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Abstract

In recent years, water stress becomes more severe in southern Taiwan due
to climate change and reservoir siltation. Desalination technology can mit-
igate this upcoming issue and supply fresh water persistently. Multi-Effect
Evaporation (MEE) system is one of thermal desalination technologies which
has features of high efficiency in power consumption. A mathematical model
of MEE system is developed to effectively utilize the sensible low grade waste
heat. The model is based on mass and energy balances and it is highly non-
linear. Besides conventional configuration, an advanced process, namely the
Boosted MEE (BMEE) is also investigated on the basis of waste heat perfor-
mance ratio. Waste heat performance ratio is defined as the ratio of the en-
thalpy of the distillate to the maximum exploitable energy of the heat source.
For MEE system, the leaving temperature of waste heat is quite high and
waste heat can not be efficiently exploited. To improve the operating effi-
ciency, BMEE system is studied and the results show that the BMEE system
is superior to the conventional MEE system in both waste heat performance
ratio (up to 8%) and heat transfer area (up to 14%). The BMEE system has
shown the capability to fully utilize the sensible waste heat at specified low
waste heat outlet temperature. Moreover, the outlet temperature of waste heat
is the key to choose either MEE system or BMEE system in terms of fresh-
water production. While the specified waste heat outlet temperature is higher
than the lowest possible temperature of the MEE system, it becomes more

appropriate to use the MEE system rather than the BMEE system.

Y
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Nomenclature

Set and Indices

J  A{jljisaeffect, j =1,...,J}

b booster

c condensate
e evaporate
f flash

g flashbox

h heating

i in

0 out

p preheater
S saturation
w waste heat
Parameters

AT, minimum temperature difference for first effect and preheaters, °C

ATy, minimum temperature difference over the evaporator, °C
ATY. minimum temperature difference between heating medium and waste heat, °C

S latent heat of water vapor, kJ/kg
where *={e,f, g, p, w}

Aj latent heat of water vapor entering evaporator, kJ/kg
; boiling point elevation, °C

Cp«  heat capacity of water, kJ/K-kg
where *:{Bjy D;» D?: f7j7 I/Vja W;}
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Cye® heat capacity of kerosine, kJ/K-kg
where *={W;, W3}

D™ total distillate, kg/s

H,  enthalpy, kJ/kg
where *={D;, DS, D}, D9, D7}

Qina  energy recovered by indirect system, MW

7% seawater temperature, °C

Tinet  waste heat inlet temperature of direct system, °C
Towet waste heat outlet temperature of direct system, °C
Tinet  heat medium inlet temperature of indirect system, °C
Toukt heat medium outlet temperature of indirect system, °C

U* heat transfer coefficient, kKW / m?°C,
where*={b, e, h, p, w}

War  waste heat flow rate of direct system, kg/s
X5 seawater concentration, ppm
Variables

LMTD; logarithmic mean temperature difference, °C
where *={h,p, w}

Ay heat transfer area of first evaporator, m?2C
where *={h, w}

A* heat transfer area, m>C
where *={b, e, p}

B; brine, kg/s

Dy, distillate production by direct system, kg/s

Dj,q  distillate production by indirect system, kg/s

D;  distillate from previous effect to next effect, kg/s
D¢ distillate exiting evaporator, kg/s

D' distillate entering flashbox, kg/s

D?  distillate exiting flashbox, kg/s

D?  distillate exiting preheater, kg/s

X1
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F. seawater as cooling water, kg/s
F; seawater, kg/s

T, temperature, °C
— C i 0 P e f g P w s
where *—{Bj,Dj,Dj,Dj,Dj,Dj,Fj,Vj,Vj Vi V] ,Vj ,Vj ,I/Vj,Wj}

s Vi
Vi vapor entering evaporator, kg/s

Ve vapor generated by evaporation in evaporator, kg/s

Vi vapor generated by flash evaporation in evaporator, kg/s
VE vapor generated in flashbox, kg/s

VP vapor entering preheater, kg/s

V¥  vapor generated by waste heat, kg/s

Wina heating medium flow rate of indirect system, kg/s

W; waste heat flow rate, kg/s

X, salt concentration, ppm,
where *={B;, F; }
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Chapter 1

Introduction

1.1 Water Scarcity

Water and energy are critical to human well-being and sustainable development. Both
resources are strongly related and highly interlinked. The generation of energy determines
the amount of water demanded to produce that energy. Simultaneously, available freshwa-
ter resources ensure water is adequate for energy production. The global water demand is
estimated to increase by some 55% by 2050, mainly for growing demands from manufac-
turing (400%), thermal electricity generation (140%) and domestic use (130%) [1]. How-
ever, the groundwater depletion and the glacier retreat are threatening water resources.

Around 97% of all the water on Earth is seawater, whereas the available fresh water is
less then 0.3% [2] as shown in Figure 1.1. To make matters worse, the water distribution

varies greatly from country to country. In Persian Gulf nations, such as Kuwait, Bahrain

Ground water
Others 0.903%
0.027% _
Seawater 4‘-
97% Surface water
0.01%

Figure 1.1: Water distribution on Earth.
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and United Arab Emirates, had below 100 m? in renewable internal freshwater resources
per capita while the values are about 3000 m? in east Asia [3]. It was reported that one-
thirds of global population (2 billion people) live under conditions of severe water scarcity
at least 1 month of the year [4,5]. Water Scarcity affects every continent and was warned
in 2017 by the World Economic Forum: “notably extreme weather events and failure
of climate change mitigation and adaptation as well as water crises — has emerged as a
consistently central feature of the Global Risks Perception Survey (GRPS) risk landscape,
strongly interconnected with many other risks, such as conflict and migration” [4]. To

relief the tension of water stress, desalination is a promising approach in coastal countries.

1.2 Desalination Technologies

Desalination technologies can be classified into three major groups [6]:

1. Thermal technologies where evaporation and condensation are essential processes
to generate fresh water. The Multi Stage Flash (MSF) is a process that vaporizes
sea water by flashing part of the water at each effect. Multi Effect Distillation
(MED), also known as Multi Effect Evaporation (MEE), is similar to MSF but

unlike in which vapor from each effect is the driving force in the following stage.

2. Membrane technologies in which an applied pressure forces salty water through
a membrane, leaving salts behind. In the Reverse Osmosis (RO), an applied pres-
sure is increased above the osmotic pressure, forcing the desalinated water to pass
through the semi-permeable membranes. Electrodialysis (ED) is a process in
which ions are transported through ion-exchange membranes under the influence

of an applied electric potential.
3. Hybrid processes are results from the combination of 1. and 2.

Desalination technology market is given in Figure 1.2 [7]. A comparison of seawater

desalination technologies is given in Table 1.1 [8]. Therein, RO holds the largest share
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of desalination for several reasons: (i) moderate unit size compared with thermal de-
salination, (i) modularity of installation, and (ii1) low energy intensity. Despite various
advantages of RO, about 70% of desalination in the Gulf Cooperation Council (GCC) is
based on thermal processes. High operational tolerance is required in Arabian Gulf where

the seawater have high salinity.

Thermal Membrane
Multi Stage Flash Electrodialysis
(! 1Fe eawater Concentrate Diluate

= s

A

— é ] pisilate Other ED
4% 3%

apoyze)

Brine

Anode
+ 4+ + + + + ++

% Distillate

Brine

Figure 1.2: Desalination technology market in 2014.

Table 1.1: Comparison of seawater desalination methods.

Unit MSF MEE RO
Electrical energy (kWh/m?) 4-6 1.2-25 3-55
Thermal energy (kJ/kg) 190-390 230-390  None

Electrical equivalent for thermal energy (kWh/m?®)  9.5-19.5 5-8.5 None

Total equivalent electrical energy (kWh/m?®) 13.5-25.5 6.5-11 3-5.5

Distillate TDS (mg/L) <10 <10 <500

Operational tolerance High High Low
3
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1.3 MEE Brief Process Description

Figure 1.3 shows four-effect forward feed MEE systems driven by different heat
sources. The primary component, evaporation effect, obtains fresh water as a conse-
quence of the evaporation of seawater in the MEE system. A general effect consists of an
evaporator, a flash box and a preheater.

Based on the feed flow pattern, the MEE process can be operated in various configu-
rations (forward feed, parallel feed and parallel/cross feed). In the forward feed system,
both brine and heating medium flow in the same direction. The first effect is operated at
the highest temperature and lowest salinity; thus, the forward feed system has the abil-
ity to operate at high top brine temperature [9]. The pressure and temperature of effect
decrease gradually with increasing number of effect.

As Figure 1.3(a) shown, the seawater feed (F;) is sprayed into the the evaporator a
series of evaporator tubes; heating medium (V) releases the heat of vaporization to raise
the temperature of seawater to saturation temperature (Tp,) and create vapor (V{). Next,
part of V7 is sent to the first preheater to increase the seawater temperature from Tg, to
Tg, and the unused vapor works as heating vapor in the second effect. The brine in the
first effect (B,) goes to second effect as feed. Typically, the effect operates at a pressure
which is marginally below the saturation pressure of the feed brine and causes the brine
to flash evaporate (VF); therefore, vapor inside the evaporator effect is generated by two
different ways, evaporation (V) and flashing (V). The distillate from both evaporator
effect and preheater enters a flash box where the pressure is decreased to correspond with
the pressure of the current effect, and result in another flashing vapor (V¢). After that, part
of the vapor of V¢, VI and V& is used in preheater while the remaining vapor is supplied
to the next effect as heating vapor.

For the following effects, the processes of condensation, flashing, evaporation and
heating described previously are repeated until the last effect. The vapors formed in the
last effect (V¢, V! and V&) are condensed by the feed stream through the condenser and

increase feed stream temperature from T*** to Tg,. Part of feed is rejected to the sea as

4
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cooling water, F°; the remaining stream is consecutively heated by preheater [9—11].
Figure 1.3(b) represents a sensible heat driven forward feed MEE configuration. The
operation of that is similar to the steam driven MEE system. The difference between
these two process is the driving force of first evaporator. To distinguish between the two
of them, V7 stands for the vapor generated by steam; VY is representative of the vapor

produced by sensible heat.
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(b)

Figure 1.3: Four-effect forward feed MEE systems: (a) steam driven and (b) sensible heat driven
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1.4 Key Parameters
The following parameters are used to analyze the performance of MEE systems:

distillate heat
Performance Ratio (PR) = Hate ed (1.1)
actual waste heat

(kg/S)D : Ahref.
(kg/S)W : Ahact.

(kg/S)D : Ahref.
(kg/S)W : (hwh,in - hwh,out)

distillate heat
Waste Heat Performance Ratio (PR,,;,) = - 1stiate hea (1.2)
available waste heat

(kg/S)D : Ahref‘
(kg/ S)W : Ahava.

(kg/S)D ' Ahref.
(kg/ S)W : (hwh,in - hcon,in)

where D is the distillate; W is the heating medium; Ah, is the specific reference enthalpy
of the distillate (as an industrial benchmark, Ah,; = 2333 kJ/kg); Ah, is the total
heat input into the system; Ah,,, is the maximum exploitable energy of the heat source
considering the lowest temperature which is the condenser inlet temperature [ 12—14].
Generally, performance ratio (PR) is to normalises distillate production based on the
total heat input into the steam driven MEE systems. Nevertheless, it has been reported
that performance ratio is not a suitable parameter to analyze the processes driven by a low
grade sensible heat [13, 14]. With regard to maximum exploitation of waste heat energy,
the waste heat performance ratio (PRyy,) is more relevant to freshwater production in low
grade sensible heat driven MEE system compared with the conventional performance

ratio.
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1.5 Motivation

Although the RO system consumes less energy, the MEE system is competitive when
it utilizes waste heat from refinery or coal-fired power plant. The required energy of waste
heat driven MEE system potentially reduce to 1.2-2.5 kWh/m3.

So far, many researchers have studied steam-driven MEE systems with diverse con-
figurations. Few papers are found in the related literature [15—17] which have analyzed
the MEE systems driven by low grade sensible heat. Low grade sensible heat that stems
from renewable energies or process waste heat is commonly regarded as a promising heat
source to power the relative energy intensive desalination processes. In 2011, a novel
system scheme, the Boosted MED, also known as BMED or BMEE, has been proposed
by Wang et al. [15] and successfully demonstrated by a pilot plant [1&]. It has the ability
to maximize exploitation of a sensible waste heat and increase the production of fresh
water [12,19].

Despite the elaborated researchs on the BMEE system done by Christetal. [12,13, 18,

], Dastgerdi et al. [19] and Wang et al. [15], the scope of application is not discussed
meticulously. This work aims to find out the optimal solution to utilize waste heat effec-

tively with MEE system and BMEE system (as Figure ??(b) and Figure 1.4 respectively).
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Figure 1.4: A four-effect forward feed BMEE system
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Chapter 2

Design of Multi-Effect Evaporation
Systems

2.1 Problem Statement

The steam driven MEE system is described in Section 1.3. However, we aim to fully
utilize a low grade sensible heat. Therefore, an optimization of sensible heat driven MEE
system is conducted. The schemes of a general effect, first effect and last effect are shown
respectively in Figure 2.1, Figure 2.2 and Figure 2.3. Note that the heating medium is a
bypass for general effect and last effect, it releases its sensible heat only in first evaporator.
In this chapter, the heating medium is hot water and the feed is seawater.

Since a low grade sensible heat is chosen, the PR, in Section 1.4 will be discussed
in the following chapters. For a given heating medium temperature and a fixed cooling

water inlet temperature (T

= 26°C), the maximization of the PRy, is only to minimize
the mass flow rate of waste heat.
The influence of outlet temperature of heat source (7yy,) on the mass flow rate of waste

heat is discussed in this chapter.

10
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Figure 2.1: A general effect of a MEE system.
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Figure 2.2: First effect of a MEE system.
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Figure 2.3: Last effect of a MEE system.

2.2 Assumptions
The following assumptions are used for model formulation of this thesis:

e The non-equilibrium allowance (NEA) is neglected, that is TB§ =Tp;,,-

e Pressure drop is neglected during the vapor condensation process .

e The effect of fouling factors and the presence of non-condensable gasses on the
heat transfer coefficients in the evaporators, preheaters and the condenser are ne-
glected. The heat transfer coefficients is assumed to be constant and identical over

the process.

e The water vapor enter condenser, evaporators and preheaters are condensed to the

saturation temperature.
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2.3 Model Formulation

The model is based on the mass balance and energy balance according to Section 1.3,

Figure 2.1, Figure 2.2 and Figure 3.2.

2.3.1 Thermodynamics properties

Enthalpy [kJ/kg] and Latent heat [kJ/kg] at 7}; [°C]:

H = —0.033635409 + 4.2075570117} 2.1
—6.200339 x 10777 + 4.459374 x 10~°T7
A = 2501.897149 — 2.4070640377; (2.2)

—1.192217 x 10777 + 1.5863 x 10~°T}
BPE (Boiling point elevation) [°C] at T}; [°C] and X g, [ppm]:
BPE = Xp,(b+cXp,) (2.3)
with

b= (671 +6.34x107°T; +9.74 x 107°T7) x 107°

¢ = (22.238+9.59 x 107°T; +9.42 x 107°T7) x 10~
The seawater specific heat capacity [kJ/K-kg] at T; [°C] and Xp; [ppm]:

Cp, = (a+bT;+cT}?+dT}) (2.4)

13
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with

a = 4206.8 x 1073
b = —1.1262x 1073
c = 1.2026 x 107°
d = 68777 x 1071

2.3.2 Evaporator

+

+

6.6197 x 10° X,
5.4178 x 1078 X,
5.3566 x 10710X 5,

1.517 x 107X p,

+

+

1.2288 x 10711 X%
2.2719 x 1073 X%,
1.8906 x 10-19X3
4.4268 x 1078X3,

Vapor is formed in general effect by two different mechanisms, evaporation (V) and

flashing (V'). The remaining brine (Bj+1) flows into the next effect. The evaporator is

operated at saturation temperature and the vapor (V) is condensed.

Mass balance for j € J

B, =

BjXp, =

Vj =

W; =

Energy balance for j € J

Tyr = TIp

Ty, Tp:

Tve T,
ij/\i' Bj(cp

VIR =

Vi+ Vi + B 2.5)
B Xp,., (2.6)
D; (2.7)
Wit (2.8)
(2.9)
(2.10)
— BPE; 2.11)
8,18, = Cp,,, Tb;.,) (2.12)
(2.13)

14
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Heat transfer area for j € J

VEXS = ASUS (T, — T,,,) (2.14)

2.3.3 Flash Box

The distillate pressure is decreased in the flash boxes to correspond with the pressure
of the current effect which causes a small fraction of the distillate to flash evaporate (ng).

Mass balance for j € J

D; =D+ V¢ (2.15)
Energy balance for j € J
ijg = T,,, — BPE; (2.16)
Tpe = Tp,,, — BPE (2.17)
‘Gg)\f p— D;(CP7D3 TD; - Op,D?TD‘J)) (2.18)

2.3.4 Preheater

Preheater is used to recover energy and reduce the energy required for heating the feed
in the first effect. Part of vapor, V¢, ij and V]‘-g, condensed and releases its heat to heat the
feed.

Mass balance for j € J

VP o= DF (2.20)

Xr, = Xg,, (2.21)

Xp, = X (2.22)
15
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Energy balance for j € J

Tpp = Ts,., —BPE, (2.23)

V;p)\? == Fj+1(Cp,FjTFj - Cp,Fj+1TFj+1> (224)

Heat transfer area for j € J

VPXL = APUPLMTD? (2.25)
T —Tp
LMTD? = (T, —Tr,) (2.26)
fr 70
In J
(T~ 1r, )

2.3.5 Mixing Box

The mixing box is only to recombine condensed distillate from previous effect, pre-
heater and evaporator; or recombine vapor of V¢, ij and ng.

Mass balance for j € J

VP+ Vi = V/+ Vi +VE (2.27)
Di = Dj+ DS (2.28)
Dj+1 - D;*FD? (229)

Energy balance for j € J

VI +Viah = VA +VEXS +VEX (2.30)
DHp = DjHp, + DjHps (2.31)
DjwiHp,,, = DjHps + DiHp (2.32)

16
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2.3.6 Additional formulations for first effect

Since there are no vapor from previous effect, flash vapor (V') and flash box. The
following variables have to be zero.

For =1

Vi =0 (2.33)
Vi =0 (2.34)
ng = 0 (2.35)
D; =0 (2.36)
DS =0 (2.37)
Dy =0 (2.38)
D} =0 (2.39)

The mass balance and energy balance between preheater and first evaporator.

For j=1

B = F (2.40)
X, = Xp (2.41)
Ts. = TF (2.42)

Evaporator is driven by sensible heat, the heat is released for both heating and evapo-

ration.

17
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For 7=1

TV],W

Wi(Cow, Tw, — CpwsTws)
M/J'(Cp,W;TW; — Cowyn Ty )
VitAT

B] (Cp,Bj+1TBj+1 - Cp’BjTB]')

LMTDY

LMTD!

TBj+1 - BPEj
Vi"A

B; (vaBj+1TBj+1 - Cp’BjTBj)
A;U ‘LMTD;

ASULMTD;

(TW; - TB]'H) - (TWj+1 - TBj)

<TWJ'* B TBj+1>
(TWj+1 - TBJ )

In

2.3.7 Additional formulations for last effect

Total vapor is condensed by condenser. Part of feed leaves as cooling water.

For j=J

D
Fi
Fi

Vi

Dtot
F;+F,

Ftot

doi:10.6342/N'TU201802352

(2.43)
(2.44)
(2.45)
(2.46)

(2.47)

(2.48)

(2.49)

(2.50)
(2.51)
(2.52)

(2.53)



2.3.8 Operational Constrains

Uniform heat transfer area distribution in evaporators and preheaters is practical ap-

plication for ease of maintenance.

A= A5, forjeJ,j>1 (2.54)
A= AP forjeg.j<J-1 (2.55)

Boundary conditions and limits:

D = Djyy forj=J (2.56)
F. < FP® forj=J (2.57)
Xp,y, = X" forj=J (2.58)

To avoid temperature crosses among stages, following constrain must be satisfied:

T, > Tjy forjed,j+#J (2.59)

Minimum evaporator temperature difference:

Tp, —Tp,,, > AT

i+l = min

forj € J,j > 1 (2.60)

Minimum heat exchanger temperature difference:

Tw]s — TBJ.+1 Z ATmin fOI‘j - ]_ (261)

T,y — T, > ATwn forjeJ (2.62)

TVJ;D — TFJ- Z ATmin fOI'j € j (263)
19
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2.3.9 NLP Formulation

Given a fixed number of effects, the proposed objective function for minimization is

the mass flow rate of waste heat satisfying a specific fresh water demand.

Table 2.1 lists the parameter values used for Chapter 2.

min ¢

x€Q

Wi

\

e h p. h p w.
As, Ab, AP, LMTD", LMTD?, LMTD;
‘/3'67 ‘/jfa ‘/jga ‘/}p7 ‘/]W7 >\j7 /\37 )\§7 A%? A]P, A;v,
T\/’]?aT\/Jfa Tng7TVJ?’7TV}W; Bj7 F07 Fjj? V}a ij
Tp;, Try, Ty, Tw;, Tws: Xp,, Xpys BPE; C;
Dj, D;, D;, D;-), D?, TDj, TD§7TDi,7TD;7 TDP;
J J
U? HDja HD;» HDija HD;U HDE.;

VieJ=A{12,...,J}

= {x| Egs. (2.1)-(2.63)}
Table 2.1: Parameter values
Parameter Unit Value | Parameter Unit Value
AT in O 2.00 | Ty, “O) 85.00
ATE. O 3.00 | T “O) 26.00
De e (kg/s)  393.94 | Xseaa (ppm) 45,978.90
Fp e (kg/s) 7283.55 | X (ppm) 72,000.00
J (-) 6 u“ (kW)/(m2 °C) 3.00

4 Numerical values from Druetta et al. [11]
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2.4 Illustrative Examples

Figure 2.4 shows a optimal scheme with mass flow rate (kg/s) and temperature (°C).
The minimum mass flow rate of waste heat is 1169.0 kg/s and the waste heat outlet tem-
perature is 57.2°C. This optimal result is a benchmark case for this section. To understand
how waste heat outlet temperature influences on waste heat flow rate, the following cases
were optimized with Figure 2.4 scheme but different waste heat outlet temperature.

The simulations in this thesis were carried out by an advanced tool, General Algebraic
Modeling System (GAMS). GAMS is a high-level modeling system for mathematical pro-
gramming and optimization. It contains various NLP local solvers including CONOPT3,
CONOPT4 and MINOS algorithms. The solver CONOPT is suggested by Druetta et
al. [11]. This solver was used in this work and was successfully executed in a short CPU
time. The model has 737 variables and 554 constraints. Global optimal solution cannot
be guaranteed due to non-convex problem.

An Intel Core 17 6700 M 3.40 GHz processor with 16 GB RAM has been used to

perform the simulations and optimizations.

2.4.1 Case 1: Influence of increasing waste heat outlet temperature

Figure 2.5 shows a result of increasing waste heat outlet temperature from 57.2°C to
60°C. Table 2.2 shows notable parameters considering both optimal and Case 1 results.

The waste heat leave the system with higher outlet temperature, that is, less heat is

Table 2.2: Comparison between optimal and Case 1 values

Parameter Unit Optimal Case 1

Ve (kg/s) 52.8 52.2

w (kg/s) 1169.0 1281.7

Tw, °C) 57.2 60.0

PRy (-) 3.188 2.908
21
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exploited by the system. In first effect, the vapor generation decreased by about 0.6 kg/s.

Therefore, an increase in waste heat flow rate is required compared with optimal result.

2.4.2 Case 2: Influence of reducing waste heat outlet temperature

Figure 2.6 shows a result of reducing waste heat outlet temperature from 57.2°C to
56.9°C. This is the lowest possible waste heat outlet temperature that can be achieved in
this system. Table 2.3 shows notable parameters considering both optimal and Case 2
results.

Thought more waste heat is used in first evaporator compared with optimized case,
the vapor generation is decreased by about 0.1 kg/s. The decrease in outlet temperature
forces the temperature of the feed entering first evaporator (7, ) to drop. Consequently,
more energy is use for heating in first evaporator and that lead to the reduction in vapor.

Therefore, an increase in waste heat flow rate is required compared with optimal result.

Table 2.3: Comparison between optimal and Case 2 values.

Parameter Unit Optimal Case 2
| (kg/s) 52.8 52.7
w (kg/s) 1169.0 1171.0
Tw, O 57.2 56.9
PRy -) 3.188 3.182

2.5 Summary

A deterministic NLP mathematical model has been developed to simulate and opti-
mize the MEE system, which has ability to determine the optimal profiles of flow rate,
heat transfer area, salinity and temperature. The influence of waste heat outlet tempera-

ture on waste heat performance ration was investigated. It was observed that the optimal

22
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waste heat outlet temperature were approaching the low bound of waste heat outlet tem-
perature. However, the leaving temperature was quite high and the waste heat could not

be efficiently exploited.
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Figure 2.5: Increase in waste heat outlet temperature.
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Figure 2.6: Reduction in waste heat outlet temperature.

doi:10.6342/N'TU201802352



Chapter 3

Design of Boosted Multi-Effect
Evaporation Systems

The booster is designed to fully utilize a sensible waste heat. The scheme is slightly
distinguished from Wang et al. [15], where the booster is an additional device outside
the MEE system. In this work, the booster is a heat exchanger inside the evaporator and
generates more vapor (V'V). The difference between BMEE and MEE is that the heating
medium releases its sensible heat in general effect and last effect by boosters, so first
effect of BMEE system is identical to that of MEE system. The goal and solver of this

chapter are the same as Chapter 3.

3.1 Problem Statement

The sensible heat driven MEE system is described in Chapter 2. To fully utilize a low
grade sensible heat, an optimization of sensible heat driven BMEE system is conducted.
The schemes of a general effect, first effect and last effect each are shown in Figure 3.1,
Figure 2.2 and Figure 3.2, respectively . In this chapter, the heating medium is hot water
and the cooling water is seawater.

Since a low grade sensible heat is chosen, the PRy, in Section 1.4 will be discussed
in the following chapters. For a given heating medium temperature and a fixed cooling

Tfeed

water inlet temperature ( = 26°C), the maximization of the PR, is only to minimize

the mass flow rate of waste heat.
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The influences of inlet temperature of heat source

(Tw,) and number of effects on the

mass flow rate of waste heat are discussed in this chapter.
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Figure 3.1: A general effect of a BMEE system.
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Figure 3.2: Last effect of a BMEE system.
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3.2 Model Formulation

The model is based on the mass balance and energy balance according to Section 1.3,

Figure 2.2, Figure 3.1 and Figure 3.2.

3.2.1 Evaporator

Egs. (3.1) is proposed to replace the original Egs. (2.5) for j € J,7 > 1

B = V/+V:+V"+ By G.1)

3.2.2 Booster

Energy balance for j € J,j > 1

Tyw = Tg,., — BPE, (3.2)

VIXY = Wi(Cow,Tw; — Copw, . Tw;,) (3.3)
Heat transfer area for j € J,j > 1

WAAW brrb w
VYAY = AUPLMTD! (3.4)

Tw — T,
LMTD?Y = (T, = Tw,..) (3.5)
! (ij ’TBJ'H)

(TWj+1_TBj+1)

In

3.2.3 Mixing Box

Egs. (3.6) and Eqgs. (3.7) are proposed to replace the original Egs. (2.27) and Egs. (2.30)

for jeJ,j>1

VP Vi = ViRV VERYY G
VIN + Vi hjr = VAL VEXS + VEXS + VAY (3.7)
28
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3.2.4 NLP Formulation

Given a fixed number of effects, the proposed objective function for minimization is

the mass flow rate of waste heat satisfying a specific fresh water demand.

Table 3.1 lists the parameter values used for Chapter 3.

min ¢
xeN

= Wl
A?, A‘;, All‘, A?; LMTD?, LMTDE, LMTD;V;
‘/3'67 ‘/jfa ‘/jga ‘/}p7 ‘/]W7 >\j’ /\37 )‘§7 A?? A]P, A;v,
T\/’]?7 TVfa TV.g7 TV]Pv TV]W7 Bj7 F07 Fjj? V}a ij
= TBj7TFj7TV37TWj7TW;;XBjaXFj;BPEj;Cp;
Dj7 D;; D;7 ‘D;')J D;)u TD]‘? TD; ) TDij7 TD;U TDE;
U? HDja HD;» HDija HD;U HDE.;
\ VieJ={12,...,J} )
= {x| Egs. (2.1)-(2.26), Egs. (2.28)-(2.29), Egs. (2.31)-(2.63), Egs. (3.1)-(3.7)}
Table 3.1: Parameter values.
Parameter Unit Value | Parameter Unit Value
ATin O 2.00 | Ty, °O) 65.00-95.00
ATz O 3.00 | e O 26.00
Dt (kg/s)  393.94 | X2 ¢ (ppm) 45,978.90
F¥e (kg/s) 7283.55 | X (ppm) 72,000.00
J -) 5-7 ue (kW)/(m2 °C) 3.00

¢ Numerical values from Druetta et al. [11]
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3.3 Illustrative Examples

The influence of inlet temperature of heat source on boosters is discussed in Subsec-
tion 3.3.1. The varied positions of boosters and the amount of vapor generated by boosters
(ij) are essential to understanding.

The influences of inlet temperature of heat source and number of effects on waste
heat performance ration is investigated in Subsection 3.3.2. The inlet temperature of heat
source varies from 65°C to 95°C and number of effects changes from 5 to 7. The BMEE

system is benchmarked against the MEE system formulated in Chapter 2.

3.3.1 Case 1: Influence of inlet temperature of heat source on booster

Figure 3.3, Figure 3.4, Figure 3.5 and Figure 3.6 illustrate the optimal designs where
inlet temperature of heat source are respectively 75°C, 80°C, 85°C and 90°C. Table 3.2

shows optimal values for different inlet temperature.

Table 3.2: Optimal values for different inlet temperature.

Unit J=6
Tw, (°C) 75.0 80.0 85.0 90.0
Tw, °C) 58.1 51.1 4177 414
Wi (kg/s) | 1940.8 1413.5 1087.0 905.2
PRyp (-) 2.3 2.9 34 3.8
Booster Position 2 4-5 2-6 3-6

The position of booster and the value of vapor generated by booster (/%) are strongly
dependent upon heat source temperature (7yy, ).

For low heat source temperature, the optimal positions of boosters tends be in the
middle part of the system and the devices utilize most of remaining energy in the middle
part as well. For high heat source temperature, the optimal positions of boosters become

the latter part of the system. High heat source temperature gives the BMEE system ability
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to operate at high top brine temperature and this can further exploit the remaining sensible

heat, ergo the performance of the system is improved.
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Figure 3.4: Optimal solution of BMEE system for Case 1 (T, = 80°C).
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Figure 3.6: Optimal solution of BMEE system for Case 1 (T, = 90°C).
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3.3.2 Case 2: Influences of inlet temperature of heat source and num-

ber of effects

Figure 3.7 suggests that for same number of effects, BMEE system has better waste
heat performance ratio compared with MEE system for high heat source temperature.
However, for low heat source temperature, BMEE system has little improvement com-
pared with MEE system due to energy requirement for producing demanded distillate.

The optimal number of effects should be decided by the heat source temperature. De-
spite the increase in the number of effects, for MEE (70 °C), the waste heat performance
ratio performance decreased about 9%. Also for BMEE (75°C, 85°C and 90°C), the ad-
ditional effect decreased the efficiency in exploitation of sensible heat.

Another advantage of BMEE system is shown in Figure 3.8. The required heat transfer
area of BMEE system is prominently reduced by up to 14% comparing with MEE system.
Details of heat transfer areas are provided in Table 3.3. The heat transfer area for first
evaporator, Aj, is the summation of A¢ and A%. The reduction of A; accounts for the
reduction of A" in MEE system. However, the significantly decrease in the heat transfer

area of evaporator is the major cause with regard to BMEE system.

Table 3.3: Detailed heat transfer areas.

J=6
MEE BMEE
(1000m?) | 75°C  80°C 85°C 90°C | 75°C 80°C 85°C 90°C
Ay 7.5 6.7 6.2 5.8 7.4 6.2 5.7 5.2
AR 181 181 181 181 | 182 190 197 194
A® 98.6 986 986 98.6| 944 775 721 T7.6
AP 7.0 7.0 7.0 7.0 7.1 7.1 7.1 7.1
AP 0.6 3.7 7.5 6.0
A®t 131.2 1304 130.0 129.6 | 127.6 1135 1122 1153
34
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Figure 3.7: Waste heat performance ratio against heat source temperature.
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Figure 3.8: Heat transfer area against heat source temperature (the fresh water production
1s 393.94 kg/s).
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3.4 Summary

A deterministic NLP mathematical model has been developed to simulate and opti-
mize the BMEE system, which has ability to determine the optimal profiles of flow rate,
heat transfer area, salinity and temperature. The influences of waste heat outlet temper-
ature and number of effects on waste heat performance ratio were investigated. It was
observed that the optimal waste heat outlet temperature were able to fall down to 41.4°C
and waste heat performance ratio were enhanced. The BMEE system is superior to MEE
system in both waste heat performance ratio and heat transfer area at higher inlet temper-

ature of heat source.
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Chapter 4

MEE/BMEE Systems for Waste Heat
Recovery in Refinery

A practical demonstration on the design of MEE/BMEE systems is described in this
chapter. Figure 4.1 is the case study about refinery [21, 22]. The sensible waste heat
in a refinery is the heat source for MEE/BMEE systems. There are two goals that we
pursue in this study. The primary goal is maximize the production of fresh water while
satisfying specific waste heat sources. The secondary goal is to minimize the required

cooling systems in Figure 4.1.

» Light
naphtha

aAOMwW
65" (W e fr o
OW 8sMW
71° o 0
E— 108 235°C mwhz‘ .
Air 10.2MW e | o50c MO
z 100 | & Reflux
268°C
N s4MW g ——— Kerosine
38° ~& e
o > 341°
CW B2MW S Gas oil
38° 349°
- 2P 39K Fuel oll
CW 08MW

Figure 4.1: Typical crude preheat train with six waste hot streams.
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4.1 Problem Statement

Both MEE system and BMEE system are described in previous chapters. The waste
heat sources can be divided into two systems: direct system and indirect system. The
heating medium in indirect system is assumed to be water.

Principally, waste heat sources are classified by the outlet temperature of waste heat.
Given the fact that the first four streams have high outlet temperature, waste heat is recov-
ered by indirect system where minimum temperature difference between heating medium
and waste heat, AT, ,is 10°C.

To simplify the problem, the thermodynamic properties of heavy naphtha is identical
to kerosine and the waste heat of heavy naphtha stream is collected by indirect system.
Hence, kerosine stream is the only stream in direct system.

The upper limit for inlet temperature of indirect system is determined by light naphtha

stream, that is 7"t = 98°C; the lower bound of inlet temperature of indirect system is

determined by gas oil stream, that is 72! = 55°C.

4.2 Model Formulation

The model is based on MEE system, BMEE system and the waste sources in Fig-

ure 4.1.

4.2.1 Additional Models

The kerosine specific heat capacity [kJ/kg] at T); [°C]:

Cx® = (1.8841 + 0.00387}) 4.1)
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Direct system:

Dtot
Dg: = - Wi 4.2
‘ ( W1 )dir ‘ ( )
Tcil?rlet = (T1)ar 4.3)
Tt < (T))air 4.4)

Egs. (4.5) and Eqgs. (4.6) are proposed to replace the original Egs. (2.44) and Eqgs. (2.45)

for jeJ,j=1

W;(Cyi, Tw, —C]‘;ﬁ}‘};TW;) = VMY (4.5)

Wj(C;?IBI(}STW? — Oy Tw,,,) = B; (CP=BJ'+1TBJ'+1 - OpoJ‘TBJ) (4.6)
J J

Wit

Eqgs. (4.7) is proposed to replace the original Egs. (3.3) for j € J,5 > 1

VitAl = WJ'(C;?‘%(}J‘ Tw, — C;?‘g‘(}HlTWJ‘H) 47
Indirect system:
)

Wia = (4.8)

’ (CP7W1 Tw, — prwJTWJ ind

Dtot

Dy = - Wi, 4.9
‘ ( Wi )ind ’ 42
ﬂ?&et = (Th)ina (4.10)
Tod™ > (T1)ina 4.11)

4.2.2 NLP Formulation

Given a fixed number of effects, the proposed objective function for maximization is

the freshwater production satisfying specific waste heat sources for different systems.
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Table 4.1 lists the parameter values used for Chapter 4.

fileag Pgir = Dair
fileaé( Pia = Ding
A']’., AS, Ab A?; LMTDl;, LMTD?, LMTDY;
VEVEVE VIV A A5 A5 XG0 A AT
TV;,Tva,ijg, TVJp,Tij; B;, F., F;, Vi, W,
B T, Tr;, vy, Tw;, Tws; X, Xpy;
"o Dj,D;,D;-,D;?,D;.’;TD].,TD§,TD},TD3,TD§;
Déir, Ding; Wair, Wing; BPE;; Cp, C;.fem;
Hp,, HD;,HDij, HD;)_,HD§;
\ VieJ=A{12,...,J} )
Q = {x]|Egs.(2.1)-(2.63), Egs. (3.1)-(3.7), Egs. (4.1)-(4.11)}
Table 4.1: Parameter values.

Parameter Unit Value | Parameter Unit Value
AT hin °O) 200 | U“ (kW) /(m?°C) 3.00
ATz °C) 3.00 | W (kg/s) 21.09
ATY. °C) 10.00 | 7inlet °C) 135
Dt (kg/s) 393.94 | Tgutet O 38
Ewpa (kg/s) 7283.55 | Qb MW) 33.75
J ) 6 | T °C) 98
Teea @ °O) 26.00 | Touiet O 55
Xseaa (ppm) 45,978.90 | Tputetb O 56.77
Xupa (ppm) 72,000.00

¢ Numerical values from Druetta et al. [11]
b For indirect MEE system but with another bound due to the lowest possible waste heat outlet
temperature constrained by cooling water and minimum temperature difference.
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4.3 Case Study

Table 4.2 contains maximized freshwater production and corresponding heat trans-
fer area for six different configurations. The configurations are shown in Figure 4.2 to
Figure 4.7. The detailed profiles are shown in Figure 4.8 to Figure 4.13. The optimal
configuration is that of direct BMEE system along with indirect MEE system considering
maximum production of fresh water.

From the aspects of thermodynamics, MEE system utilize the waste heat only in first
effect which is superior to BMEE system in conventional performance ratio. As the spec-
ified waste heat outlet temperature is higher than the lowest possible waste heat outlet
temperature of MEE system, it become more appropriate to use MEE system rather than
BMEE system.

Nevertheless, the available waste heat as described in Section 1.4, increases as the
specified waste heat outlet temperature decreases. MEE system fails to make use of the
additional energy due to the limit of lowest possible temperature discussed in Chapter 2.
In Chapter 3, BMEE system has shown the capability to fully utilize the sensible waste
heat at low specified waste heat outlet temperature.

The ideal configuration of Figure 4.1 would be six direct system. However, it is quite
infeasible for typical factories since there is no sufficient space available. Indirect system,
which is more space-saving, can collect waste heat from diverse sources and generate
fresh water with slightly decreased efficiency.

In conclusion, the outlet temperature of waste heat is the key to choose either MEE
system or BMEE system in terms of freshwater production. As the outlet temperature of
waste heat is lower than the lowest possible waste heat outlet temperature of MEE system,

BMEE system is more favorable than the other.
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Table 4.2: Comparison for different configurations.

Direct MEE MEE BMEE BMEE
Parameter Indirect MEE BMEE MEE BMEE MEE BMEE
Agir (1000m?) 4.0 4.0 4.0 4.0
Aind (1000m?) 349 334 31.4 30.0 31.4 30.0
At (1000m?) 34.9 324 354 34.0 354 34.0
Dy, (kg/s) 12.3 12.3 13.0 13.0
Ding (kg/s) 107.1 105.5 96.2 94.6 96.2 94.6
D™ (kg/s) 107.1 105.5 108.5 106.9 109.2 107.6
Wina (kg/s) 213.1 205.9 191.4 184.6 191.4 184.6
@ 4.90 MW 120°
;1 ° | 11.20 MW | 108°
(000 5 98°
% 66.8° 8.65 MW 172°
CW4.15 mw _m_'l—tml’
77° 8.40 MW 169°
o028 L 98°
% 66.8° 3.82 MW 135°
CW4 35 mw _un_.l_aa'_.
3‘1@’: 66.8° 0.42 MW 127°
CW4%.18 mw : ‘m—'l_aﬁl’
37.39 MW
Seawater Brine Water
26.0° 38.1° 36.3° 98°
MEE System  107.1kg's |213.1 kgs

Figure 4.2: Indirect MEE sy
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g)o 4.90 MW 120°
i | 11.20 MW 108°
§5° 8.80 MW 172°
77° 8.40 MW 169°
% 65° 3.90 MW 135°
W o4 5 98°
CWE T ol ootz .y 98°)]

37.65 MW
Seawater Brine  Water
26.0° 38.2° 36.4° 98°
BMEE System  105.5kg/s |205.9 kg/s
Figure 4.3: Indirect BMEE system.

g)o 4.90 MW 120°

71° | 11.20 MW | 108°
o s 66.8° 8.63 MW 72°

CW4.15 mw _I._.l_‘m;
77° 8.40 MW 169°

%‘ 56.8°  43mw 135°
CW4 .80 mw

%‘ 66.8° 0.45 MW 127°
CW4%.15 mw | oota 5 98"

4.12 MW 33.58 MW
Seawater Brine  Water Seawater Brine  Water
26.0° 35.8° 34.0° 26.0° 38.1° 36.3° 98°
MEE System  123kgis MEE System  96.2kgis |191.4kgis

Figure 4.4: Direct MEE system and indirect MEE system.
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1

4.90 MW

120°

i | 11.20 MW 108°
§5° 8.80 MW 172°
77° 8.40 MW 169°
Cw: 0.89 MW
CWE T °l oota 4 98"
4.12 MW 33.75 MW
Seawater Brine Water Seawater Brine  Water
26.0° 35.8° 34.0° 26.0° 38.2° 36.4° 98°
MEE System 12.3 kgls BMEE System 94.6 kg/s |184.6 kg/s
Figure 4.5: Direct MEE system and indirect BMEE system.
g)o 4.90 MW 120°
71° | 11.20 MW | 108°
o s 66.8° 8.65 MW 72°
CW4%.15 mw _l-_.l_‘m;
77° 8.40 MW 169°
%‘ 40.6°  5.08 MW 135°
CW4.12mw
%‘ 66.8° 0.45 MW 127°
CW4.15 mw °| aota .5 98°)]
5.08 MW 33.58 MW
Seawater Brine Water Seawater Brine  Water
26.0° 38.6°  36.7° 26.0° 38.1°  36.3° 98°
BMEE System  13.0kgss MEE System  96.2kgis |191.4kgls

Figure 4.6: Direct BMEE system and indirect MEE system.
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g)o 4.90 MW 120°

71° | 11.20 MW | 108°

h oam o8

g.;o 8.80 MW 172°
o op )

z 8.40 MW 169°

40.6° _ 5.08MW

135°

A

CWO 12 MW

65°

0.45 MW 127°

&

CW4%.15 mw

5.08 MW

Seawater Brine
26.0° 38.6°
BMEE System

Water
36.7°
13.0 kg/s

33.75 MW

Seawater
26.0°
BMEE Sys

IFT IR G

Brine  Water
382°  364° 08°
tem 94.6 kg/s |184.6 kg/s

Figure 4.7: Direct BMEE system and indirect BMEE system.
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Figure 4.9: Details of indirect BMEE system in Figure 4.3.
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Figure 4.11: Details of indirect BMEE system in Figure 4.5 and Figure 4.7.
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Figure 4.12: Details of direct MEE system in Figure 4.4 and Figure 4.5.
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Figure 4.13: Details of direct BMEE system in Figure 4.6 and Figure 4.7.
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Chapter 5
Conclusion

In this work, deterministic NLP mathematical models have been developed to simulate
and optimize MEE system and BMEE system, which has ability to determine the optimal
profiles of flow rate, heat transfer area, salinity and temperature.

The influences of waste heat outlet temperature and number of effects on waste heat
performance ratio were investigated for both systems. It was concluded that the leaving
temperature was quite high and the waste heat could not be efficiently exploited by MEE
system. Therefore, BMEE system was studied and the results showed that BMEE system
is superior to MEE system in both waste heat performance ratio (up to 8%) and heat
transfer area (up to 14%). BMEE system has shown the capability to fully utilize the
sensible waste heat at low specified waste heat outlet temperature.

The outlet temperature of waste heat is the key to choose either MEE system or BMEE
system in terms of freshwater production. While the specified waste heat outlet temper-
ature is higher than the lowest possible temperature of MEE system, it become more

appropriate to use MEE system rather than BMEE system.
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