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ABSTRACT

This work presents a thermodynamic analysis of a poly-generation system powered by solar energy
using parabolic trough solar collectors. The system is composed of an organic Rankine cycle (ORC),
a multiple effect distillation and an absorption cooling unit. The analysis is based on the solution of
mass, energy and exergy balances of the set of equations of all the components of the system. It is also
based on the technical specifications of sub-systems and working fluid properties. The validation of
the computer program is achieved systematically. The performance of the poly-generation plant is
investigated under Riyadh weather conditions and for several conditions of the operating parame-
ters. The variation of the energy rates required for desalination, cooling and electricity generation
has been obtained for two representative days in summer and winter of 2013 in Riyadh. Results
expressing the plant performance using the energy and exergy efficiencies are presented and dis-
cussed. Specifically, energy utilization factor, artificial thermal efficiency, fuel energy saving factor
and exergy efficiency were introduced and used as plant performance indicators. The fresh water
production rate and the power to water ratio were also evaluated for two representative days in June
and January of 2013. The main results of the study show that although there is a clear dispersion of
the obtained values for the performance of the solar poly-generation plant, the exergy efficiency and
the fuel energy saving factor give close values.

Keywords: Solar energy; Multi-generation; MED; Organic Rankine cycle; Absorption cooling;

Exergy analysis

1. Introduction

Nowadays energy needed for different applications
including cooling, power generation, desalination and air
conditioning is mainly generated by burning conventional
energy sources such as oil and natural gas. These energy
sources have a limited life and release harmful gases
during operation. Several attempts have been proposed
to change energy production, supply and consumption
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methods in order to reduce the environmental impacts
associated with the use of conventional energy sources
[1-3]. In other words, an effort has to be made in order
to make the recent energy utilization cleaner, more sus-
tainable, efficient and economical. The development of
energy efficient technologies such as poly-generation and
hybrid systems and the use of renewable energy sources
are attractive ways to satisfy the above targets. Poly-gen-
eration systems are known to have high overall efficien-
cies, low operating costs and low pollution emissions [4,8].
On another side, solar energy becomes the most promising
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candidate to be directly used as a primary energy source
for energy supply systems [5-7].

Poly-generation systems simultaneously produce
power, heating, cooling and/or desalination all from the
same energy source. A typical poly-generation system com-
prises energy source, a prime mover, electricity generator,
thermally activated technologies (such as absorption chiller
and desalination unit) and heat recovery unit.

Many authors have proposed and assessed different
configurations of poly-generation systems [9-13]. Serra et
al. [9] discussed concepts of poly-generation and energy
integration by providing examples in application areas
such as a sugar cane factory (for sugar and energy pro-
duction), district heating and cooling with natural gas
cogeneration engines and combined production of water
and energy. They concluded that process integration and
poly-generation systems are promising tools in fulfilling
the double objective of increasing the efficiency of natu-
ral resources and minimizing the environmental impacts.
In another study, Nixon et al. [10] assessed the feasibility
of hybrid solar-biomass power plants to be employed in
the poly-generation applications such as electricity gen-
eration and process heat. They conducted studies in peak
thermal capacities varying from 2 MW to 10 MW using
technical, financial and environmental criteria. In a differ-
ent study, small scale hybrid solar powered heating, chill-
ing and power generation system with parabolic trough
collector using cavity receiver, a helical screw expander
and silica gel-water adsorption chiller was proposed and
extensively investigated by Zhai et al. [11]. Their study
indicated that both the main energy and exergy losses take
place at the parabolic trough collector. It was also found
that the system has higher solar energy conversion effi-
ciency than conventional solar thermal power generation
system alone. In addition, Al-Sulaiman et al. [12] carried
out energy and exergy analyses of a biomass tri-genera-
tion system using an organic Rankine cycle (ORC). Four
cases including single electrical power production, power
production-cooling, power production-heating and
tri-generation were analyzed with respect to pinch point
temperature of ORC evaporator, inlet temperature and
pressure of the pump. The main exergy destruction was
found to occur in the biomass burner (with 55% contribu-
tion) and ORC evaporator with 38% contribution. Simul-
taneous energy and water generation system through the
organic Rankine cycle (ORC) prime mover for heat and
power generation, multi-effect distillation (MED) water
desalination and cooling was assessed by Maraver et al.
[13]. They analyzed the energy feasibility of the configura-
tion by using fuel energy saving ratio (FESR). They found
that the highest savings correspond to the complete use
of heat for domestic hot water which limits the amount
of heat used for the activation of MED and thermally acti-
vated subsystems. They modeled ORC subsystem using
several working fluids for the ORC poly-generation appli-
cation. They concluded that fluorobenzene and octameth-
yltrisiloxane could be the most suitable organic fluids for
the proposed ORC poly-generation system.

The importance of poly-generation systems with regard
to environmental saving and sustainability was investigated
by some authors [14,15]. Wang et al. [14] analyzed the per-
formance and emission characteristics of a household sized

tri-generation with a diesel engine generator prime mover
fuelled with hydrogen. Their results also indicated that large
potential fuel savings and reductions in greenhouse gas
emissions per unit of useful energy outputs were obtained
with tri-generation compared to single generation systems.

The concept of exergy and its relation with environ-
ment, sustainability and energy management has been
discussed in several works including those of Ugur et
al [15], Kanuglu et al. [16] and Dincer and Rosen [17].
Besides, a number of researchers have showed the signif-
icance of exergy analysis in assessing power plants with
combined heat and power (CHP) and tri-generation sys-
tems [18]. Minciuc et al. [19] presented a method for ana-
lyzing tri-generation systems and establishing limits for
the best performance of gas turbine tri-generation with
absorption chilling from a thermodynamic perspective.
Ahmadi et al. [20] studied exergo-environmental analysis
of an integrated organic Rankine cycle for tri-generation.
They obtained that exergy efficiency of the tri-generation
system is higher than that of typical combined heat and
power systems or gas turbine cycles. Their results also
indicate that carbon dioxide emissions for tri-generation
system are less than the other combined systems.

The assessment of performance of poly-generation sys-
tems is based on various criteria and definitions. The widely
used ones consider the energetic efficiency (or the utiliza-
tion factor) where power and heat, have the same value
ignoring their respective quality. Exergy combining the first
and second laws of thermodynamics is also used. There-
fore, the performance is defined from quantitative as well
as qualitative points of view. Minciuc et al. [19] noticed that
in a poly-generation system and since the cooling sub-sys-
tem can use a refrigeration machine with COP higher than
1, the overall system efficiency can be higher than 1 too. The
authors presented discussions on several definitions for
the performance of poly-generation. The fuel energy sav-
ing ratio is employed in several studies as a reliable criteria
among the existing thermodynamic performance criteria
for cogeneration and poly-generation systems [21-23].

Producing fresh water using a dual or multi-purpose
plants is accepted as a reliable and efficient way compared
to the single purpose desalination plants. El Nashar [24]
reviewed the state of the art of cogeneration for power and
desalination. He described a methodology for the selection
of optimum configuration for a given water and power
demand. Helal [25] and Zak et al. [26] reviewed several
configurations of hybrid membrane/distillation desalina-
tion and power plants.

The use of solar energy to drive desalination and electric
generation plants has gained a significant attention reflected
in several studies [27,28]. Palenzuala et al. [29] proposed
and assessed different configurations of combined para-
bolic trough solar collectors and power and desalination
plants under arid weather conditions and different steam
extractions of the turbine.

The objective of this study is to perform a thermody-
namic analysis of a solar driven poly-generation system
integrated with ORC as a prime mover. The analysis and
the evaluation of the proposed poly-generation system are
carried out by studying the variation of energy rates for
desalination, cooling and electricity generation for two
typical days in summer and winter in 2013 in Riyadh.
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The performance of the overall system is also investigated
using various performance indicators based on energy
and exergy.

2. Description of the system

The system considered in this study encompasses a
parabolic trough solar collector (PTSC), a power producing
(ORC), multi-effect water distillation (MED) and a single
effect absorption cooler (Fig. 1).The system produces elec-
tric power, water and cooling simultaneously.

To design an efficient ORC, selection of an appropriate
working fluid is crucial. One important criterion for the
selection of working fluid is that it should have high critical
temperature so that the waste heat can be used more effi-
ciently. Other criteria include the size of equipment, cycle
efficiency and environmental impacts [30,31]. O-xylene is
selected here as the working fluid due to its relatively high
critical temperature (630 K) and the high total efficiency
that it provides.

The solar energy collecting system is a field of ‘Sky
Trough’ parabolic trough solar collector modules each
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of length 14 m [32]. The receiver pipe carrying the heat
transfer fluid (Therminol VP-1) has a vacuum annulus
to reduce heat losses (see Table 1 for details). Thermi-
nol VP-1 has been selected in this study because of its
exceptional heat stability and low viscosity for efficient
and uniform performance in a wide range of operating
temperature of 12-400°C [33]. It has already been used
in many different power plants driven by PTC solar col-
lectors [34,35]. Since the solar energy input varies with
time over the day, solar driven poly-generation system
is a dynamic system. So, in order to have a continuously
operating solar powered system, thermal storage system
is crucial, and it stores the excess solar energy during
the day time so that the system can run during the night
time when there is no solar energy. Due to this fact, ther-
mal storage has been integrated into the system under
consideration.

3. Analysis of the poly-generation system

The developed model is based on energy and exergy
analysis of the multi-generation system. The obtained
equations are programmed and solved with the help of
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Fig. 1. Schematic of the solar driven poly-generation system for electric power generation, desalination and cooling.
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engineering equation solver software (EES) [36]. To simplify
the theoretical analysis of the system under consideration,
the following assumptions are considered:

e The system runs at quasi- steady state throughout.

e Pressure drops and heat losses in pipelines as well as
in heat exchangers are neglected.

* The working fluid at the pump inlet of ORC is satu-
rated liquid.

* The refrigerant at the outlet of the condenser and
evaporator of the absorption chiller system are satu-
rated liquid and saturated vapor respectively.

¢ Work input by the pump of the absorption chiller sys-
tem is neglected, as it is very small as compared to
the heat input to the generator.

e Kinetic and potential energies as well as their exer-
gies are ignored.

* Chemical exergy of materials (except for the salty
water analysis in the MED system) is neglected.

® The steam supplied to MED is assumed to be satu-
rated steam.

¢ Feed water temperature and cooling water tempera-
ture in MED system are calculated in such a way that
their difference is 10°C.

¢ The bottom brine boiling temperature and feed water
temperature in the MED system are chosen such that
their difference is 5°C.

e Dead state properties for all fluids are evaluated at:
T = 25°C and P, = 101.325 kPa and the dead state
salinity (for Arabian Gulf seawater), X = 42g kg™

3.1. Energy analysis
3.1.1. Solar energy collecting system

Modeling of the solar parabolic trough collector (PTC)
subsystem is based on the equations presented in [35,37-
38]. The rate of useful energy delivered from a PTC is
defined as:

4,
Qu :AupFR(S_TUL(Tf[_Tu)) (1)

ap

where F, is the heat removal factor, S is the heat
absorbed by the receiver, A, is the aperture area, A is the

Table 1a
Input data used in the ORC sub-system analysis

Parameters Value
Isentropic turbine efficiency, % 85
Isentropic pump efficiency, % 85
Motor efficiency, % 95
Generator efficiency, % 95
Turbine inlet pressure, MPa 2
Pump inlet temperature, °C 95

Table 1b

Input data used in the PTC sub-system analysis
Parameters Value
Aperture width, m 6
PTC Length per module, m 14
Receiver Inner diameter, m 0.08
Receiver Outer diameter, m 0.0889
Glass cover diameter, m 0.125
Transmissivity of the receiver 0.94
Absorptivity of the receiver 097
Reflectivity of the aperture surface 0.96
Intercept angle 1
Receiver emittance 092
Glass cover emittance 0.87
Mass flow rate of heat transfer fluid, kg s™ 4.5
Overall heat conductance of storage tank, kW K 0.111

Table 1c
Input data used in the absorption chiller sub-system analysis

Parameters Value
Solution heat exchanger effectiveness 0.64
Solution pump mass flow rate, kg s 2
Cooling water mass flow rate to absorber, kg s 13.42
Cooling water inlet temperature, °C 25
Cooling water mass flow rate to condenser, kg s*  10.72
Chilled water mass flow rate, kg s™ 25.26
Chilled water inlet temperature, °C 14
Overall heat conductance of generator, kW K* 14
Overall heat conductance of condenser, kW K 1.8
Overall heat conductance of evaporator, kKW K™ 2
Overall heat conductance of absorber, kW K 21
Table 1d
Input data used in the MED sub-system analysis

Parameter Value
Steam delivery temperature, °C 90
Cooling water temperature, °C 25
Salinity of the brine, g kg™ 70
Salinity of cooling water, g kg™ 42
Number of effects 10

receiver area, and U, is the solar collector overall heat loss
coefficient. The heat absorbed by the receiver is defined as:

S= Gb 77}' (2)
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where G, is the direct irradiation intensity and 1 is receiver effi-
ciency which is defined as

n, = pyroK 3)

where p, v, T, o and K are the reflectance of the mirror, inter-
cept factor, transmittance of the glass cover, absorptance of
the receiver and incidence angle modifier respectively. The
heat removal factor is given by:

AU F
1-exp| ———1L (4)
p[ m,C,, H
where m_is mass flow rate through the receiver, C is the

specific heat of heat transfer fluid inside the receiver and F,
is the collector efficiency factor defined as:

YC r
Fo=—11
Al,

3 1/U,

- =
i+ D, +D“1n D, )
u, Dh; 2k D

where k is the thermal conductivity of the receiver tube
and h, is the convection heat transfer coefficient inside the
receiver tube and it can be obtained from:

Nuk ;
hfi:[ D ) (6)

i

where Nu is the Nusselt number which can be obtained
from the standard pipe flow equation [37]:

Nu =0.023Re"® Pr®* )

where Re is the Reynolds number and Pr is the Prandtl
number of the flow inside the receiver tube.

The solar collector heat loss coefficient between ambient
and receiver is defined as:

4, T
uL‘[(hmm A h ] ®)

r,.ca r,cr

The radiation heat coefficient between the ambient and
the cover is given by:

h,.,=¢co(T. + Tu)(TC2 + Taz) ©)

where o is Stefan-Boltzmann constant and ¢_is the emit-
tance of the cover. The radiation heat transfer coefficient
between the cover and the receiver is defined as:

T.+T)(T*+T*
( ) )

=1 e +(A A1/ e 1) (10)

where T is the receiver average temperature. The convec-
tion heat loss coefficient between the ambient and the cover
is defined as:

(11)

hE ca = (Nu kair J
' DCD

where k  is the thermal conductivity of the air. The cover
temperature of the receiver is obtained by the equation:

c,ca

+h )

c,ca r,ca

Ah +
T‘ = r,cr TT

T Ah,, +A(h

r'Crer

Ac (h + hr,cu)Ta (12)

The total amount of solar radiation that shines up on
collector field, which is the total energy input to the system
is defined as:

Qsolur = Aup FR S Nt (13)
where N, is the total number of collectors and Aap is the
aperture area which is obtained as:

Aap = (w—Dm)L (14)

where L, w, and D_ are the collector (module) length, width
and receiver cover outer diameter respectively.

In this study, sensible thermal storage system is inte-
grated with the system under consideration to store the
collected solar energy and provide continuous heat sup-
ply. To simplify the model, it is assumed that the liquid
(Therminol VP-1) in the insulated storage tank is com-
pletely mixed with the liquid (Therminol VP-1) flowing
back into the tank from the collector and ORC evaporator
as shown in Fig. 1. By making an energy balance on the
un-stratified (i.e. fully mixed) tank, the following equation
can be obtained [38]:

[mC,). 1T/ = Qu ~ Qs ~ UAVAT. - T,) (15)

where m is the mass of fluid (Therminol VP-1) in the stor-
age unit and C is the specific heat capacity of fluid (Ther-
minol VP-1) in the storage. T is the ambient temperature
around the tank. Q and Q, , represent the useful gain from
the solar collector and the energy needed by the absorption
system respectively. (UA), is the liquid storage tank loss
coefficient-area product. If Q, and Q, , and tank losses over
the time period of At are assumed to be constant, Eq. (15)
can be written for each time interval as [38]:

. At
Ts - Ts +%[Qu - thd - (UA)Q(Ts - Ta)] (16)

p

where T," is the storage tank fluid temperature at the end
of time interval At .

3.1.2. Organic Rankine cycle system

The organic Rankine cycle subsystem is modeled based
on mass and energy conservation laws. In the evaporator,
the heat addition into the power cycle is given by:

Qe =mf(h22 —hy) (17)
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where 7i1 ¢ is the mass flow rate of the organic working fluid.
For the turbine, the isentropic efficiency is expressed as:

hzz — hz3
n =22 (18)
! hzz - h235
The power output of the turbine is given by:
WT = mf(hzz —hy) (19)

For the pump, the isentropic efficiency can be expressed
as:

hy, —h
e e
The ORC pump power consumption is defined as:
Wp,ore =11, (hy - hyy) (21)
The power input to the solar pump is given by:
Wi,y = 11, (25 - 124) (22)

where 11, is mass flow rate of heat transfer working fluid
(Therminol VP-1). The net electrical power output gener-
ated by the system is given by:

W et el = WTng - W /nmutor - Wp,solur / nmotor

" p,ORC

(23)

where n, and n
respectively.

are generator and motor efficiencies

motor

3.1.3. Absorption chiller system

In the absorption chiller system, a mixture of LiBr
and H,O has been used as a working fluid. The LiBr-H,O
absorption cooling subsystem is modeled based on the laws
of mass and energy conservations by taking control volume
across each of the components: generator, condenser, evap-
orator, heat exchanger and absorber. The rate of heat sup-
plied to the generator, which is the rate of energy input to
the chiller cycle, is obtained from the heat balance as in the
following equation:

Qeen = m;h, + mh, — msh, (24)

The rate of heat rejection out of the condenser is given
by the following equation:

Quona = M, —mghy (25)
The rate of heat removal from the absorber is:
Qus = mlohlo + mshs - mlhl (26)

The rate of heat added to the evaporator is the cooling
effect produced by the absorption cooling system, as follows:

Quiter revap = gl —mmighy (27)
The energy balance on the hot side of the solution heat

exchanger is given by the following equation:

Qpey = myhy — mshs (28)
Similarly the energy balance on cold side of the solution

heat exchanger is given by the following equation:

thfc = m3h3 - (29)

m2h2

The energy balance on the solution heat exchanger is
satisfied if Q, , =Q, .

Defining X as Lithium bromide concentration, which is
the ratio of the weight of Lithium Bromide to the weight of
LiBr-H20O solution, a concentration balance for the genera-
tor gives

Xymy = X, m, (30)

3.1.4. MED desalination system

The amount of energy needed to supply the saturated
steam required by the MED system is given by:

Quep = Mg (g = g (31)

The overall mass balance around the MED plant assum-
ing that the product (distillate water) is free of salt (x,= 0)
gives:

m, =my, +m, (32)

Xy =X, (33)
where m is the mass flow rate, x is the salinity, and the sub-
scripts b, d, and f denote the rejected brine, distillate, and
feed seawater respectively. The thermal performance PR of
the MED plant is defined as the mass of distillate water pro-
duced per unit mass of heating steam used. That is

_m,

PR (34)

m

s

where m, is the total mass of the distillate produced in all
effects of MED plant. The specific cooling water flow rate,

sM_, is defined by:
m
sM,, =—%
. (35)

To facilitate the analysis of MED system, the following
design correlations developed by El-Dessouky et.al [39] for
PR and sM_, have been used:

PR=1.33+7.5510"n, —7.5210°n >

(36)
+2.05710T ,—1.4810*T> - 3.0810*n.T,
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sM._, = 35.064 —5.808n, +2.1910"n?

(37)
+2.2107°T ~10°T? +9107n,T,
where 7, is the number of effects in MED and T is the tem-
perature of heating steam supplied to MED unit. The vapor
temperature T in each effect of MED system is defined in
terms of the brine boiling temperature (T,) at each effect and
the boiling point elevation (BPE) as [39]:
T,= T,+ BPE (38)

The present model of the MED unit is based on design
correlations relating the unit thermal performance, specific
heat transfer area and specific cooling water mass flow rate
to the top brine temperature and the number of effects. Such
correlations were developed in a systematic and exhaustive
analysis of a forward feed MED plant [39]. The accuracy of
the model of [39] had been recently confirmed in the work
of Mistry et al. [40]. On the other side, the number of effects
taken in our study is 10. This number is commonly used in
the actual MED desalination plants and also in the available
previous studies in this field. Kamali et al. [41] and Zhao
et al. [42] investigated the effect of the number of effects
n on the gain output ratio (GOR). In both studies, it was
found that this effect is significant for low n. For higher n
(between 8-10), the increase in GOR is not as important as
for lower . This explains the use of this specific value of 10
of the effects number. It is also important to say that using a
close number such as 8 or 9 should lead qualitatively to the
same kind of results.

The thermo-physical properties of sea water at
each point around the MED desalination system are cal-
culated by using sea water library developed inside EES
software [36].

3.2. Exergy analysis

Exergy analysis permits many of the shortcomings of
energy analysis to overcome and is useful in identifying
the causes, locations, and magnitudes of the process ineffi-
ciencies. The exergy destruction is an important parameter
in exergy analysis. It is defined as the potential work lost
due to irreversibility. The total exergy destruction of the
solar driven system considered in this study is the sum of
the exergy loss in each component. The exergy destruction
rate of a control volume at steady state for each component
of the system is defined as:

: . ) T, |- :
Exd=;ml//—§my/+2(1—irkkk—w (39)
where Eu , ¥ and T are the exergy destruction rate,
exergy flow and temperature respectively. The subscript o
is the value of the property at the surrounding and the sub-
script k is the property value at state k. The first term on the
right-hand side is the sum of the exergy input. The second
is the sum of the exergy output, while the third term is the
exergy of heat Q, which is transferred at constant tempera-
ture T. The last term is the mechanical work transfer to or
from the system. Neglecting kinetic and potential exergy,

the physical flow exergy per unit mass for a pure substance
is defined as [43]:

w=(Mh-h)-T,(s—s,) (40)
where /1 and s are the enthalpy and entropy per unit mass
respectively while the terms /1, and the s, are the enthalpy
and entropy values of the fluid at the environmental tem-
perature. In the absorption chiller system, where a binary
mixture solution of LiBr and water is used, the concentra-
tion of the mixture must be taken into account for exergy
calculation. For this reason the exergy of the solution is cal-
culated by [44]:

v=[hT,X)-h,]-T,[s(T,X)~s,] (41)

where X is the mass fraction of LiBr in the solution of LiBr-
HO.
’ Exergy at each point of the MED system is calculated by
using the seawater library developed inside EES software.
The overall exergy input to the solar powered system
under consideration is the exergy of the solar radiation fall-
ing on the solar collector, and it is the function of the sun’s
outer surface temperature (T, = 6000 K) and defined as [35]:

4
SV PO T
sl ) 3lT

3.3. System performance analysis

(42)

This section presents the equations used for the ener-
getic and exergetic performance analysis of cogeneration
and poly-generation system shown in Fig.1. In order to
quantify the benefits obtained by using multi-generation
plants such as tri-generation and poly-generation plants
over traditional ones, several evaluation criteria have
been formulated. Among these, well-known parameters
such as the energy utilization factor (EUF), the primary
energy savings (PES), the artificial thermal efficiency
(ATE), the fuel energy saving ratio (FESR) and the exergy
efficiency (ExE,) have been developed. Each of these
performance indicators considers a particular aspect of
energy flows; moreover, they might lead to different con-
clusions. The energy utilization factor and the artificial
thermal efficiency are based on the first law of thermo-
dynamics to see how well energy is used or converted.
They give quantitative measures of energy flows without
considering their respective quality. The energy utiliza-
tion factor assesses the overall fuel production efficiency.
The artificial thermal efficiency can be used if the elec-
tricity production is considered having more weight than
the heat production. The fuel energy saving ratio is also
a first law indicator. It represents the thermodynamic
advantages of multi-generation plants compared to sin-
gle purpose plants. The exergy efficiency is interesting
to compare the poly-generation system against an ideal
system based on second law of thermodynamics. Table 2
gives the expression of these performance criteria for the
overall poly-generation system.
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Table 2
Poly-generation system performance criteria

269

System Definition
EUF: E tilization fact i : :
nergy utilization factor UE - Wet, o+ Q"””” N
Qsolar
ATE: Artificial thermal efficiency W
net, el
ATE =— :

Qsolar - (QEvap + QMED) / TP

FESR: Fuel energy saving factor = QSO/W_S@PWW — QSO/W—POIY FESR=1- Qs

QSolar—Sepamte

EXE,: Exergy efficiency

(Wnet/el / ’751) + (QEvﬂp + QMED) / 771:

Wiet,a + s Vis _.'//17) + 1y (Yo — Wio)
Ex,

7ex , poly =

7in

3.4. Model validation
3.4.1. Validation of PTC solar collector model

The solar collector model is validated against the experi-
mental work done by Kutscher et al. [45] as shown in Fig. 2.
The collector efficiency variation with temperature differ-
ence (between heat transfer fluid temperature and ambient
temperature) has been obtained for direct normal solar radi-
ation of 1000W m™. Fig. 2 indicates that there is an agree-
ment between the present model and the experimental work.
However, the collector efficiency of the present work does
not accurately fit with experimental collector efficiency data.

3.4.2. Validation of ORC model

The validation of the ORC model is shown in Fig. 3. The
figure indicates the thermal efficiency of an ideal Rankine
cycle, using R-123 (HCFC-123) as working fluid, calculated
by the present model and the results obtained by Hetti-
arachchi et al. [46]. It can be seen that there is a good agree-

1
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Fig. 2. Validation of the solar collector model: collector efficien-
cy versus temperature difference (DT) between temperature of
fluid inside the absorber and ambient.

ment between the present results and those of Hettiarachchi
et al. [46] for the entire range of turbine inlet temperature.

3.4.3. Validation of absorption cooling system model

The present analysis of the single-effect absorp-
tion cooler is validated with Balghouthi et al. [47], who
assessed the feasibility of solar-powered absorption cool-
ing technology under the weather conditions of Tunisia.
They had modelled the single effect LiBr-H,O absorp-
tion cooling system using the TRNSYS software. They
optimized the absorption system with the capacity of 11
kW for a typical building of 150 m? total room area. The
results of this study show that absorption solar air-con-
ditioning systems are suitable under Tunisian weather
conditions. Fig. 4 indicates the coefficient of performance
and cooling load versus generator inlet temperature. The
figure shows that there is an agreement between the cur-
rent model of single effect absorption chiller and that of
Balghouthi et al. [47].

0.24 e
= [ -8 ]
s e ]
02l o ]
L ,!—' :
o.16f A ]
r o ]
0.12F /~ —e—Madhawa Fettiarachchi model .
[ o// ---m-- Present work model ]
0.08F .
[ o ]
0.045 u .
ol v b bbb
300 320 340 360 380 400 420 440 460

Turbine inlet Tem perature,T, (°C)

Fig. 3. Validation of the ORC present model with Hettiarachchi
et al. [46]: Thermal efficiency versus turbine inlet tempera-
ture for an ideal Rankine cycle.



270 E.D. Kerme et al. / Desalination and Water Treatment 61 (2017) 262-273

0.9 | 16

0.6F

050

E ——COP (current s tudy)
0.4 --0--COP , model (Balghouthi et al.)

Cooling Capacity, Qeyyp (KW)

F ——Qewap (current study) J1s
0.3k b
F —4&—Qqvap model (Balghouthi et al) 1

E 44
0.2L 1

01F 12

O: coeo b P N S S S RS St P :0

50 60 70 80 90 100 110 120

Generator inlet temperature, Ty (°C)

Fig. 4. Validation of the single-effect absorption cooler model
as compared to Balghouthi et al.[47] model: COP and cooling
capacity versus generator inlet temperature.

4. Results and discussion

This section provides the results of the energetic and
exergetic analysis of the solar driven poly-generation sys-
tem. The conducted energy analysis comprises evaluation
of net power output of the system, cooling capacity, heat
required to produce saturated steam needed by MED as
well as the determination of different performance param-
eters of the system. In this respect, the trends of different
energy rates produced by the solar powered poly-genera-
tion system as well as the daily variation of performance
evaluation parameters are discussed.

It is worthy to mention that the results were obtained
after performing a systematic exergy analysis in which the
exergy efficiency is maximum (or total exergy loss of the
system is minimum). For instance, The turbine inlet pres-
sure value is calculated based on systematic examination of
systems exergetic performance by optimizing the exergetic
performance of the system. Based on this fact, the optimi-
zation result provides the turbine inlet pressure of 7 MPa
which gives the system maximum exergetic efficiency of
19.7% and minimum system total exergy loss of 2068 kW
as shown in Figs. 5, 6 respectively. Hence the turbine inlet
value has been decided for the analysis based on this fact.

It is known that the area between latitudes 40°N and
40°S is called sun-belt and Saudi Arabia, with latitudes
between 31°N and 17.5°N, is conveniently located in the
sun-belt, and hence has an abundant available solar energy
resources. As a result, in the present work, Riyadh city with
(latitude: 24.72°N, longitude: 46.71°E) is selected as the
place where the solar driven poly-generation system is built
in the simulation work. The direct normal solar radiation
intensity (DNI) and ambient temperature variation over the
specific day of winter and summer, shown in Figs. 7 and
8 respectively, are used as the basic input parameters for
the system simulation. It is easy to understand from Fig. 7
that the solar radiation is the strongest at the midday and is
reduced for the rest of the time.

Figs. 9 and 10 illustrate the variation of the system net
electric power output, cooling effect and heat required to
produce the saturated steam needed by the MED desalina-
tion system over the course of the representative day of the

ha
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Fig. 5. Total exergy efficienyc variation with turbine inlet pres-
sure P22.
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Fig. 6. Total exergy loss variation with turbine inlet pressure P22.
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Fig. 7. Direct normal irradiance variation over a day of June and
January 21st of 2013 in Riyadh.

year in winter and summer monthes respectively. It can be
seen from the figures that the rate of each produced energy
starts increasing from the time of sunrise till it reaches its
respective peak values at (11: 00 for the day in January and
12:00 for the day in June) and then declines. The figures
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also shows that the trend of the system net power output
is somewhat leveled out and quite smooth. The maximum
instantaneous power output, cooling capacity and heat of
desalination for the winter representative day (January 21%)
are 506, 1061 and 1628 kW respectively whereas in the sum-
mer month (June 21%) their values are 558, 1350 and 2063 kW
respectively. Evidently, the values are greater for the day in
the summer month and the operational time of the summer
is also greater as compared to the representative day in the
month of the winter.

In this work and in order to investigate the perfor-
mance of the multi-generation system, the four parame-
ters (EUE, ATE, FESR and ExE,) as defined in Table 3 are
considered in Figs. 11 and 12. The figures indicate that all
the performance evaluation parameters except exergy effi-
ciency, have the trend similar to the direct normal irradi-
ation intensity presented in Fig. 7. As illustrated in Figs.
11 and 12, the EUF, ATE and FESR vary greatly with time
over the day, reaching their respective peak values in the
midday around 12:00 and then drop for the rest of the
time. Contrary to the other system performance evaluation
parameters, the exergy efficiency variation has different
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Fig. 9. Variation of energy rates over a day of January 21* of 2013
in Riyadh.
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Fig. 11. Variation of performance evaluation of poly-generation
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Fig. 14. Evolution of the power to water ratio over a day of June
21t of 2013 in Riyadh.

pattern from that of the other parameters. It has the low-
est value during the midday and highest values during
the sunrise and sun sets. This is due to the fact that during
the midday the exergy destroyed by the system is highest
because of high irreversibility associated with high tem-
perature difference between dead state and the system
under consideration and vice versa. Comparison between
the four different system performance evaluation parame-
ters is also indicated in Figs. 11, 12. The figures present that
followed by the artificial thermal efficiency (ATE), the EUF
has the highest value than the other system performance
evaluation parameters. The Figs. 11 and 12 also illustrate
that the system performance evaluation parameters over
the day in the summer month (June) have higher values as
compared to their respective ones over the representative
day in the winter month (January).

On the other side, Figs. 13, 14 give respectively the evolu-
tion of the produced fresh water mass flow rate and the power
to water ratio over two typical days in June and January of
2013 in Riyadh. The hourly fresh water production can reach
6 kg s and 7.6 kg s™ in January and June respectively. Such

water production rates can be obtained at about 11:30 AM in
January and 1:30 PM in June. It is clear that the overall daily
production is higher in June than in January:.

The evolution of power to water ratio exhibits similar
behaviors for June and January characterized by a sharp
decrease at morning followed by a constant value and
increase at the end of the day.

5. Conclusion

A thermodynamic analysis of a poly-generation sys-
tem powered by solar energy using parabolic trough solar
collectors was developed. The system is composed of an
organic Rankine cycle (ORC), a multiple effect distillation
and an absorption cooling unit.

The performance of the poly-generation plant is inves-
tigated under Riyadh weather conditions and for several
conditions of the operating parameters. Results on the per-
formance of the poly-generation system were expressed
using the energy and exergy efficiencies. Specifically, energy
utilization factor, artificial thermal efficiency, fuel energy
saving factor and exergy efficiency were introduced and
used as plant performance indicators. Although, these indi-
cators, except the exergy efficiency, conserve a trend similar
to the direct normal irradiation intensity, their numerical
values are dispersed and quite different in some cases.
Moreover, they might lead to different conclusions. Thus,
the assessment of the performance of poly-generation sys-
tems depends on the criterion used. The exergy efficiency
and fuel energy saving factor give close values. The fresh
water production rate and the power to water ratio were
also evaluated for two representative days in June and Jan-
uary of 2013 in Riyadh.

It is important to mention finally that more accurate and
adequate assessment requires the inclusion of other aspects
such as cost, environmental impacts and sustainability.
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