thermal power, kW for heat rejection units. The massive effect
is noticed for the ORC turbine load power. Increasing the turbine
power would increase the M,,. and surly the thermal power loads
on the heat rejection units. The effect of dT is slightly notable by
increasing the dT a slight increase for both M, and thermal energy
would happen. Decreasing the dT would increase the evaporator
effectiveness, thence; little bit reducing the M,,.. Data results for
the 1st and 2nd scenarios are illustrated in Tables 5 and 6.
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Fig. 9. Effect of Neff and steam pressure on: (a) waste gases flow rate, kg/s, (b) specific fuel (wastes) consumption, kg/h/kW, (c) specific steam consumption, kg/h/kW, and (d)

dryness fraction.

5.2. Results of 3rd scenario

This scenario configuration is quite different. It’s an example
about electric power production-mainly-and freshwater produc-
tion. As presented before, user can decide the productivity and
the power demanded, thence; calculating the design aspects. The
operating conditions of the MSF-BR would assign the results data
of the L.P.T outlet stream. The energy balance through the BH
would calculate the outlet L.P.T temperature. Thence; the calcula-
tion procedure would calculate the inlet L.P.T conditions which
would calculate the H.P.T conditions (temperature, enthalpy, pres-
sure, entropy, etc.). This scenario is producing much less freshwa-
ter (100 m3/d) however; it can produce more than 60 MW of
electric power (12 MW,x + 48 MW4iq). Its low productivity tends
to the design limits of quantities of waste gases from the refinery
plant (shouldn’t exceed over 5 m?/d).

Moreover; increasing the productivity would increase the mas-
sively the mass flow rate across the cycle causing by this increasing
the power of the gas compressor. Table 7 illustrates the data results
of the 3rd scenario. It has seen from Table 7 that pressure ratio
wasn't exceeded over 5, the top cycle temperature reached
1065.7 °C, cycle mass flow rate was 59 kg/s, and the outlet gases
temperature (cycle bottom) was about 90 °C. The bottoming cycle
gases are still high enough to power on MED-PF, however; it's out
of enthalpy for the demanded steam. The cycle last line exhausts
could be used for drying, water heating, building heating, and/or
process heating. Fig. 13a shows the effect of M,z on the scenarios
water production.

It is shown that the 1st and 2nd scenarios produce much higher
quantities of water production against the 3rd scenario. This is

because the lower enthalpy of the mass flow rate across the BH
unit in the 3rd one (3.86e4 kW, for the 1st and 2nd vs. 215 kWy,
for the 3rd). Fig. 13b shows the effect of increasing the M,,, on
the power production. Increasing the M, rates would increase
the power production rate. It is depending on the case of refinery
plant for the wastes production flow rate, thence; more wastes
equal more power. Fig. 13c shows the effect of power increasing
on the pressure ratio (Pr) of the L.P.T. Increasing the power load
on the L.P.T would decrease the pressure ratio. Therefore; the opti-
mized value for the pressure ratio was at 5-8 to produce about
48 MW power. Fig. 13d shows the effect of production power on
the CC heat addition rate, kW. Increasing the power load would
increase the heat addition hence; the waste gases rate.

5.3. Exergy and cost results

In this part, exergy and cost analyses are performed in order to
judge the most reliable scenario that should be applied. It has seen
from the previous part that the 2nd scenario is in competitiveness
result against the 3rd scenario based on energy analysis. For exergy
analysis, there are two main parameters to judge the system per-
formance. The first is exergy destruction, and the second is the
exergy efficiency. Unlike energy, which is conserved in any process
according to the first law of thermodynamics, exergy is destroyed
due to irreversibility taking place in any process, which manifest
itself in entropy creation or entropy increase. The availability equa-
tion for an open system in a uniform-state, uniform flow process
can be developed with the first and second law of thermodynam-
ics. The steady state general form of the exergy balance equation
is defined as following [29], O = Exy + Ex,, + Exs — Exp — I,,. Where
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Fig. 10. Effect of MED steam pressure and MSF TBT on: (a) Waste gases flow rate, kg/s, (b) Flashing dryness fraction, (c) specific fuel (wastes) consumption, kg/h/kW, and (d)

specific steam consumption, kg/h/kW.
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Fig. 11. Effect of productivity of MSF + MED on the waste gases flow rate and dryness fraction.

Ex, is the exergy transfer due to the heat transfer between the con-
trol volume and its surroundings, and Ex,, is the value of the work
produced by the control volume but in most cases the control vol-
ume has a constant volume, therefore Ex,, = W can be further sim-

plified. Exsz and Exg, is the flow exergy inlet and outlet from the
control volume. I is the total system exergy destruction rate,
kW. Exergy efficiency can be measured as a relationship between
ingoing and outgoing exergy flows or the ratio of net exergy output
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Fig. 12. (a) The variation of ORC flow rate, kg/s and (b) ORC thermal loads for evaporator, recuperator and condenser units.

Table 5

Data results for the 1st scenario (WGC-MSF-MED).

Waste gases chimney (WGC) unit
Waste gases flow rate, kg/s

Waste gases flow velocity, m/s

Waste gases pressure drop, bar
Chimney tube cross sectional area, m?
Chimney tube diameter, m

Steam generator (SG) unit

Air mass flow rate, kg/s

Waste gases thermal energy, kW,

Specific fuel consumption (SFC = M,,,¢/Qsg), kg/kWh
Specific steam consumption (SSC = My/Qsg), kg/kWh
Outlet temperature, °C

Outlet enthalpy, kj/kg

Brine heater (BH) unit

BH tube diameter, m

Flow velocity, m/s

BH pressure, bar

Steam enthalpy inlet/outlet, kj/kg
Steam temperature inlet/outlet, °C
Total steam mass flow rate, kg/s
Seawater temperature inlet/outlet, °C
Brine recycle mass flow rate, kg/s
BH thermal energy, kW,

BH area, m?

Multi stage flash brine recycle (MSF-BR) unit
Distillate flow rate, kg/s

Total inlet feed flow rate, kg/s
Make up feed flow rate, kg/s
Feed loss flow rate, kg/s

Brine loss flow rate, kg/s

Recycle feed flow rate, kg/s

Total brine blow down, kg/s

Feed salinity ratio, ppm

Brine salinity ratio, ppm

1st splitter ratio

2nd splitter ratio

Top brine temperature (TBT), °C
Top feed temperature, °C
Seawater temperature, °C

Brine blow down temperature, °C

1.41
12.45
1.163
0.07548
0.31

17.62
5.075e+4
0.1312
1.997
3333
666.7

0.03
05

1.056
2677/423.9
101.1/101.1
2145
95.5/100
2039
3.867e+4
6912

208 = 18,000 m>/day
1210
583.3
626.9
375
2039
1831
45,000
70,000
0.482
0.7952
100
95.5
27

40

(continued on next page)
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Table 5 (continued)

Stage area of heat recovery section, m?
Stage area of heat rejection section, m?
Pumps efficiency

MSF-BR total pumping power, kW

No. of stages = heat recovery/heat rejection

Flash cyclone separation tank
Operating steam pressure, bar

Inlet flash temperature, °C

Inlet flash enthalpy, kJ/kg

Steam temperature, °C

Flashing enthalpy, k]/kg

Dryness fraction

Liquid flow rate @ tank bottom, kg/s
Steam mass flow rate, kg/s

Tank volume, m>

Inlet/outlet tube cross sectional area, m?
Steam tube diameter, m

Flash tank height/width, m

Multi effect distillation parallel feed (MED-PF)
MED-PF distillate productivity, kg/s

Steam flow rate, kg/s

Feed flow rate/effect, kg/s

Seawater salinity/brine blow down salinity, ppm
Top evaporation pressure, kPa

Total feed/cooling water, kg/s

Top steam temperature, °C

Top brine temperature, °C

Top vapor/distillate temperature, °C

Seawater temperature, °C

End condenser outlet feed temperature, °C
End condenser outlet distillate temperature, °C
End condenser effectiveness

Total pumping power, kW

Pumps efficiency

No. of effects

Total heat transfer area, m?

End condenser heat transfer area, m?

Effect area, m?

Pump unit

Cycle pump power, kW
Inlet/outlet pump temperature, °C
Inlet/outlet pump enthalpy, kJ/kg

2731
1429
75%
3228
40=37/3

035
101.1

4239

72.66

2524

0.954

0.954

20.47

62
0.7321/0.7321
0.9

73

231.5 = 20,000 m3/day
20.47

54.01
45,000/70,000
30.77
1117/469.2
72.66

70.65
69.88/69.71
27

36.78

29.45

80%

1126

75%

12

121,082

4050

1.015e4

2.07
72.66/73
304.2/304.3

to the actual exergy input for any given system when achieving the
required task, n,, = %‘: Regarding to the proposed scenarios, the
following relations show the exergetic inlet and outlet streams
which are considered in this study. To measure the exergy destruc-
tion for the 1st scenario, there are four inputs and two outputs

which are the following:
Iéx = (Exwg + Epr + Exﬁ,msf + Exﬁ,med),' - (Exd,msf + Exd,med)u

(EXq _msf +EXd_med)o
Exwg +EXwp +EXfi_msf+EXfi_mea )i

Where; Exq_me and Exy_meq are, the exergy gain from the plant (dis-
tillate flow exergy). EXf mss EXi med» EXwg and Ex,, are the inlet
exergy of feed streams (MSF and MED), waste gases exergy and
power exergy for pumps respectively. The exergetic power for the
pumping system in the plant are considered a power cost loaded
by the main grid. Outlet brine flow rate exergy (MSF and MED),
thermal leakages and exhaust exergy are neglected for all scenarios
because they are a loss from the system.

According to the 2nd scenario, the power from the ORC cycle
would serve the plant pumping system. Therefore; the total exergy
destruction rate is obtained as;

And the exergy efficiency is obtained as, #,, = T

I, = (Exwg + EXwp + EXfi_mgr + EX5i_mea);
— (Exw_orc + EXa_ms + EXd_mea), and EX.,_orc = EXup.

The 2nd scenario exergetic efficiency is then obtained as

oy = (EXd_msf +EXd_med)o
ex — (Exwg+EXg_msf +EXfi_med)i”

According to the 3rd scenario, the power from the H.P.T would
power on the gas compressor and the L.P.T would deliver the main
power for pumping system and for the main grid as a main exergy
gain beside the distillate productivity. Therefore; the total exergy
destruction rate would become;

Iéx = (EXWg + Exwp + Exw_Cump + Exﬁ_Comp + Exﬁ_msf),'
— (Exw_npr + Exw pr + EXd_msf),

where Ex,,_ppr=EXw_comp- The 3rd scenario exergetic efficiency is
then obtained as;

ne = (EXg_mss + EXw_ip1),
ex (EXwg + EXfi_mss + Exwp + EXfi_comp); ’

Figs. 14-16 show the data obtained for the three scenarios related
to the exergy efficiency and the exergy destruction rate. The results
show that the 3rd scenario gives remarkable results compared
against the remaining scenarios by achieving 62.73% of exergy effi-
ciency. The 2nd scenario is considered the same as the 1st with a
slightly increase in exergy efficiency due to powering the pumping
system based on the generated power from the ORC. The same
behavior is noticed while comparing based on the exergy destruc-
tion rate which the 3rd scenario gives the minimum rate of exergy
destruction (2.85e4 kW vs 1.84e6 kW for the 1st and the 2nd).
Table 8 shows the inlet and outlet exergy streams related to each
scenario. Exergy balances for the proposed scenarios are shown in
detail in Appendix C.
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Table 6
Data results of the 2nd plant scenario (WGC-MSF-MED-ORC).

Table 7
Data results of the 3rd plant scenario (WGC-MSF-GTC).

Heat exchanger evaporator (HEX) unit

Mogrc mass flow rate, kg/s 2417
Exhausts flow rate, kg/s 1.41
Inlet/outlet exhausts temperature, °C 333/141.3
Inlet/outlet vapor temperature, °C 101.3/293.3
Inlet/outlet enthalpy, k]/kg 244.5/859.3
HEX thermal power, kW, 1.486e4
Outlet high pressure to the turbine, bar 30.1

HEX area, m? 40

No. of tubes 1550

ORC turbine unit

Mogc mass flow rate, kg/s 2417
Power, kW (all plant pumping power) 4470.64
Inlet/outlet enthalpy, kJ/kg 859.3/674.3
Inlet/outlet temperature, °C 293.3/138.7

Recuperator unit
Mogrc mass flow rate, kg/s 2417

Inlet/outlet temperature-steam side, °C 138.7/57.85
Inlet/outlet enthalpy-steam side, kJ/kg 674.3/556.2
Inlet/outlet temperature-liquid side, °C 37.65/101.3
Inlet/outlet enthalpy-liquid side, kj/kg 126.3/244.5
Thermal power, kW, 2855

Heat transfer area, m? 30
Condenser unit

Mogrc mass flow rate, kg/s 2417

M., flow rate, kg/s 101.8
Inlet/outlet temperature-steam side, °C 57.85/35
Inlet/outlet enthalpy-steam side, kJ/kg 556.2/121.6
Inlet/outlet temperature-cooling side, °C 27/51.68
Condensation pressure, bar 0.06215
Thermal power, kW, 1.05e4
Heat transfer area, m? 537

Pump unit

Cycle pump power, kW 1134
Inlet/outlet pump temperature, °C 35/37.65
Inlet/outlet pump enthalpy, kj/kg 121.6/126.3

It is clear that there is a relation between the desalination plant
productivity and the inlet exergy to the system. Therefore; the 3rd
scenario gives lower exergy destruction rate compared against the
other scenarios. The 3rd scenario proves that increasing the power
generation is much better than producing large amount of fresh
water. Among all units/scenario, steam generator, MSF, MED and
combustion chamber recorded a massive rates of exergy destruc-
tion (see Fig. 16). However; the 3rd scenario is in the lowest rates
according to the low thermal loads on the MSF plant connected
with the low rate productivity. Moreover; the high-power produc-
tion is considered as a useful gain to the system. Fig. 17 shows the
data comparison related to the unit hourly costs parameter (UHC,
$/h-total operating and maintenance costs). Cost analyses are
shown in details in Appendix D. Fig. 17 shows that 2nd and 3rd
scenarios are most favorable compared against the 1st scenario
and the conventional operation. It is related to the designer and/
or decision makers in Suez Company for Oil Refinery [27] to con-
struct the most reliable scenario (2nd or 3rd), however; the 2nd
scenario is most favorable because of a massive production of
freshwater. The 3rd scenario is favorable while using much greater
amounts of refinery waste gases more than 5 m>/d. Therefore; and
due the limitations of quantity, the 2nd scenario is much remark-
able based on the massive productivity while the 3rd scenario is
remarkable based on the massive power generation with high rates
of exergy efficiency as an advantage. The massive cost results are
recorded by the MSF and MED. It was recorded lower in the 3rd
scenario according to lower water production and the operation
of MSF without MED. The 2nd scenario gives minimum results
for the steam generator because the ORC generated the required

Waste gases chimney (WGC) unit
Waste gases flow rate, kg/s
Waste gases flow velocity, m/s

1.412 (5 m3/d)
12.47

Waste gases pressure drop, bar 1.27
Chimney tube cross sectional area, m? 0.07548
Chimney tube diameter, m 0.31

Gas compressor unit

Pressure ratio 5-10
Inlet/outlet temperature, K 298/513.5
Adiabatic index 1.4
Power, kW 1.278e4
Mass flow rate, kg/s 59.06
Combustion chamber (CC) unit

Air/waste gases ratio 12.5

Mass flow rate, kg/s 59.06

Air flow rate, kg/s 17.65
Thermal power heat addition, kW 5.083e4
Inlet/outlet temperature, K 513.5/1346.87

H.P.T unit

Total demanded power for the electric grid, kW
Mass flow rate, kg/s

Inlet/outlet temperature, K

Inlet/outlet pressure, bar

Adiabatic index

L.P.T unit

Total demanded power for the electric grid, kW
Mass flow rate, kg/s

Inlet/outlet temperature, K

Compressor power
59.06
1346.87/1161.76
5/2.36

1.321

47,000-50,000
59.06
1161.76/374.13

Inlet/outlet pressure, bar 2.36/1
Adiabatic index 1.372
Brine heater (BH) unit

BH tube diameter, m 0.03
Flow velocity, m/s 0.5

Gases temperature inlet/outlet, K
Total mass flow rate, kg/s

374.13/369.63
59.06

Seawater temperature inlet/outlet, °C 95.5/100
Brine recycle mass flow rate, kg/s 11.33
BH thermal energy, kW, 214.8
BH area, m? 40

Multi stage flash brine recycle (MSF-BR) unit

Distillate flow rate, m*/d 100
Total inlet feed flow rate, kg/s 6.724
Make up feed flow rate, kg/s 3.241
Feed loss flow rate, kg/s 3.483
Brine loss flow rate, kg/s 2.083
Recycle feed flow rate, kg/s 11.33
Total brine blow down, kg/s 10.17
1st splitter ratio 0.482
2nd splitter ratio 0.7952
Top brine temperature (TBT), °C 100

Top feed temperature, °C 95.5
Seawater temperature, °C 27

Brine blow down temperature, °C 40
MSF-BR total pumping power, kW 18

No. of stages = heat recovery/heat rejection 40=37/3

6. Conclusion

power for the pumping system. Fig. 18 shows the results for the
three scenarios based on the total plant cost, $/y. It is anticipated
by Fig. 18. That the 3rd scenario gives minimum results while com-
paring against the 1st and the 2nd scenarios.

In the present study, three novel scenarios were introduced to
resolve the oil refinery waste gas problem. The work is given a
new three ideas in order to utilize the waste gases burning for
desalination and electric power generation rather than burning it
as a waste into air. Due to some decision difficulties, three models
were simulated and introduced in this study. The 1st scenario is to
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Fig. 15. The exergy destruction rate, kW for the three scenarios.

use the waste gases for MSF-BR and MED-PF desalination plants via
brine heater and flash tank separation units. The 2nd scenario is
considered the same as the 1st however; ORC is added in order
to generate the sufficient power for the whole cycle pumping sys-
tem and to the main grid. Toluene is recommended and used for
the ORC operation. The exerted exhausts from the steam generator
is considered the primary source of power for the ORC via the
evaporator heat exchanger unit. The 3rd scenario is quite different
because it depends on the gas turbine cycle to generate power and
heat for the MSF part. The gas turbine cycle exhausts would power
on the optimized MSF-BR plant via the brine heater unit. Due to
some design limits, such as compressor load and operating temper-
atures, the 3rd scenario would desalinate an amount of 100 m?/d
related to 5 m3/h of waste gases. The 3rd scenario could desalinate
more amounts of freshwater in case of much greater amounts of
waste gases are needed (more than 5 m3/h). Nevertheless; the
3rd scenario generated much larger power (60 MW) with unit
hourly costs (UHC, $/h) almost zero. The UHC, $/h of the 1st sce-
nario was about the range of 435 $/h (nearly the same as the con-
ventional desalination plants) without any cost advantage
compared against the 2nd and the 3rd. It is referred to the designer
and/or decision makers to confirm the most reliable scenario (2nd
or 3rd), however; the 2nd scenario is more favorable because of a
massive production of freshwater (38,000 m?/d). The 3rd scenario
is also favorable while using much larger amounts of refinery
waste gases more than 5 m3/d. The 3rd scenario is more applicable
for desert oil plants that far away from the sea. According to the
exergy analysis, the 3rd configuration gives minimum exergy
destruction rate against the remaining scenarios with much high
exergetic efficiency (62.73% vs 23% for the 2nd and vs 23% for
the 1st). There are a lot of benefits should be harvested from the
scenarios proposal. Location landscape, seaside, environmental
impact, water supply, etc. It is quite favorable for oil refinery plants
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Fig. 16. Exergy destruction rate, kW for the proposed scenarios based on steam generator, MSF, MED, and combustion chamber units.
Table 8
The exergetic data streams for the proposed scenarios.
Stream 1* scenario 2™ scenario 3™ scenario
Extl losss kW - - -
Ex,, msfy kW - - -
EXy ety KW
EXg sy KW 1.522¢6 1.522¢6 8454
Exg meas KW 8.147e5 8.147e5 ---
Exy sty KW 2.615e5 2.615e5 1453
EXxy meas KW 2.906e5 2.906e5 ---
Ex,,, kW 4354 4469.61 18
Ex,,, KW 5.075¢4 5.075¢4 5.075¢e4
Ex,, orc, kW --- 4469.61

Ex,y comps KW --- - 1.278¢4

Exg comp KW - --- 1.767¢4
Ex,, upr KW --- - 1.278¢4
Ex,, 1.p1 KW --- - 4.65¢4
Total Ex;, kW 2.392e6 2.387¢6 7.647¢4
Total Ex,, kW 5.521e5 5.521e5 4.797e4
Total exergy efficiency, % 23.08 23.13 62.73
Total I, kW 1.84¢6 1.835¢6 2.85¢4
Productivity, m*/day 38000 38000 100
Net power generation, KW - - 47000

E1Steam Generator [ Flash tank [ MSF+MED BEORC BEGTC Total

2000 1902.52 1894
1300
1589.32

1600 1458 458 [ 1458

1st scenario 2nd scenario 3rd scenario Conventional

Fig. 17. Units hourly costs and total for all scenarios units.
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Fig. 18. Data results for the proposed scenarios based on total plant cost, $/y.

that are located beside the sea shore. Therefore; desalination mat-
ter is considered a vital role in order to payback some benefits to
the environment against the hazards that been emitted from the
refinery plant itself. The three scenarios are applicable for all types
of the oil refinery plants with greater advantage to the second and
third scenarios according to the exergy and cost analyses. Being far
away from sea means that the 3rd scenario is favorable without
desalination part (only power generation). The following benefits
should be considered:

- Sulfur extraction should be considered. The extracted sulfur
could be used in many industries.

- Power generation is the main gain for such plants in order to
recover some benefits related to environmental issues.

- Desalination is the second main gain in order to overcome the
water shortage problem based on the location situation. The
desalinated water is also essential for the power plant
operation.

- The proposed scenarios would generate electricity and fresh
water instead of burning waste gases without any gain or ben-
efits add to this the hazards to the environment.

- Water and electricity would be useful for the establishment
operations of new hostels and tourist districts.

Appendix A. Toluene thermos-physical properties
A.1. Density for liquid and vapor phases kg/m>
Py =—-7.9817" xT°+7.0027"° x T® —2.087° " x T’

+1.821 "M x T8 +1.971° xT° -347477 ... xT*
—329% % T3 1+0.001316 x T> — 0.9326 x T + 884.5

Dy = 787315 « expf((Tcofses.z)/gm1>2> 11898 x expf((rmfeam)/zl9.2)2)

A.2. Dynamic viscosity for liquid and vapor phases kg/m>
Toluene physical properties for liquid and vapor phases are
obtained from the following correlations;
ty =107% x (3.262729 x 10° x T*> +5.14015 x 107> x T2
—27.89675 x T +5.305598 x 10°)

U, =107° x (6.338982 x 10°® x T* — 1.602562 x 10~ * x T*
+1.519286 x 107! x T?... — 63.99838 x T+ 1.011961 x 10%)

A.3. Specific enthalpy of dry saturated vapor kj/kg

h,=2.323e - 019 x T° +2.638¢ — 16 x T — 7.835e — 14 x T’
+6.784e —12 x T® +7.627e —10 x T° — 1.392e — 7 x T*
—1.443e — 6 x T +0.002331 x T> + 1.019 x T + 490.4

A.4. Specific enthalpy of saturated liquid kj/kg

hy=-3.023e — 19 x T° —2.041e — 16 x T® +6.098e — 14 x T’
—5372e —12 x T® —5.526e — 10 x T° + 9.276e — 8 x T
+2.962e — 6 x T> +0.001018 x T + 1.628 x T + 63.19

A.5. Specific entropy of saturated vapor kj/kg°C

Sy =—-6571e—16 x T* = 7.761e — 14 x T> +2.712e — 10 x T*
—1.128e -7 xT> +2.61e —= 5 x T> - 0.001973 x T + 1.813

A.6. Specific entropy of saturated liquid kj/kg°C
S = 1.038 x exl:)(0.002218><T) —0.7889 x eXp(—0.004717xT)
A.7. Saturation pressure bar

Pot =7.025e —22 x T° —4.53e —19 x T* +1.187e — 16 x T’
— 27756 —14 xT® +6.104e — 12 x T° + 2.474e — 9 x T*
+2.434e — 7 x T> +1.429 — 5 x T* + 0.0005795 x T
+0.009935

Appendix B. The proposed scenarios
B.1. The 1st & 2nd scenarios: WGC-MSF-MED & WGC-MSF-MED-ORC

The system includes waste gas chimney (WGC), steam
generator (SG), brine heater (BH), multi stage flash brine recycle
(MSF-BR), flash tank (FSH), multi effect distillation parallel feed
(MED-PF), and pumping system. User should assign the total plant
productivity (m?/d) and some operating conditions such as
ambient temperature, seawater temperature, and salinity. The
2nd scenario is considered the same in configuration as the 1st
except adding the organic Rankine cycle units which are heat
exchanger evaporator (Heyp), turbine, recuperator, condenser and
pump. Figs. B.1 and 2 show the model browser-SimuLink
environment- that been designed by Sharaf [19-21,23].

B.2. The 3rd scenario: WGC-MSF-GTC

The system includes waste gas chimney (WGC), gas compressor
(Comp), high pressure turbine (H.P.T), low pressure turbine (L.P.T),
brine heater (BH) and multi stage flash brine recycle (MSF-BR).
User should assign the total plant productivity (m3/d) and some
operating conditions such as ambient temperature, seawater tem-
perature, and salinity. Fig. B.3 shows the model browser-SimuLink
environment- that been designed by Sharaf [19-21,23].
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Appendix C

The exergy balances for all proposed scenarios are shown in this
part. The following schematics show the exergy streams that been
used to calculate the exergy destruction rate and the exergetic
efficiency.

1™ scenario exergy streams:
Exq = 0, Exbloss =0

Exyg EXfi (msfimed)

Exwv Exd_(msf+med)

3" scenario exergy streams:

Exyg

Exfi_Comp

Exyp + EXy comp

Exw ypr

where Ex; represents the chemical and physical exergy of sea-
water feed stream to the MSF and MED effects, Ex; is the exergy
stream associated with brine and neglected as loss stream, while
Ex; is the chemical and physical exergy stream of distillate product.
Exergy of saline streams is obtained based on physical and chem-
ical components. In physical part; the exergy streams to feed,
brine, and distillate are functions of h, hy,, and hgy which are calcu-
lated based on seawater specific heat capacity C,, salinity s, and
feed seawater temperature for each stream [22] where;

higp =ho+ (AxT+B/2x T +C/3xT> +D/4 x T*

where h, = 9.6296 x s — 0.4312402 x s?

And;
A=42068—-6.6197 x S+1.2288 x 1072 x §*
B=-1.1262+54178 x 1072 x $— 22719 x 107* x §*
C=1.2026 — 5.3566 x 107 x S+ 1.8906 x 107° x S
D=6.8774x107 +1.517 x 10° x S — 4.4268 x 107 x

Therefore, the physical exergy equation (kg/s) for any saline stream
is obtained as:

Ex,, =m <CD(T7S) x (T —T,) x Cp(T,S) log%), (To
[

= reference temperature)

For chemical part; the exergy stream (kg/s) should be calculated
according to the following relation:

2™ scenario exergy streams:
Exq = 0, Exbloss = 0

Exyg EXfi (msf+med)

Ean Exd,(msf+med)

Exw_orc

Exq = 0, Exbloss =0

EXfi (msf+med)

EXq (msf+mea)

Exy 1pr

Ex;j, = M (Npot(S, My, M) x 1072 x 8.314 x To{—X,, x logX,,
—Xs x logXy})

And the total stream exergy rate is then calculated,
EXiora = EXp + EXg,
where

Xw = Npure(s7 Mw)/Nmol(57 Mw~,M$)7
Xs = Nsalt(57 Mw)/Nmol(S7 MW7MS) and
1000 - S

M, Nsalt = S/M;

Npure =

Nmot = Npure + Nsi¢ is the number of particles, and X,, X; is the
fraction of water and salt (mole), and the molar weight M,
for water and salt is 18 g and 58.5g respectively. The inlet
exergy feed stream for the air compressor is obtained base on the
specific enthalpy, temperature and specific entropy as
Ex;, =f(T,s,h=mAh —mTAs).
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Appendix D

Cost analysis for all units that been considered in this study.

MED [31]
Interest rate, % 5
Plant life time, y 20
Amortization factor, 1]y (1)t

ST a™
Direct capital costs, $ DCC=9 x 10°
Annual fixed charges, $/y AFC = Ay x DCC
Annual heating steam costs, $/y AHSC — W,SHC — %b"{]%
Annual chemical cost, $/y ACC = SCC x LF x My x 365,SCC = 0.025 $/m?>
Annual labor cost, $/y ALC = SLC x LF x My x 365,SLC = 0.1 $/m?
Total annual cost, $/y TACyEp = AFC + AHSC + AEPC + ACC + ALC
Operating and maintenance costs, $ OMCyep = 0.02 x DCC
Hourly operating & maintenance costs (UHC) in $/h ZIGkoM _ OMCM§D72'8f+AFC

MSF [31]

For MSF desalination plant, the annual fixed charges in $/y may represented by [31] as following;
AFC = Ar x (DCC + IDCC), and IDCC is the indirect capital costs and equal to 0.4 x DCC [31]. The operating and maintenance costs are
presented in $ as following;
OMC = 0.02 x (DCC + IDCC) and the annual chemical cost is obtained in $/y as; ACC = SCC x LF x Dy x 365
Where, SCC is the specific chemical costs (0.025 $/m> [31]), and LF is the plant load factor and is fixed at 0.9, and D, is the distillate
product. The annual labor costs in $/y is given as following; ALC = SLC x LF x D, x 365 Where, SLC is the specific labor costs

(0.1 $/m?). The total annual costs in $/y for MSF is calculated according to the following, TAC,,ss = AFC + ACC + ALC + (OMC x Ay).

The operating and maintenance cost (UHC) in $/h for MSF (Z}°") is found to be as following; Zj55°™ = (OMC x A + AFC)/8760

Steam generator [32,33]
Z&E¥OM = G x Mg x 3.6 where Gy is the fuel cost (fuel cost is adjusted as 0.1354$/My [32,33] (natural gas operation). Then the total
capital cost is calculated TCCsc = Zi"M x OH x 365, where, OH is the operating hours and fixed at 24 h

Flash Separation unit [34]
Zjgy°M = 8.52 [34] and the total capital cost for the flash unit is then calculated, TCCpyy = ZiG " x OH x 365

ORC [35,36]
The indirect cost for ORC is calculated as ICorc = 3000 x Woge (2000-4000 $/kW [35]) and the total capital cost is then obtained,
TCCorc = ICorc x Ay, and Zg® = TCCopc/(OH x 365)

GTC [37]
The gas turbine cycle cost, $/kW is obtained based on the following correlation [37];
Cere = 332.6 x exp(—4.612e — 05 x Wpe) +274.2 x exp(—1.756e — 06 x Wye), and the total capital cost is then calculated as,

TCCqrc = Whet x Core x Ar and the hourly cost is then calculated as, Z¢®™ = TCCere/(OH x 365)

Total Plant cost
1. WGC-MSF-MED:
The total hourly costs: Z{gig" = Z& M + ZiGrOM + ZgvoM + 55 + ZIe?™, $/h, and the total Plant Costs:

TPCisiscenario = TCCsg + TCCpep + TCCpump + TCCrnsg + TCCrreq, $/y and the total water price is calculated as,
TWP]stscenario = TPClstscenario/Md x 365 x LFv $/m3

2. WGC-MSF-MED-ORC:
The total hourly costs: Zjgig" = ZEEOM + ZiGrOM 4 ZIEhOM - ZCGOM - ZISPM + Z§w®™, $/h, and the total Plant Costs:

TPCynascenario = TCCsg + TCCppy + TCCpump + TCCrngr + TCCpea + TCCorc, $/y and the total water price is calculated as,
TWP;nascenario = TPCandscenario/Ma x 365 x LF, $/m3

3. WGC-MSF-GTC:
The total hourly costs: Zicgd™ = Z{&OM + ZISPM, $/h, and the total Plant Costs: TPCsygscenario = TCCore + TCCngr, $/y and the total

med
water price is calculated as, TWPsygscenario = TPCsrascenario/Md_. % 365 x LF, $/m>

msf*med

msf*med

msf
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