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Abstract

To satisfy the increasing demand for energy and potable water, large-scale cogen-

eration is widely integrated. However, in remote locations, the lack of power sys-

tem infrastructure limits the integration of large-scale systems. Consequently,

a large portion of inhabitants has no access to electricity and the pressure on

groundwater resources increases drastically. To address this power and water

scarcity, a distributed cogeneration system consisting of a solar-powered micro

Gas Turbine and desalination system is considered. Since the integration of

solar energy in distributed cogeneration systems is uncertain, we performed a

feasibility study. This paper covers the modelling, sensitivity and exergy analy-

sis and 3 desalination systems designs, each making a trade-off between smaller

plant size and higher performance. Introducing solar energy in the micro gas

turbine results in an increase in electrical efficiency by 3.2 % absolute. The

proposed designs achieve a levelized cost of water between 1.78 $/(m3/d) and

1.92 $/(m3/d), which is comparable with conventional solar-powered desalina-
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Nomenclature

BF Brine Flash

CAPEX Capital expenditure, $

CC Combustion Chamber

CRF Capital Recovery Factor

DCS Distributed Cogeneration System

DF Distillate Flash

DSH DeSuperHeater

DVC Dual Vane Compressor

FWH Feed Water Heater

HRSG Heat Recovery Steam Generator

i effective interest rate

ṁ mass flow rate, kg/s

MED-TVC Multi-Effect Distillation with

Thermal Vapour Compression

mGT micro Gas Turbine

n lifetime, year

OPEX Operational expenditure, $

PR Performance Ratio

Q̇CC heat in combustion chamber, W

RC Radial Compressor

STR Solar Tube Receiver

T temperature, ◦C

TBT Top Brine Temperature, ◦C

TIT Turbine Inlet Temperature, ◦C

V̇w distillate water production, m3/d

ẆRC power output radial compressor,

W

Ẇturb power output turbine, W

Ẋ exergy, kW

∆T temperature difference per effect,

◦C

ηel electrical efficiency

tion plants. Therefore, these designs demonstrate the feasibility of integrating

solar energy in distributed cogeneration systems and provide a promising so-

lution towards cost-efficient, renewable-based power and water cogeneration in

remote locations. The future work will enhance the economic analysis by in-

cluding an intermittent solar energy supply.

Keywords: Distributed cogeneration, levelized cost of water, micro gas

turbine, multi-effect distillation with thermal vapour compression, sensitivity

and exergy analysis.
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1. Introduction

Despite the immense potential of solar energy in Africa, the lack of power

grid infrastructures and the low national incomes of most African countries con-

strain the integration of bulk power generation systems, leading to 1 out of 3

inhabitants without access to electricity [1, 2]. Next to the absence of electricity

in remote African areas, the local potable water demand increases rapidly, as

a result of the continuous population growth. To comply with this increasing

water demand, local governments increase pressure on their groundwater re-

sources, which eventually leads to early groundwater depletion [3]. To address

the dual demand of electricity and potable water, a widely integrated solution

is the cogeneration of power and water (conversion of sea water into potable

water) [4–7]. However, such systems are generally constructed on a larger scale,

producing power ≈ 102 MW and water ≈ 104 m3/d, which is not suitable for

remote African areas. Instead, Distributed Cogeneration Systems (DCS) (e.g.

small-scale production of power, heat, potable water) provide an alternative

solution.

In the framework of small-scale heat and power cogeneration, micro Gas Tur-

bines (mGT) and reciprocating engines receive particular interest [8–12]. The

exhaust heat of mGTs is high-grade, which makes it a suitable heat source for

industrial applications. Moreover, the low vibration level and low maintenance

cost, due to the absence of reciprocating components, are significant advantages

of the mGT [12]. The integration of solar energy in mGTs is investigated as

well. Lanchi et al. coupled concentraded solar power with an mGT, by replacing

the boiler by a solar dish [13]. Since high-grade waste heat is still available at

the turbine stack, a desalination unit can be coupled with the mGT, resulting

in a small-scale water and power cogeneration system.

Desalination processes are divided into three main groups: Membrane, ther-

mal and chemical technologies [14]. The chemical approach is not suitable for

managing sea water, due to the high amount of dissolved solids [14]. A typical

membrane desalination technology is Reverse Osmosis (RO), which dominates
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the global desalination technology market by over 60 % [15]. This distribution

is not uniform for every country, as the choice of the most appropriate desali-

nation process highly depends on the region. In the United States of America,

Spain and Japan, RO is the most widespread [16]. In the Middle East, thermal

processes are more common, due to their smooth integration in power plants

and their proven high operational reliability, even at high sea water salinity

and temperature [17]. In the Arab states of the Persian Gulf, 70 % of the in-

stalled desalination plants are based on thermal processes [17]. In Italy and the

Caribbean Islands, the technology distribution is more balanced [16]. Despite

RO is the most efficient desalination technology, a high salinity increases the

pump pressure significantly and the handling of high-temperature sea water re-

quires expensive membranes [14, 18]. Moreover, the otherwise wasted heat in

the exhaust gas of the mGT implies the use of a thermal desalination process, as

opposed to membrane-based desalination. Two thermal desalination processes

are generally used: Multi-Effect Distillation with Thermal Vapour Compres-

sion (MED-TVC) and Multi-Stage Flash distillation (MSF). Since MED(-TVC)

plants achieve higher energy efficiencies than MSF plants [17, 19, 20], a MED-

TVC system is coupled with the mGT to convert sea water into distillate water

by using waste heat from the turbine stack.

Despite the abundantly available literature on large-scale electric power and

water production cogeneration systems, research on small-scale desalination sys-

tems is limited [21, 22]. Moreover, the integration of solar energy in DCS used

for power and distillate water generation is still uncertain, as solar-based hybrid

systems are still in a research stage, coupling solar hybrid mGTs with desali-

nation plants is not yet evaluated in depth and no prototypes currently exist.

Therefore, the main novelty and contribution of the authors is the conduction of

a techno-economic feasibility study of integrating solar energy in a novel DCS,

producing power and potable water. The DCS consists of a mGT, extended

with a Solar Tube Receiver (STR) and solar-powered Dual Vane Compressor

(DVC), and a MED-TVC system coupled with the turbine stack. The DVC and

STR are included to compress and preheat part of the air. This novel mGT cy-
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cle ensures a continuous heat and power supply, as opposed to design where the

combustor is replaced by a solar receiver. A design point of the solar-powered

mGT cycle, based on the Turbec T100 mGT specifications, is evaluated. There-

after, the MED-TVC goes through a feasibility study, to validate the feasibility

of the DCS. When proven feasible, the DCS can prevent early groundwater re-

source depletion and can comply with the potable water and power demand

in remote Africa. This paper covers the modelling of the solar-powered mGT

cycle and the MED-TVC desalination plant in section 2. The gain in electrical

efficiency of the renewable-powered mGT, the sensitivity and exergy analysis of

the MED-TVC system and the final designs are described in section 3, followed

by the conclusions in section 4.

2. Distributed Cogeneration System (DCS) description and mod-

elling

The Distributed Cogeneration Plant (DCS) consists of a solar-powered mGT

cycle, operating as a Combined Heat and Power unit, coupled with a MED-TVC

desalination plant. This section provides the solar-powered mGT and MED-

TVC plant description and their modelling and concludes with the MED-TVC

model validation.

2.1. Solar-powered micro Gas Turbine (mGT) cycle

To generate electricity and heat, a solar-powered mGT cycle for the DCS is

considered (Figure 1). A part of the total air stream in the mGT is compressed

in the solar-powered (i.e. power from a photovoltaic system) Dual Vane Com-

pressor (DVC) and preheated in the Solar Tube Receiver (STR). Afterwards,

it mixes with the air compressed in the Radial Compressor (RC). The total air

flow reaches the Turbine Inlet Temperature (TIT) in the Combustion Cham-

ber (CC) by burning fuel, whereafter it expands over the turbine (Turb). This

expansion in the turbine generates mechanical power to drive the RC and a

high-speed generator, while waste heat becomes available at the turbine outlet.
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To quantify the mechanical power and exhaust heat of the turbine, each

component of the cycle is integrated and connected in an Aspen Plus simula-

tion model. The parameters of the traditional Brayton cycle, being the RC,

CC and turbine, are based on the Turbec T100 mGT [23]. The RC opera-

tion is simulated using a compressor map [24]. This compressor produces a

discharge pressure of approximately 4 bar, while the discharge pressure of the

DVC is slightly higher to compensate the pressure losses in the STR. For the

DVC, a novel design of a sliding-vane rotary compressor is selected. The two-

stage novelty elevates the pressure ratio, while higher volumetric efficiencies

and higher continuity of flow is achieved, as opposed to other positive dis-

placement air compressors [25]. The novel DVC is defined with a polytropic

design efficiency and a mechanical efficiency of 79 % and 90 % respectively. As-

suming that the polytropic efficiency changes little around the design point,

both efficiencies are considered constant. To simulate the air preheating after

compression in the DVC, the STR is modelled based on the design presented

by Amsbeck et al. [26]. The operating conditions of the CC and turbine are ex-

tracted from an experimentally-validated model of the Turbec T100 mGT [27]:

In the CC, a pressure loss of 5 %, a combustion efficiency of 100 % and a 10 kW

heat loss to the environment is assumed [23], while the turbine operates at an

isentropic efficiency of 85 %, a chocking constant of 6.5 and a 40 mbar back pres-

sure [23, 28]. Additionally, the STR is validated using [26], making a full model

experimental validation not necessary. To quantify the mGT performance, the

electrical efficiency ηel of the mGT is defined as:

ηel =
Ẇturb − ẆRC

Q̇CC

. (1)

2.2. Multi-Effect Distillation with Thermal Vapour Compression (MED-TVC)

plant

To recuperate the waste heat from the turbine stack, a Multi-Effect Distilla-

tion with Thermal Vapour Compression (MED-TVC) system is considered. In
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Turb

Desalination
Distillate
water

Sea water

RC

Figure 1: A schematic overview of the considered Distributed Cogeneration System (DCS)

is presented. In this DCS, the solar-powered Dual Vane Compressor (DVC) and Solar Tube

Receiver (STR) compress and preheat part of the air stream. This air stream mixes with the

compressed air coming from the Radial Compressor (RC). The resulting mixture is heated in

the Combustion Chamber (CC) up to the Turbine Inlet Temperature (TIT). In the turbine

(Turb), the air mixture expands, resulting in mechanical power and waste heat at the outlet.

To recover the waste heat, a Heat Recovery Steam Generator (HRSG) uses the heat to produce

steam. The steam is used as a heat source in the thermal desalination system to convert sea

water into distillate water.

this section, the system operation is described, followed by the system modelling

and validation.

2.2.1. MED-TVC system description

A typical 4-stage MED-TVC plant with Heat Recovery Steam Generator

(HRSG) is presented in Figure 2. The steam ejector extracts steam from the

fourth effect and mixes that steam with the stream coming from the HRSG. In

the steam ejector, the pressure of the superheated steam mixture increases by

Thermal Vapour Compression (TVC) and reaches a saturated state by mixing
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with liquid water in the DeSuperHeater (DSH). Thereafter, the saturated steam

is used as a heat source in the first effect to partially evaporate the incoming

feed water. In the tubes of the first effect, the steam condenses and the result-

ing latent heat is transferred to the sprayed sea water, which leads to partial

evaporation of the sea water. As the sea water partly evaporates, the remaining

salt mixes with the untouched sea water, resulting in brine water with increased

salinity. The produced water vapour is (ideally) free of salt and is transferred

through the Feed Water Heater (FWH) to preheat the incoming feed water.

Thereafter, the steam enters the next effect where the process repeats itself.

The condensed salt-free water coming from each effect flows through external

flash boxes (DF). In these flash boxes, water vapour is formed due to flash evap-

oration, resulting in an increased steam mass flow rate in the effect following

the flash box. After the fourth effect, part of the steam is used in the steam

ejector, while the remaining fraction enters the condenser (COND), where the

steam condenses to preheat the sea water. Depending on the desired mass flow

rate of the feed water distributed over the effects, part of the preheated sea

water is discarded [29].

2.2.2. MED-TVC system modelling

To simplify the simulation with a negligible loss in accuracy, a number of

typical assumptions are implemented [18, 29, 30]:

• The feed water is equally distributed over the effects;

• The temperature difference across each effect is the same and equal to the

liquid temperature difference in each FWH;

• The heat loss from the effects to the environment is negligible;

• The produced vapour is salt-free;

• The pressure and temperature losses in the connecting tubes are neglected.

The steam, necessary in the desalination process, is produced in a HRSG using

the high-grade waste heat from the mGT. The main components of a single
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brine

distillate
waterter

sea water

TVC

FWHFWHFWH

effect effect effect effect COND

DF DF DF DF

DSH

HRSG
waste heat from turbine stack

superheated steam

saturated steam

feed water

Figure 2: This schematic overview of a Multi-Effect Distillation plant using Thermal Vapour

Compression (MED-TVC) illustrates that steam is recycled from the last effect and com-

pressed in a steam ejector, after mixing with high-pressure steam from the Heat Recovery

Steam Generator (HRSG). The accumulated steam is used in the effects as a heat source to

convert sea water into distillate water.

pressure HRSG are an economizer, evaporator and superheater. The economizer

heats up the liquid close to the saturated state, whereupon it is vaporized in

the evaporator and reaches a superheated state in the superheater. To restrain

the exergy destruction in the HRSG, the pinch point, which is defined as the

difference between the gas temperature at the evaporator entry and the water

saturation temperature, should be as low as possible [31]. As the cost of the

HRSG increases exponentially when the pinch point temperature reaches zero,

a minimal offset is defined between 5 ◦C and 15 ◦C [32]. In the Aspen Plus

simulation model, the HRSG is modelled by connecting 3 heat exchanger blocks,

representing respectively the economizer, evaporator and superheater.

After being produced in the HRSG, the high-pressure steam enters the steam

ejector. The steam mixes with low-pressure steam extracted from the last effect,

resulting in intermediate pressure steam at the ejector outlet. The intermediate

steam pressure that is achieved by the steam ejector is an important design

parameter, as it corresponds to the steam saturation pressure in the first ef-
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fect. Therefore, the steam ejector should be properly designed. The steam

ejector design is aimed to optimize the compression ratio, which is defined as

the discharged-to-entrained (intermediate-to-low) steam pressure ratio. The

compression ratio depends on the expansion ratio and entrainment ratio, which

are defined as the motive-to-entrained (high-to-low) steam pressure ratio and

motive-to-entrained steam mass flow rate ratio, respectively. The relation be-

tween these performance parameters and the motive steam pressure upper limit

are based on published data of existing steam ejectors [33, 34]. The compression

ratio is limited between 1.81 and 4, while the entrainment ratio cannot exceed

4 [35]. In the Aspen Plus model, the steam ejector is represented by an adiabatic

mixer and operates according to the model described by Hassan et al. [33].

After the steam leaves the steam ejector and reaches a saturated state in the

DSH, the steam enters the first effect. In this first effect, the steam operates

as a heat source, used to partially evaporate the sea water. To model the char-

acteristic of a single effect in Aspen Plus, the method proposed by Zak et al.

is considered [18] (Figure 3). In the model represented in Figure 3, the steam

produced in effect n−1 enters the consecutive effect n, where it condenses. The

latent heat released during condensation is used to partially evaporate the in-

coming feed water (feed water, n). The condensation and resulting evaporation

is modelled in Aspen Plus by combining a heater block (HEAT) and a flash

evaporator block (EVAP), where the heat duty from the condensing process Q̇

in the heater is transferred to the evaporator. In the evaporator, the feed water

partly evaporates, resulting in water vapour (vapour, n) and brine (brine, n).

The brine from the previous effect (brine, n − 1) accumulates with the re-

maining brine in effect n, resulting in accumulated brine that is sent to the next

effect in line (brine, n + 1). Since the operating pressure in each consecutive

effect is lower than the previous, the incoming brine undergoes minor flash evap-

oration, resulting in an increase in the produced steam mass flow rate (vapour,

n). To represent this consecutive pressure reduction in the model, a flash evap-

orator (BF) is integrated. Similar to the brine flash evaporation, flash boxes

are integrated into the system to perform a flash evaporation on the produced
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distillate water (DF), to further increase the produced steam mass flow rate.

The total accumulated steam is sent through a FWH, modelled with a heat

exchanger block, to preheat the incoming feed water (feed water, n+ 1).

FWH

DF

DF

HEAT

vapour, n-1

feed water, n-1

brine, n-1

distillate water, n-1

Q̇
brine, n

vapour, n vapour, n+1

brine, n+1

distillate water, n distillate water, n+1

feed water, n

feed water, n+1

EVAP

BF

Figure 3: The schematic representation of a single effect of a MED-TVC system reveals that

the heat extracted in the condenser (HEAT) is used to partly evaporate the feed water in

the evaporator (EVAP). The resulting vapour preheats the incoming feed water in the Feed

Water Heater (FWH). Figure adapted from [18].

To increase the total distillate water mass flow rate produced by the MED-

TVC system, a string of operating effects is created, where each consecutive

effect operates at a reduced pressure (and reduced saturation temperature). To

keep the operating costs low, the upper limit for the temperature difference

between each effect ∆T is set at 5 ◦C [35]. The temperature difference be-

tween each effect is proportional to the heat driving force (i.e. the temperature

difference between the incoming steam and the saturation temperature in the

effect). Increasing this driving force results in a decrease in heat transfer area

of the effect. Consequently, a high total temperature difference is beneficial (i.e.

the difference between the saturation temperature in the first and last effect).

Despite a high evaporation temperature in the first effect (i.e. Top Brine Tem-

perature (TBT)) is beneficial for the total temperature difference, a high TBT

induces salt-scaling on the tubes in the first effect, resulting in corrosion and a
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decrease in heat transfer area [36]. To avoid this phenomenon, the TBT upper

limit is typically set at 70 ◦C [36–38]. Next to maximizing the TBT, the second

option to maximize the total temperature difference is to reduce the evaporation

temperature in the last effect. The lower limit of this evaporation temperature

is however constrained by the incoming feed water temperature. To avoid early

feed water evaporation before entering the effect, the evaporation temperature

in each effect is fixed at least 2 ◦C above the feed water temperature [35]. More-

over, the feed water is preheated in the condenser, which further increases the

lower evaporation temperature limit in the last effect. Consequently, a small

temperature increase of the sea water in the condenser is preferable over a

larger temperature increase. However, reducing the temperature difference in-

duces an increase in the sea water mass flow rate intake in the condenser, in

order to fully condense the vapour. In our application, similar to [35], a sea

water temperature increase of 10 ◦C in the condenser is assumed. The sea water

temperature and salinity are set at 28.4 ◦C and 42 000 ppm respectively, based

on the characteristics of the Red Sea [39, 40].

The ELECNRTL physical property method is selected to evaluate the Aspen

Plus model. ELECNRTL comprises both aqueous and aqueous/organic elec-

trolyte systems over the whole range of electrolyte concentrations. The vapour

phase properties are calculated using the Redlich-Kwong equation of state [41].

2.2.3. Economic evaluation

To determine the economic performance of the MED-TVC, the Levelized

Cost Of Water (LCOW) is quantified as [20]:

LCOW =
CRF · CAPEX + OPEX

V̇w
, (2)

where the Capital Recovery Factor (CRF) is defined as [20]:

CRF =
i(1 + i)n

(1 + i)n − 1
. (3)

A lifetime n of 25 years and an effective interest rate i of 6 % is selected [20].

The effective interest rate is considered with annual compounding and the cor-
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rection by the expected inflation rate and the risk factor of the owners is as-

sumed. The CAPEX includes the direct and indirect capital costs, such as the

main investment, post-treatment, open sea water intake and water storage costs.

The OPEX comprises the electricity costs, spare parts replacement, labour cost

and insurance. The cost of the heat source is neglected in this analysis, as it

is considered a waste product of the mGT. The specific CAPEX and OPEX

of a MED-TVC system producing 9000 m3/d are defined at 3064 $/(m3/d) and

177 $/(m3/d) respectively [20]. Nevertheless, as the economies of scale apply, it

is reasonable to consider that large-scale MED-TVC systems achieve a reduced

specific cost compared to small-scale systems. Therefore, a scale effect on the

specific CAPEX is considered [20]:

CAPEXlarge

CAPEXsmall
=

(
V̇w,large

V̇w,small

)α
, (4)

where the scaling factor α is quantified as 0.82 for MED-TVC systems [20].

2.2.4. Model validation

Our MED-TVC model, constructed in Aspen Plus, is validated using several

models from literature [18, 42], which have been validated with experimental

data. Input data from literature is incorporated in the simulation model and

the results are compared with the results from literature (Table 1). First, a

12-effect MED-TVC plant with FWH is simulated with our Aspen Plus model

and the results are compared with the results from Zak et al. [18]. As expected,

there is a little deviation between the Aspen Plus model and the reference

model (maximum 0.9 %). The small deviation is due to the rounded variables

in the work and the uncertainty on the recovery ratio. A second model, which

comprises 9 effects, is built based on the model of Luo et al. [42]. In this model,

the entrained steam is subtracted from an intermediate effect (effect 5 out of

9). Therefore, not all effects are fed by an equal amount of feed water, leading

to a deviation of the performance results (maximum 1.2 %). In conclusion, the

results correspond well to the results of the reference papers, resulting in a

validated MED-TVC model.
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Table 1: The Aspen Plus model results correspond well to the results of the reference models.

Parameter Ref. [18] Aspen Plus Ref. [42] Aspen Plus

Inputs

Number of effects 12 12 9 9

Temperature difference/effect ∆T , ◦C 1.81 1.81 3.8 3.8

Salinity feed water, ppm 46 000 46 000 35 000 35 000

Motive steam pressure, bar 0.312 0.312 3.61 3.61

Aspen Plus simulation results

Brine temperature, ◦C 42.5 42.1 35.1 35.0

Top Brine Temperature TBT, ◦C 62 62 65.6 65.6

Performance parameters

Performance ratio PR 17.2 17.2 11.3 11.2

Entrainment ratio 2.42 2.42 1.87 1.87

Salinity brine, ppm 72 000 72 082 186 000 184 515

3. Results and discussion

After the modelling of the DCS, the quantities of interest are quantified to

determine the system performance. First, the exhaust heat exergy at the turbine

outlet is quantified. This corresponds to the heat source for the desalination

plant and is therefore the starting parameter for the MED-TVC design. After a

parametric sensitivity analysis, 3 MED-TVC designs are proposed, each one of

them making a trade-off between minimum plant size and maximum distillate

water production.

3.1. Solar-powered mGT cycle

In order to define the generated electric power and the waste heat of the

turbine, the mGT model is simulated in Aspen Plus (Figure 4) with a reference

state that corresponds to the air inlet conditions (25 ◦C and 1.013 bar). The

generator provides 123.3 kW, while the solar-powered DVC covers 18.1 kW. The
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exhaust gas stream at the turbine outlet has a temperature of 670 ◦C, while still

242.3 kJ/s of exergy is available for the MED-TVC plant to convert sea water

into distillate water.

Assuming a constant, sufficient solar energy supply to run the DVC and STR,

the electrical efficiency of the mGT cycle is 20.8 %. In comparison, operating

without the DVC and STR reduces the electrical efficiency to 17.6 %, which

corresponds to the electrical efficiency of micro gas turbines without recuperator,

ranging between 16 % and 20 % [43]. Consequently, introducing the DVC and

STR in the mGT cycle increases the electrical efficiency by 3.2 % absolute.

TurbRC112.0kW

18.1kW

123.3kW

Ẋ = 242.3kW
T = 670℃ṁ = 0.607 kg/s

ṁ = 0.084 kg/s

ṁ = 0.015 kg/s

Figure 4: The energy and exergy analysis of the solar-powered micro Gas Turbine (mGT)

cycle reveals that the net mechanical power generated by the turbine is 123.3 kW, which will

be converted by the generator into electrical power. At the turbine outlet, 242.3 kJ/s of exergy

is available.

3.2. MED-TVC desalination plant

The MED-TVC desalination plant is powered by the available exergy at the

turbine outlet to convert sea water into distillate water. To define the opera-

tional parameters of the system, first, a sensitivity analysis is performed. Based

on the findings of this sensitivity analysis, 3 different MED-TVC plant designs

are suggested for the DCS system. The first design focuses on restraining the

heat transfer area, while the second design is an intermediate solution between

low heat transfer area and high distillate water production. The final design

focuses on optimizing the distillate water production.
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3.2.1. Sensitivity and exergy analysis

To optimize the amount of distillate water produced by the desalination

plant, the exergy destruction in the HRSG, steam ejector and DSH should be

minimized. Then, the maximum exergy is available in the effects to induce the

conversion of sea water into distillate water. The main parameters are initially

identified, followed by a study on their impact on the exergy efficiency of the

different MED-TVC components. Thereafter, a sensitivity analysis of the main

operating parameters in the effects is performed.

To recover the waste heat from the mGT stack, a HRSG is installed (Fig-

ure 2). Through the sensible heat transfer from the air stream to the water

flow at the cold inlet, the water increases in temperature and evaporates. To

recuperate as much exergy as possible from the air stream in the water flow, the

exergy efficiency of the HRSG is studied. The pressure of the produced steam

in the HRSG (i.e. motive steam) significantly influences the exergy efficiency of

the HRSG (Figure 5). Increasing the motive steam pressure is clearly beneficial

for the exergy efficiency, as it increases the water saturation temperature and

therefore decreases the exergy destruction in the HRSG [31].

Figure 5: Presenting the exergy efficiency as a function of the motive steam pressure indicates

that increasing the motive steam pressure improves the exergy efficiency of the Heat Recovery

Steam Generator (HRSG), due to the increase in steam saturation temperature.
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After the HRSG, exergy destruction occurs in the steam ejector and DSH

before the exergy becomes available for desalination in the effects. As expected,

the exergy is mostly destroyed in the TVC (Figure 6), since a large temperature

drop (from 215 ◦C to ≈ 70 ◦C) and pressure drop (from 21 bar to ≈ 0.3 bar)

occur between the steam at the HRSG outlet and steam ejector outlet. In

comparison, a relatively small amount is destroyed in the DSH, since only the

remaining sensible heat is lost in the DSH. To achieve the highest exergy at the

outlet of the DSH, the motive steam pressure has to be selected at its upper

limit (i.e. 21 bar). This amount of exergy at the DSH outlet corresponds to the

exergy available for the sea water evaporation process in the first effect.

kJ

Destruction

Destruction

kJ

Figure 6: The exergy destruction in the Heat Recovery Steam Generator (HRSG), during

Thermal Vapour Compression (TVC) and in the DeSuperHeater (DSH) is presented in func-

tion of the motive steam pressure. Clearly, selecting the motive steam pressure upper limit

value results in the highest exergy available to power the sea water evaporation process.

To optimize the conversion from sea water into distillate water, the oper-

ating parameters of the effects and steam ejector are studied. To quantify the

desalination performance, the Performance Ratio (PR) (i.e. distillate-to-motive

steam mass flow rate ratio) is analyzed. Despite an optimal PR at minimum

feed water mass flow rate, the brine salinity increases drastically in that range

(Figure 7). A high salinity leads to high salt-scaling on the effect tubes and

increases the overall sea water salinity when disposed back into the sea. There-

fore, the brine salinity is usually limited [29]. In the proposed model, a common

brine salinity upper limit of 70.000 ppm is selected [37]. To comply with this

environmental limit, the minimum feed water mass flow rate is limited. Despite
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this lower limit on the feed water mass flow rate limits the PR improvement,

the possible gain in PR is relatively small by varying the feed water mass flow

rate (Figure 7).

In contrast with the feed water mass flow rate, the PR increases significantly

when decreasing the entrainment ratio (Figure 7). On the other hand, decreas-

ing the entrainment ratio results in a decrease of the compression ratio in the

steam ejector. As the steam ejector discharge pressure is equal to the inlet

steam pressure of the first effect, the corresponding saturation temperature and

thermal driving force in that effect depend on the compression ratio. Therefore,

the compression ratio in the steam ejector has to be sufficient to ensure that

the driving force in the first effect is in the range of the driving force in the

other effects. To prevent a decrease of the compression ratio when decreasing

the entrainment ratio, the motive steam pressure can be increased (Figure 7).

When the entrainment ratio reaches 1.96, the motive steam pressure becomes

insufficient to reach the fixed compression ratio of the steam ejector. When the

entrainment ratio goes below 1.11, the motive steam pressure is above the upper

limit selected for the model. Therefore, the operating range for the entrainment

ratio is limited between 1.11 and 1.96.

3.2.2. MED-TVC design decisions

Based on the sensitivity and exergy analysis, 3 designs are proposed in this

section. Following the sea water temperature and the assumption on the temper-

ature difference for the sea water in the condenser, the evaporation temperature

in the last effect is set at 41 ◦C. When operating at a constant ∆T between each

consecutive effect, the number of effects installed is proportional to the TBT.

To keep the TBT in the range of modern MED-TVC plants, without drastically

lowering the ∆T and therefore reducing the heat driving force, the designs con-

sist of 4, 6 and 8 effects respectively. Increasing the number of effects results

in a higher distillate flow rate, but increases the overall heat transfer area of

the plant. Therefore, a trade-off between lower area (and thus capital cost)

and higher performance is performed in each design. The first design focuses
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F m

Figure 7: The Performance Ratio (PR) is demonstrated as a function of the feed water mass

flow rate and entrainment ratio. Moreover, the effect of the former on the brine salinity

and the effect of the latter on the motive steam pressure is presented as well. Reducing the

mass flow rate is beneficial for the PR. However, to keep the brine salinity and the driving

force acceptable, the lower limit of the feed water mass flow rate is fixed. Decreasing the

entrainment ratio improves the PR significantly, but the range of the entrainment ratio is

limited due to motive steam pressure limitations.

on restraining the capital cost by minimizing the heat transfer area, the second

design is an intermediate solution, while the final design focuses on distillate

water production (Table 2).

With 4 effects installed, a maximum temperature drop over the effects of

5 ◦C minimizes the heat transfer area and results in a TBT of 56 ◦C. To keep

the thermal driving force in the first effect in the range of the driving force in

the other effects, a steam ejector compression ratio of 2.6 is required. Adding 2

more effects to the plant implies a decrease in ∆T to curb the TBT. Moreover, a

decrease in ∆T results in an improved PR, however at the expense of an increase

in specific heat transfer area. To achieve a specific heat transfer area in the

range of the specific heat transfer area of the 4-effect design, the temperature

difference across each effect in this intermediate design is reduced to 4.2 ◦C.

This design shows a comparable performance (i.e. similar PR, TBT, specific

exergy consumption and specific energy consumption) to the operating MED-
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TVC Umm Al-Nar plant in the United Arab Emirates [42]. The final design

consists of 8 effects. This design further improves the PR, at the expense of

a higher amount of installed effects. The high amount of effects in the plant

imposes the temperature difference between the effects to drop further. Next

to the clear TBT constraint, which forces the temperature difference to stay

below 4.1 ◦C, the steam ejector compression ratio upper limit is violated at a

∆T above 3.6 ◦C. At a ∆T of 3.6 ◦C, a saturated steam temperature of 69 ◦C is

required in the first effect, which corresponds to a discharge pressure of 0.3 bar.

This pressure can only be obtained at the steam ejector compression ratio upper

limit. Due to this constraint on the temperature difference between each effect,

the 8-effect MED-TVC plant specific heat transfer area is clearly higher than for

the other designs. When aiming for the same, modern TBT as in the 6-effect

design, the temperature difference is set at 3 ◦C, which avoids an excessively

high specific heat transfer area and further improves the PR, compared to the

other designs.

For the 3 proposed designs, the total investment cost (i.e. including direct

and indirect cost) ranges between $779 000 and $1 231 000 This result implies

that the designs with a higher production rate (i.e. higher PR) are inherently

more expensive. Consequently, the 4-effect design delivers the most accessi-

ble solution to destitute remote communities, while the other designs provide

a solution for more prosperous communities. The resulting LCOW ranges be-

tween 1.78 $/(m3/d) and 1.92 $/(m3/d) (Table 2). Consequently, this system

achieves a higher LCOW than conventional MED(-TVC) systems (between

1.21 $/(m3/d) and 1.59 $/(m3/d)), RO systems (between 1.06 $/(m3/d) and

1.36 $/(m3/d)) and MSF systems (between 0.84 $/(m3/d) and 1.60 $/(m3/d)) [44].

However, these conventional systems assume a fossil-based energy supply. When

comparing with MED(-TVC) systems powered by solar thermal energy (LCOW

ranging between 2.5 $/(m3/d) and 3.0 $/(m3/d) [44]), the LCOW of the pro-

posed designs is lower. Therefore, the determined LCOW of the 3 proposed

designs provides promising results towards the economic viability of this solar-

powered DCS.
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Table 2: Design results for the MED-TVC desalination plant.

Parameter Design 1 Design 2 Design 3

Inputs

Number of effects 4 6 8

Compression ratio 2.6 3.4 3.2

Temperature difference/effect ∆T , ◦C 5.0 4.2 3.0

Aspen Plus simulation results

Feed water mass flow rate, kg/s 3.368 4.484 5.882

Top Brine Temperature TBT, ◦C 56.0 62.0 62.0

Distillate water mass flow rate V̇w, m3/d 116.4 154.3 203.1

Performance parameters

Performance ratio PR 7.4 9.9 13.0

Specific heat transfer area, m2/(kg/s) 268.8 269.4 449.2

Entrainment ratio 1.14 1.51 1.42

Specific energy consumption, kJ/kg 351.2 262.3 199.7

Specific exergy consumption, kJ/kg 123.4 92.8 70.7

Total investment cost, k$ 779 983 1231

Levelized Cost Of Water LCOW, $/m3 1.92 1.85 1.78

4. Conclusion

DCS integrated with renewable energy sources provide a viable solution to

cover the electricity and distillate water demand in remote locations. As part

of the DCS, a typical mGT, extended with a solar heater and a solar-powered

compressor, results in a significant fuel consumption reduction, which leads to

an increase in electrical efficiency by 3.2 % absolute. In addition to the gener-

ated electrical power, 242.3 kJ/s of exhaust gas exergy is available at the turbine

outlet. By recovering this thermal energy in a MED-TVC desalination plant,

sea water can be converted into distillate water. The MED-TVC sensitivity

and exergy analysis indicates that varying the feed water mass flow rate allows
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regulating the brine salinity and the thermal driving force, while the entrained

steam mass flow rate and motive steam pressure are the significant parameters

to maximize the distillate water production. Out of these findings, 3 designs of

the desalination unit are extracted, each of them making a trade-off between

minimum plant size and maximum performance. The 4-effect design delivers an

easily accessible solution to remote communities, while the other designs focus

on improving the system performance, at the expense of a larger investment

cost. The LCOW of the proposed designs ranges between 1.78 $/(m3/d) and

1.92 $/(m3/d), which is slightly higher than the LCOW of conventional desali-

nation systems, but less expensive than desalination systems powered by solar

thermal energy. As a result, these designs not only offer different possibilities to

combine a desalination plant with the renewable-powered mGT cycle, but also

prove the viability of a DCS integrated with renewable energy sources. Despite

the simplified economic approach (i.e. excluding the intermittency of the solar

energy), the determined LCOW provides a first indication that this DCS is a

promising solution towards cost-efficient, renewable-powered power and water

cogeneration in remote locations. To validate this promising indication, future

work will focus on a thorough economic analysis of the DCS, including an in-

termittent solar energy supply.
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