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The aim of this paper is to propose a solar based energy system for the provision of heating,
electricity and fresh water. The proposed system in this study consists of four main parts: a
geothermal based Organic Rankine cycle, a diesel engine, PVT panels and reverse osmosis
desalination unit. The system is comprehensively studied from energy, exergy and
exergoeconomic viewpoints. Accordingly, parametric study is performed to examine the
influence of the effective parameters on the performance and economic indicators and also on
the fresh water production. The results show that, by increasing the turbine inlet pressure, the
fresh water prodcution rate would increase by 1.3 ton/day. Moreover, increasing the turbine
inlet pressure can increase the total power output by around 800 kW. The exergoeconomic
results indicate that increasing the mass flow rate of the geothermal brine increases the total

ORC, exergoeconomic cost rate by 200 $/h.

© 2018 Published by University of Tehran Press. All rights reserved.

1. Introduction

Designing and investigating new multi-
generation plants has been extensively studied for
various perspectives. Moreover, integration of the
desalination units are among the hot research topics
in recent years. In the past decades, many
researchers tried to examine Organic Rankine
cycles because of their clear advantages.

Braimakis and Karellas [1] proposed and
examined some new concepts of ORC. Yang et al.
[2] investigated the integration of ORC with diesel
engine. They tried to exploit the waste heat of the
diesel engine in the ORC cycle. Aali et al. [3],
examined different working fluids of ORC on
Sabalan power plant. The results show that R141b
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would be the most suitable fluid and the product
cost and exergy efficiency is 4.901 $/GJ and
52.56%. Xi et al. [4] proposed different concepts of
ORC cycle and tried to optimize the systems. The
results reveal that the double-stage cycle is more
suitable model. Wang et al. [5], investigated low
temperature brines on the performance of the ORC
system. Assuming isobutane as the working fluid,
49.88 kW power generation is expected. Zare [6]
compared the performance of the different ORC
concepts from exergy and economic stand points.
The results show that basic ORC would be more
suitable system from economic viewpoint. Among
all kind of renewable energy resources solar energy
is the most abundant source and the cleanest one
for the environment. Photovoltaic/thermal (PVT) is



a promising technology for converting solar energy
into electricity. Cooling the cells or reducing the
cells temperature can enhance the performance of
the PVT panels [7]. Recovering the waste heat of
the PVT panels can definitely decrease the cell’s
temperature and hence increase the performance of
the panels [8]. Gaur and Tiwari [9] examined the
effect of the cell’s temperature on the performance
of the PVT panels. The results indicate that the
thermal efficiency of PVT panels with and without
cooling wunit would be 7.36% and 6.85%,
respectively. Notton et al. [10] showed that the
physical and meteorological variables can directly
affect the temperature and subsequently the
performance of the PVT panels.

In addition, many researchers tried to propose
new integrated energy system consisting of the RO
units. Salcedo et al. [11] proposed integration of a
Rankine cycle with RO unit. Nemati [12] designed
the integration of Rankine cycle with engine and
RO desalination system. Monnot et al. [13]
proposed small RO desalination system combined
with PVT panels and Manolakos et al. [14]
investigated Rankine based system combined with
RO unit.

According to the comprehensive literature
survey, the scientific literature lacks about energy,
exergy and exergoeconomic assessment of an
integrated energy system consisting of a
geothermal based ORC, PVT panels, RO
desalination unit, and a diesel engine. The proposed
integrated energy system is comprehensively
modeled and  examined  from  various
thermodynamic  viewpoints. The  proposed
integration is a promising method for the province
of electricity, heating and fresh water.

2. System description and assumptions

Proposed energy system is illustrated in Fig. 1.
As the figure indicates, the system has four main
parts: A geothermal based ORC, a desalination
unit, PVT panels and a diesel engine. PVT panels,
diesel engine along with geothermal based ORC
are established for power generation. Diesel engine
and PVT panels are also employed for heating
demand. RO desalination unit is established for
preparing fresh water by using PVT panel, diesel
engine and 50% of the ORC power output.
As the figure depicts, in the proposed system
geothermal brine heats up the ORC working fluid
by means of an evaporator and the superheater. The
fluid then passes through the turbine at state 4 and
thereafter is cooled down by passing on the
condenser at state 5. Cooled down fluid is yet
pumped again to the evaporator by means of a
pump (states 1 and 2).
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On the other hand, salty water enters the
desalination unit by means of a suction pump
(state1l3). In this state, reverse osmosis plant
prepare fresh water by using PVT panels, diesel
engine and 50% of ORC turbine power output.
PVT panels and diesel engine heat up the fresh
water and hot water can be used in the factory.
Following assumptions are made in this work to
model the considered system:
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Figure 1. Schematic of the proposed energy
system

The system operates at steady state condition.
Potential and Kinetic energy changes are omitted.
Pressure drop inside the piping system is
ignored.

Pumps and the turbine are presumed as adiabatic
equipment.

o Saturated fluid is considered for the geothermal
brine.

3. Modelling

Modeling and analyses of the system are
performed considering energy and exergy balance
for the components. Modelling of each component
is described in this section.

3.1 PVT panels

The amount of absorbed solar heat by the PVT
panels can be expressed as [15]:

QPVT = Aﬂopt (1)
where7;,,, is the optimal efficiency and A is the

area of PVT panels.
The amount of power output of the PVT panels
can be defined as [15]:

Reverse Osmosis



WPVT = QoviTovt iy )
By writing the energy equation for the PVT

panels, following equation will be obtained for

calculating the useful heat rate of PVT panels:

Quseful QPVT +Qrad +Qconv (3)
In Eq. (3), useful heat rate can be written as

[15]:

Quseful QPVT (1 77PVT) 4

Moreover, convection and radiation heat
losses can be written as:

Qun = hA(T T)+hA( -T,)

ins a (5)
Qrad - ‘T‘C“A((T4 Ta ) (TI:S Tsﬁy )) (6)
where sky temperature is defined as [16]:
T,, =0.0522T.* (7)

In Eq. (2) PVT panels’ efficiency could be
expressed as [15]:

Movt = Mret (l ﬂ ref (T T’ef )) (8)

Additionally, following equation is used to
predict the convection heat loss coefficient [17]:

h=2.8+3V,,, ©)

3.2 Diesel engine

Fuel feeding rate of the diesel engine is
defined as [18]:
=0.167W

fuel diesel

where 7 is in kg/h.

According to the assumptions of Ref. [19], the
composition of the off-gases of the diesel engine is
considered as 15.1% CO,, 5.37% H,0, 73.04% N,
and 6.49% O,. Exhaust gas temperature is equal to
519 °C and off-gases mass flow rate is assumed to
be 19 times higher than fuel consumption.

(10)

3.3 RO desalination unit

For the RO desalination unit, net work input
rate is expressible as [17]:
b (\Npump RO Vvturblne,RO) (ll)

where, by, is the number of trains, (7 in this study).
Required work for turbine and pump of the
desalination unit are expressible as [17]:

net RO

Wpump,Ro — APmla (12)
77pumpp13
— APn;ll:«)nturbine (13)
turbine, RO
Pz

where AP is the transmembrane pressure, and #pump
and #numine are RO pump and hydro-turbine
isentropic efficiencies respectively. The target
fresh water mass flow rate, 714, is determined from
the electricity driving the RO unit and the recovery
ratio RR, which is one of the technical
characteristics of the membrane, as follows:
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m
m,. = —%
13 RR (14)

The transmembrane pressure can be expressed
by the following equation [17]:
AP =]k, +Ax (15)
where ki, is the membrane permeability resistance,
which has a value of 8.03 x 10™ m?s/kgPa
,and Jy, is the volumetric permeate flow rate,
expressed as [17]:

fhy, (16)

A

Here, n is the total number of membranes,
which is 600 in this analysis, pi4 is the density at
point 14 and Apen is the membrane area. In Eq. 15,
Am is the transmembrane osmotic pressure, which
can be expressed as follows [17]:
Az =805.1x10°C, R 17)

Here, C,, is the membrane wall concentration,
which can be expressed as [17]:

w=

I

e[ Krnass ] X =

o (18)

e[kri‘:ss) (1_ R)+ R

where X is the salt/water mass ratio and R denotes
the membrane rejection coefficient, which has a
value of 0.9975 in this analysis based on Ahmadi et
al. [17] Also, Knass is the mass transfer coefficient,
expressed as follows [17]:

K. =0.04x Re®™ 500 e
d (19)

where D; is the diffusivity and d is the feed channel
thickness (0.71 mm) in this analysis.

Furthermore, the Reynolds number could be
expressed as [17]:
Re13=—ml3

Ncth:u’BNp (20)

where Ng, and Np represent the number of feed
channels and the number of pressure vessels
respectively, w3 is the dynamic viscosity of the
water, and Ly is the membrane width. Also, in Eq.
19, Sc is the Schmidt number, defined as:

Sc = _ths
P10, (21)
3.4 ORC cycle

ORC components have been modelled based
on energy balance equations.
For the turbine we have:

:_:SW , (h, —hy)

And for modelling the pump:

=
(22)



v,(R,-R) .. .
7, =1(271).Wp :ml(hz_hl)
h, —h,
2 (23)
For the evaporator and superheater we have:

Qev :m(hs_hz):mlo(rh_mz)

(24)
qup:ml(h‘l_h:i):ﬁ]lo(hlo_hll) (25)
Eventually, for the condenser following
equation is used:
Qcond :ml(hS_hl):mG(h7_h6) (26)
4. Performance examination
For investigating the performance and

economic aspects of the systems, exergy efficiency,
total cost rate, total power output (power of turbine,
PVT and diesel) and fresh water production rate are
analysed. Noteworthy, net power output of the
system would be 50% of the turbine since power
output of diesel and PVT panels and also half of
turbine generation are transferred in RO unit.
Following equations are used to examine the
performance of the system:

_ \Nt _Wp +Wdiesel +WPVT + Eheating + E14 -W,

net,RO

m = - -

! EG + Efuel (27)
Ctot = sz + Cfuel (28)
Qhealing = . useful, PVT + Qdiesel (29)

In Eq. 27, E is the exergy rate and is expressed
as:

Ei :mi(hi_hU_TO(Si_so)) (30)
Moreover, Erg, is the fuel exergy rate that can
be found in the literature.

In Eq. 28, C is the cost rate and Z is cost rate of
the components that is defined as [17]:
(e

i (31)
where, CRF is capital recovery factor and z is
annual operating years of the plant. ¢ is the
operating and maintenance factor. CRF is defined
as [17]:

i (1+i,)"

(1+i,)" -1 32)
where, i, is the interest rate and n is operating years
of the plant.

CRF =

5. Results and discussion

Parametric study is performed to examine the
influence of the effective parameters on the system.
Moreover, verification of the components is
provided.

5.1 Verification
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In order to verify the simulation results of the
ORC, a comparison is made between the results
obtained in this work with those reported in
literature [20,21], as outlined in Table 1, which
indicates a good agreement. Kosmadakis et al. [15]
for verification of PVT modelling. According to
Table 2, there is a decent agreement between the
results.

Table 1. Verification of ORC unit

Parameter Literature Present
[20,21] work
Net power output (KW) 48.57 48.71
Energy efficiency (%) 12.6 12.72
Exergy efficiency (%) 46.8 47.67
Table 2: Verification of the heat recovery of PVT
panels in kW
Concentration Simulated by Present
ratio Kosmadakis et simulation
al. [15]
2 0.513 0.495
5 2.867 2.76
10 6.791 6.92
15 10.72 10.85
20 14.64 14,92

5.2 Parametric study

Input parameters for modelling the system are
listed in Table 3.

Table 3: Input variable for simulation purpose

ORC cycle PVT panels

To (°C) 15 Parameter Value

Py (bar) 1.013 Hopt 0.9

T10 (OC) 200 Hinv 0.9

Ty (kg/S) 10 Nref 0.12

"p 0.9 Bret 0.004

7t 0.85 Tret 25 °C

P, (bar) 20 Tair 25 °C

ATgyp 20 Tyl 25 °C

ATpp 5 Tins 30 °C

CETD 5 Tevr 100 °C

RO unit Diesel Engine

RR 0.5 Tout (°C) 520

b 7 LHViye 43440
(kJ/kg)

X13 0.035 Migel (kg/h) 36

Moreover the cost equations of the
components are listed in Table 4.

Table 4: Cost equations of the components [17]

Component Cost equation (Z, $)
ORC Pump 3540 ><\/\'/0.71
P
ORC Turbine 4750XV\'/t0-75
ORC Evaporator 309.14 x Ov»85




ORC Condenser 516.62x AS,
PVT panels 1000x A,
RO unit 0.98x (3600 M, )

n=20 years, z=8000 hr, i,=0.12, 4=1.06

Effect of the PVT panels’ area is examined in
Fig. 2. As the figure shows, by increasing the area,
the amount of heat absorption increases which
leads to a clear increase in exergy efficiency and
total cost rate. The amount of increment is not
considerable as the panels are relatively small with
5 m? area. Higher values of area is useless because
more heat rate increase the temperature of fresh
water which can evaporate the water and is not
favorable.

The figure further indicates that raising the
area from 1 to 10 m?, increases the amount of fresh
water production and also heating rate. This is
justified because higher area of PVT panels means
higher amount of PVT power and useful heat
production. Increasing the PVT area from 1 to 10
m? would increase the heat rate by 6 kW.
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Figure 2. Effect of the PVT’ area on performance
and economic indicators of the system

Moreover, influence of the super heater
temperature difference is depicted in Fig. 3. As the
figure reveals, by increasing the parameter, total
cost rate and exergy efficiency of the system drop
as turbine power output decreases. The figure
further shows that by raising the parameter, total
output work along with fresh water production
decrease.
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Figure 3. Effect of the superheater temperature
difference on performance and economic indicators

of the system

Fig. 4 shows that during shining days with
higher solar radiation, the system operates
efficiently with higher exergy efficiency and
heating rate. This can be described because higher
solar radiation raises the power output of PVT
panels and also increase the heat rate of the system.
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Figure 4. Effect of solar radiation on performance
and economic indicators of the system
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Figure 5. Effect of geothermal brine’s mass flow
rate on performance and economic indicators of the
system

Fig. 6 presents the effect of the heat source
temperature on the performance of the system. As
the figure shows, higher heat source temperature
can help the system to operate effectively but in the
other hand total cost rate would increase. Higher
heat source temperature increases the power
generation of the ORC cycle which could increase
the total cost rate of the turbine and or other
components.

Moreover, inference from the bottom of the
graph is that, increasing the geothermal brine’s
temperature increases the total output work and
fresh water production rate. This is justified
because higher heat source temperature means
higher available enthalpy for the evaporator and
then higher power generation of the turbine. As
50% of the power output of the turbine is
transferred in the OR desalination unit, higher heat
source temperature can increase the fresh water
production rate.

Figure 6. Effect of geothermal brine’s temperature
on performance and economic indicators of the
system
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Effect of the fuel feeding rate of the diesel
engine is examined in Fig. 7. As the figure
demonstrates by raising the fuel feeding rate,
exergy efficiency decreases, while heating rate and
total cost rate of the system increase dramatically.
This can be justified because higher fuel feeding
rate increase the inlet exergy and cost rate of diesel
engine which can decrease the exergy efficiency
and total cost rate of the system.

As the power of the diesel engine is used in
RO desalination unit, higher fuel feeding rate can
increase the fresh water production rate and total
power output of the system.
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Figure 7. Effect of the fuel feeding rate of diesel
engine on performance and economic indicators of
the system

Last but not least effective parameter is the
turbine inlet pressure. As the Fig. 8 shows, by
increasing the turbine inlet pressure, the exergy
efficiency and total cost rate of the system
increase. In this regard, higher inlet pressure of the
turbine leads to higher power generation of the
turbine. As the half of the turbine’s power output is
used in RO desalination unit, higher fresh water
production is expected in higher turbine inlet
pressures.

Increasing the turbine inlet pressure can
considerably increase the exergetic efficiency by
15% and also total output work by around 800 kW.
Moreover, increasing the turbine inlet pressure
increases the fresh water production rate by 1.3
ton/day. Accordingly, turbine inlet pressure is
among the highly effective parameters and should



properly selected to help the system operate
effective and affordable.

6. Conclusion

In this study, a novel integrated energy system
is proposed consisting of photovoltaic/thermal
(PVT) panels, geothermal based Organic Rankine
(ORC) cycle, diesel engine and an Reverse 0Smosis
(RO) desalination unit for the province of the
heating, electricity and fresh water. The proposed
system is comprehensively modeled and examined
from exergy, energy and exergoeconomic
viewpoints. The results show that, by increasing
the turbine inlet pressure, the fresh water
prodcution rate would increase by 1.3 ton/day.
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Figure 8. Effect of the turbine inlet pressure on
performance and economic indicators of the system

Moreover, increasing the turbine inlet pressure
can increase the total power output by around 800
KW. The exergoeconomic results indicate that
increasing the mass flow rate of the geothermal
brine increases the total cost rate by 200 $/h. The
results further indicate that increasing the fuel
feeding rate of the diesel engine increases the fresh
water prodcution rate and total cost rate of the
system by 0.5 ton/day and 20 $/h, respectively.
Eventually, it can be concluded that the propsed
integrated energy system is a promising method for
the provision of electricity, heating and fresh water.

Crot ($/h)
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Nomenclature:

A Area

C Cost rate

CRF  Capital recovery factor
CETD Cold end temperature difference
E Exergy rate

G Solar radiation

h Enthalpy

i Interest rate

m Mass flow rate

P Pressure

Q Heat rate

RR Rejection rate

S Entropy

T Temperature

W Work

X Salt mass fraction

Z Cost rate of the components
Greek letters

n Efficiency

p Density

T Annual operation hours

u Viscosity

€ Emissivity

o} Stefan-Boltzmann constant
¢ Operating and maintenance factor
Subscripts

1,2,... State point

cond  Condenser

ev Evaporator

p Pump

p.p Pinch point

sup Superheater

t Turbine
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