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Abstract

Multi-Effect Distillation (MED) systems are advanced technologies for seawater
desalination, valued for their high energy efficiency and heat recovery capabilities in
industrial and potable water applications. This study developed a mathematical model
based on mass, energy, and thermodynamic balances to analyze system performance.
By solving the governing equations, the impact of key parameters—number of
distillation stages, inlet steam temperature, and brine concentration—on the Gain
Output Ratio (GOR) was quantitatively evaluated. Results show a linear positive
correlation between the number of stages and GOR improvement, with a maximum
GOR of 12.049 achieved in a 12-stage configuration at an 80°C feed temperature. Each
additional stage increases GOR by approximately 15%. However, the motive-to-sucked
steam ratio grows exponentially with more stages, significantly increasing motive steam
consumption. These findings provide an analytical framework for optimizing industrial
MED systems, enhancing energy efficiency and economic savings.
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1- Introduction

Amid global water scarcity and increasing demand
for sustainable freshwater, efficient desalination
technologies like Multi-Effect Distillation (MED)
are critical. As a leading thermal desalination
method, MED uses thermal energy to evaporate
seawater across multiple stages, condensing the
vapors to produce fresh water. Thermocompressors,
preferred for their lower construction, maintenance,
and energy costs compared to mechanical
compressors, recover thermal energy to enhance
efficiency [1]. In an MED system, motive steam
from the boiler and condenser steam are processed
by the thermocompressor to heat the first stage’s

tubes, where sprayed seawater undergoes flash
evaporation. Condensed liquid partially returns to
the boiler, with the remainder as the first stage’s
product. Brine and vapor move to subsequent
stages, with only the first stage requiring external
energy. Progressively reduced pressure optimizes
energy use across stages, and final stage vapor
condenses in the condenser, where preheated
seawater splits into feed and discharge, improving
efficiency [1]. Research highlights include Desouky
et al.’s thermodynamic models for performance
prediction [2], Al-Juwayhel et al.’s findings on
energy savings versus higher costs with more stages
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[3], and Darwish et al.’s economic optimizations
using ASPEN Plus [4]. Khalifa et al. enhanced
stability with MATLAB models [5], while Sayed et
al. and Sharonov et al. improved MED-TVC
efficiency [6,7]. Wang et al. and Zhang et al.
reduced costs in petrochemical and food industries
using waste steam [8,9]. Abdi Khanghah et al.
optimized MED-TVC for the Persian Gulf [10], and
Ghorbani et al. boosted output with higher steam
temperatures [12]. Zhang et al. advanced Al-
optimized RO-MED hybrids [13], and others like
Sayyadi, Zaman, and Al-Saeed enhanced efficiency
and sustainability [14—17]. Mathematical modeling
optimizes MED systems by evaluating stage count,
steam temperature, and salinity impacts on
efficiency [10,11]. This study introduces a precise
mathematical model for industrial MED
applications, integrating advanced algebraic
calculations for improved performance prediction.
Validated through MATLAB simulations and
reference data, it ensures reliability for industrial
use, advancing sustainable desalination.

2- Research Methods

Figure 1 presents the proposed multi-effect, multi-
stage MED desalination system, with specifications
and flows detailed in Table 1, including input and
output flows for a single stage. Key parameters are
the number of effects (N), seawater salinity (Xf),
seawater temperature (Tcw), feedwater temperature
(Tf), feedwater flow rate (Mf), motive steam
pressure (Pm), and motive steam flow rate (Mm).

A mathematical model based on mass, energy, and
thermodynamic principles describes the MED
system’s behavior [ 10]. The performance ratio (PR),
defined as the ratio of fresh water produced to steam
input in the first stage [13], is a key efficiency
metric. The model includes mass and energy
balances, heat transfer equations, and water
properties, solved for each stage, the system, and the
condenser to assess parameter impacts. Energy
consumption and efficiency equations are derived,
considering thermomechanical and chemical energy
components of the water-salt fluid. The model is
presented in two forms: one using waste energy and

another with an integrated boiler. Assumptions
include uniform feedwater flow, negligible heat
losses,
temperature drops, negligible boiling point

salt-free vapor, no friction-induced

elevation, steady-state operation, equal effect
surface areas, and a uniform temperature difference
(AT) between stages, calculated as (inlet steam
temperature minus feedwater temperature)/(N-1).
Brine from prior stages reheats subsequent stages,
with the first stage’s balances treated separately.
Input parameters are N, Xf, Tew, Tf, Mf, Pm, and
Mm, with brine salinity at 42,000 ppm, meeting
discharge limits.

Table 1: Specifications of the MED system for the present

problem)

Given value Parameter
4-12 N
100C Ts
1Kg/s My

42000 ppm X
2T Toss
25C Tew

Feeding water

Hot water Condenser

Evaporator
Cold water

Steam generator

Wastewater  Damper Condensate Sea water

Figure 1: Schematic of the present problem for one work (stage)

In the MED system, the inter-stage temperature
difference is assumed constant. The temperature of
each stage decreases relative to the previous stage
by an amount AT. The outlet steam temperature of
each stage is calculated taking into account the
Boiling Point Elevation (BPE). The inlet water flow
is divided equally among the stages, and the brine is
transferred between stages. The energy balance
equations for each stage determine the amount of
steam produced and, ultimately, the quantity of
desalinated water produced.

Returned seawater
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3- Results and Conclusion

To validate the developed program, its results were
compared with the modeling in reference [2]. Table
2 shows close agreement between the algebraic
calculations of this study and reference data for
stage temperatures. The design implemented here
increases the temperature of water exiting the first
condenser due to optimized flow rates and
temperatures of water and waste steam. The
governing MED equations, validated against
reference [2], were solved using MATLAB to
model the system. The performance ratio (PR), a
key efficiency metric, was analyzed for various
process parameters, particularly the number of
stages. However, more stages increase maintenance
costs and exponentially raise the motive-to-sucked
steam ratio, complicating thermocompressor design
(optimal ratio: 1-1.5 [19-20]).

Table 3shows PR variations with inlet steam
temperature across different stage counts. Higher
inlet steam temperatures (e.g., 80°C for 12 stages,
PR = 12.049) boost PR by increasing inter-stage
temperature differences, with each additional stage
improving PR by approximately 15%, consistent
with reference [2]. Table 4 indicates that higher
concentration factors (brine-to-seawater salinity
ratio) increase PR by enhancing vapor production
per stage at constant feed flow [11]. Figure 2
highlights the exponential rise in the motive-to-
sucked steam ratio with more stages.

MED systems achieve high efficiency (PR 10-12)
and low energy consumption, making them vital for
industries  like petrochemical, and
shipbuilding.  Utilizing low-grade steam or

power,

industrial waste heat reduces costs and enables
desalination of high-salinity seawater,
outperforming other thermal methods. Maintaining
feedwater at 70-80°C  and  integrating
thermocompressors and pretreatment prevents
scaling and ensures long-term stability, making
MED ideal for arid regions. These features align
with sustainable development by reducing fossil
fuel use. Key Findings: PR increases linearly with

the number of stages, Each additional stage boosts

PR by approximately 15%, The highest PR (12.049)
is achieved with 12 stages at 80°C, Higher
concentration factors enhance PR, More stages
exponentially increase the motive-to-sucked steam
ratio, challenging thermocompressor design.

MED systems, optimized through thermodynamic
models and simulations, improve efficiency and
reduce costs, with ongoing development of smarter
models critical for meeting industrial water
demands.

Table 2: Comparison of data extracted from algebraic
calculations of the present problem with reference data [2]

.No 1 2 3 4 5 6
T(©)
Thi 91.237 82.013 72.304 62.082 51.324 39.998
15 3 0 9 5 9
Study
T
©) 91237 82.013 72.303 62.083 51.324 40
Referenc 2 ) 7 ) 7

€s

Table 3: Values of feed temperature changes on efficiency ratio

PR Ts
80 90 100 110
N=4 3912 3.940 3.968 3.995
N=6 5.892 5.931 5.969 6.006
N=8 7.875 7.925 7.973 8.019
N=12 11.850 11.918 11.985 12.049

Table 4: Effect of concentration parameter Xb/Xf on efficiency
ratio for a case of fixed impact number N=6

Xb/Xf PR
1.2 4.6
1.4 4.9
1.5 5.1
1.8 52
2 53
3 54
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Figure 2: Effect of number of stages on the ratio of motive steam
to suction steam
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