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Abstract

In this paper, anovel solar thermal cogeneration (termed as solar combi MD; SCMD) system for production of clean water
and domestic hot water is modeled and analyzed for the weather conditions of United Arab Emirates (UAE). The system
comprises of solar collectors for production of thermal energy, thermal storage for domestic hot water generation and
membrane distillation (MD) modules for clean water production gaining energy through a plate heat exchanger. The
performance of cogeneration isanalyzed with two different solar collectors used for domestic heating — flat plate collectors
(FPC) and evacuated tube collector (ETC). The system is modeled and dynamically ssimulated using TRNSY S software
for optimization of various design parameters like collectors tilt angle, mass flow rate through MD loop, thermal store
volume and heat exchanger effectiveness. Cogeneration system efficiencies and collector areas has been determined for
optimum conditions. Economic benefits are analyzed for FPC collectors and fuel costs savings compared to individual
system operation. Total investment cost of SCMD system for single family application would be around 5000$ with an

impressive payback period of 5.5 years which is 30% lower than regular SDHW installations.
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1. Introduction

Desalination has strategic importance in Middle East and North
Africaregion as a main source of fresh water. Gulf cooperation
council (GCC) countries accounts for 57% of world's
desalination capacity out of which one fourth is produced by
UAE [1]. The UAE has become leader in implementing
aternative methods for creating fresh water resources through
desalination. Significant proportion (25%) of it is consumed
mostly as potable and household water [2]. A recent survey in
UAE reveals that only 6% of people drink tap water due to
potential health and safety concerns over tap water [3]. This
brings in the big picture of reliance of bottled water by urban
population and in fact, UAE stands top as a largest per capita
bottled water consumer in the world [4]. The need for
sustainable approach to tackle the issue of bottled water has
motivated us to develop an in-house water purification unit
based on Membrane Distillation technology.
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MD isanovel process that could be adapted effectively for many
water purification applications. Hot-side temperatures below
80°C are suitable and this process has been proven ideal for
exploiting waste heat or solar thermal resources for small scale
applications due to ability of tolerating intermittent and
fluctuating conditions [5]. In recent years severa bench, pilot
and commercial scale solar driven membrane distillation
systems with production capacities ranging from 50 I/day to 50
m3/day were developed and tested [6]. Banat et a. devel oped
stand-alone solar desalination systems based on MD to provide
potable water in remote areas having abundant solar energy [7].
Spiral wound AGMD modules were developed by Fraunhofer
ISE with production capacity of 100, 500 L/day to 10m3/day
[8,9].
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Balnco et a. tested a solar driven multistage flat sheet air gap
membrane distillation (AGMD) module with 9m2 surface area
for desalination with capacity of 0.5 m3/day to 50 m3/day [10].
Solar thermal heating systems are very much common nowadays
for fulfilling different domestic and commercial needs. Solar
water heating is one of the most popular solar thermal systems
and accounts for 80% of the solar thermal market worldwide. In
dry and arid regions like UAE, lack of fresh water resources
corresponds to high solar insolation. Theoretically, the average
solar insolation in the region of around 600 W/m2 is sufficient
to run Solar Domestic Hot Water (SDHW) systems at more than
95% solar fractions. In UAE, hot water is needed during the
months from September to May and since the water gets heated
to 35 to 450C in the mains during sunny months, solar thermal
systemswould be |ess efficient in summer [11]. A brief research
on the design approach of UAE-based suppliers of solar heaters
reveals the fact that the majority of SDHW systems (60%) is
designed for solar fractions less than 75% [12]. In recent years,
the residential building council in UAE promoting shifts to
SDHW heaters to regulate energy consumptions and also
adapting sustainable strategies for conserving drinkable water
for residential population. Therefore, a sustainable integration
of water purifier based on MD technology into solar hot water
system is proposed in our research study that can produce 1.5 -
3l/hr of puredistillate along with domestic hot water production
for a single family dwelling of five in the region [11]. The
proposed solar co-production system could maximize the overall
solar fraction through co-production of heat and pure water
utilizing available energy effectively. Thus, overall thermal
performance of system could be increased and additionally acts
as source for potable water production. The present paper is
focused on dynamic simul ation and techno-economic analysis of
SCMD system suitable for prescribed application. Hogan et.al.
[13], investigated feasibility of solar membrane distillation
system using TRNSYS simulation software two decades ago
which is well known dynamic simulation tool for academic and
commercial purposes. However, no latest research identified
using TRNSYS for MD until recently by our own research
publications [14,15]. Since TRNSYS is an essential tool for
analyzing dynamics solar thermal systems, we developed a
suitable model for assessment of co-generation operation.
Several studies has been presented in literature for simulating
solar domestic hot water systems, however present simulation
studies through Membrane distillation integration for co-
generation is an unique approach.

2. System Description

In order to realize performance dynamics of co-generation of
pure water and hot water, a pilot test facility has been designed
and installed at RAKRIC, UAE. A regular solar domestic hot
water system was procured and installed with increased energy
source capacity as shown Fig.1. The plant has been designed to
havetheflexibility of experimenting at higher hot water and pure
water demands. The experimental rig consists of 5flat plate solar
thermal collectors (FPC installed at tilt 350) from Tisun, Austria
and 3 Evacuated tubular collectors (ETC installed at tilt 150)
from Sunda Solar, China. Different arrays were designed and
connected in series/parallel combinations in order to operate
with varying collector areas. Solar thermal energy is charged to
a stratified thermal storage tank of 520 | capacity or during
sunshine hours and utilized for DHW with drawl throughout the
day according to desired profile. Membrane distillation system
was integrated in a flexible manner to operate with heat energy
from the thermal storage tank and from direct solar hot water
circulation circuit through a stainless steel plate heat exchanger.

All circuits in the test facility were equipped with different
measurement and control devices to monitor and control the
process. All instrumental data was continuously logged using
Advantech Adam data acquisition modules.
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Figure 1. Schematic Representation of SCM D System | nstalled at
RAKRIC

3. Simulation M odel

TRNSYS dynamic simulation tool is used to simulate the
performance of individual and co-generation systems. The basic
components like solar collectors, storage tanks, pumps,
controllers, heat exchangers, were chosen from TRNSYS
library. AGMD is modeled in TRNSYS to analyze both the
energy and mass fluxes within the modules, based on inlet hot
and cold water temperatures. Post processing involves
determining combined solar fraction for co-generation system
and aso auxiliary heating demand requirement for MD
operation.

Flat plate collector (FPC), and Evacuated tube collector (ETC)
are simulated using type 1b and type 71 models available in the
TRNSYS library. The useful heat supplied by the collector is
calculated by following equation [10]:

Q-use,r’ut =m Cp (Tour — Tin)
= R L A(ra) - UcoIAcai(Tin = Tamp)]

F. is the heat removal factor of the collector, T is the product
of transmittance and absorbance, 4., is the collector area. The
thermal efficiency of the collectors is calculated using quadratic
efficiency curve [23].

2
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The values of a,, a; and a, are availablefor any collector tested
according to ASHRAT standards. Flat plate collector considered
in the study are TISUN FM-S 2.55 model, for which the values
of n,a; and a, for the FPC are 0.781, 3.65W/m2K and
0.051W/m’K respectively. ETC’s are optically non symmetric,
so hiaxial incidence modifier {IAM) is supplied as separate
external file. The values of a,, a; and a, for the SEIDO 1-16
collector type are 0.73, 1.5W/m?K and 0.0054W/n?K
respectively.
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The co-generation system includes a thermal storage tank for
storing hot water from the collectors loop and it is subjected to
thermal stratification.

Type 60c in the TRNSY S library is utilized for the purpose of
the hot water storage capacity. Thetank is divided into segments
and it is assumed that the fluid streams flowing up and down
from each node are fully mixed before they enter next segment.
The energy balance of the n™ node model is shown [16]

dT,

P, Sk
C thn dt

= mw,ivth(Tn.hl —idZ) o mw,mntcp (Tn+l - Tn)
- é]HSAn(Tn D Ta)
u
+ %(Tn—l - ZTn + Tn+l)

Counter flow heat exchanger of Type 91 is used in the model
which relies on an effectiveness minimum capacitance approach
to modeling a heat exchanger. The maximum possible heat
transfer rate is calculated based on the minimum capacity rate
fluid and the cold side and hot side fluid inlet temperatures. The
model then determines the minimum capacitance side and
calculates the heat transfer based on following equation.

Q= EQH:ICIX where Qﬂ']ar = (Cpor Cc)min * (Thi — Tei)
Where C; = ni¢ Gy, and Cy = nip Cpp.

The outlet temperatures from the heat exchanger are calculated
which will provide input to subsequent components, i.e. thermal
storage tank and Membrane distillation model for present case.

g g
Tho = Thi — ([T:-') and Ty = T — (TT)

Membrane distillation is simulated based on the Response
surface model (RSM) equations developed using factoria design
of experiments (DoE) in which distillate flux, MD hot outlet
temperatures were calculated as a function inlet hot and cold
water temperatures and MD flow rate.

Ja= =972 + 0.117 # Tgipy + 0.18 # Ty + 973 + 1073 +
=634 * 1072 * Tgyy * Ty — 3.326 + 1072 * Ty,

Thout = 2.05+0.189 * Teyp + 0.773 = Ty + 3.52 % 1073
* |/
i
+1.39 % 1072 * Tgyp # Ty — 219 % 1073 % TZ,,

The outlet stream from the MD model is then returned back to
heat exchanger for gaining energy from heat source as shownin
Fig. 5.1. The heat transfer rate from the exchanger is assumed to
be completely utilized for MD process for distillate production
with a effectiveness of 0.5. Control strategies have been
implemented for safe operation of solar thermal system. Type
2b, type controller is used for controlling the solar collector field
circulation pump (Type 3) which switches ON/OFF controller
based on working fluid temperature. The circulation pump is
turned off during two conditions (i) Low radiation (ii) High
storage temperature. Flow rates of solar collector loop were
fixed according to manufacturer recommendations, 25I/h.m? for
FPC and 30I/h.m? for ETC. DHW load profile based on SRCC
withdrawal pattern has been modeled using Type 14 time
dependent forcing function for water draw. Daily load and
desired temperature settings for DHW withdrawal are also
provided along with cold inlet temperatures for DHW
preparation. Weather data of test location has been supplied as
external file. Based on experimental system, loss factors has
been considered due to piping.

4. Results & Discussion

As discussed in previous chapters, solar cogeneration system
integrating membrane distillation is developed for operation in
United Arab Emirates. The simulation is conducted with weather
datarecorded in RAKRIC for past five years. The cogeneration
system is developed with operational flexibility, which allows
all the sub systems to operate individually. Integrated operation
performance of cogeneration system was analyzed using
simulations performed with a simulation time step of 0.25min
for whole year (8760 h) and integrated to get monthly or daily
results.

4.1 Performance of individual systems

In order to determine the validity of the simulation model,
individual systems has been simulated first before developing a
co-generation model. Solar domestic hot water system (SDHW)
installed in UAE conditions which is designed to have a annual
solar fraction of 0.85. SDHW system with 5 m? FPC area is
simulated at atilt angle of 35° which maximizesthe winter DHW
demand fulfillment. It is evident that peak temperatures of TES
reaches in month of October and lower in December. For a
family of 5 persons in this region, total DHW annual energy
consumption would be around 2300kW including the auxiliary
heating. Annual average collector efficiency of 45% could be
obtained with lowest efficiency in peak summer months.

Direct integration of MD to solar therma loop enables
maxi mum utilization of absorbed solar heat energy in sstan alone
SMD system. Simulation of SMD was performed to achieve a
average solar fraction of 0.95 for annual production of 7300l of
pure water (20l/day). It has been observed that for similar tilt of
35°, four FPC were required to fulfill the demand. However,
SMD system producesless than 20l/day for almost 6 months due
tolessdriving force but overall annual demand could befulfilled
with excess production in other 6 months. A total of 6900kW of
heat energy is delivered through the heat exchanger to MD
operating at 6l/min of feed flow. Average collector efficiency of
35% was obtained which is 22% less than the efficiency when
operated for SDHW.

4.2. Co-generation performance

Thermal performance of integrated SDHW and SMD system
designed to provide required DHW and pure water demand is
analyzed through dynamic simulations. Annual simulations has
been performed on SCMD system for the existing system
configuration of 5FPC (MD flow rate of 350lI/h and heat
exchanger effectiveness of 0.5) and obtained annual average co-
generation solar fraction (SFcogen) Of 0.9 which is the combined
solar fraction of MD and DHW. For the month of October
SFeogen Obtained from simulation was 1.0 and it has been proved
from the experimental results discussed previously. DHW tank
temperatures are maintained at an average of 77°C which makes
the SCMD system to operate with DHW solar fraction of 1.0.
For the MD system delta T of 40°C was maintained throughout
the year with total distillate production of 6400l/year. However
in order to fulfill the annual demand system parameters have to
be optimized which requires a detailed analysis as explained in
next section.
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Figure 2. Annual Dynamic Simulation of SCM D System

4.3 Technical optimization of parameters

TRNSYS simulations are conducted to optimize the system
performancein terms of solar fraction and distillated production.
The solar thermal cogeneration system is designed for fulfilling
the DHW and pure water demand and the performance of SCMD
is analyzed for different collector tilt angles, storage tank
capacity, flow rates of heat transfer fluid from MD circuit, and
effectiveness of heat exchanger. Based on the optimal
parameters, further simulations were carried to obtain optimal
collector area. Solar fraction co-generation (SFcogen) iS
considered as the indicative performance factor in this study.
The performance of co-generation system is evaluated with flat
plate collectors and evacuated collectors having similar
specifications (Aperture area of 10m?) of experimental
installation.
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Figure 3 (a). Variation of SCM D Performancewith Tilt Angle;

The performance of the SCMD system for two collector types
are simulated with different tilt angles with an incremental of 5°
tilt with an objective to increase SFcogen. IN general tilt angle
would be optimum at angles closeto | atitude of the location (For
RAK 25.7°) which is clear from the Fig. 3 (a) that SFcogen
maximized at a tilt of 25° for FPC and 20° for ETC. With
increase in collector tilt, distillate production reaches closer to
each other for both collector types. This is due to low reduced
energy gain from collectors by ETC at higher tilts.

When we consider individual solar fractions for DHW, it was
observed that SFpnw increased until a tilt of 40° and reduced
after that which shows that DHW requirement during winter is
fulfilled better at high tilt angles. ETC collector efficiencies are
decreased with tilt whereas an increase is observed for FPC.
Therefore considering DHW maximization, a tilt angle of 35°
would provide a balance to the SCMD system with winter
optimum production.
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Figure 3 (b). Variation of SCM D Performance with Thermal
Storage Volume

Impact in the performance of the SCMD system for various
capacities of the storage tank volumeis shown in Fig. 3(b). The
system is simulated for the storage capacities between 100 to
600l with an increment of 100l. The SFCogen maximizes at
lower storage capacities which are due to increase MD solar
fraction. However, DHW solar fraction is low at lower storage
volumes and hence optimal volume has to be maintained to
increase SFDHW. For DHW withdrawal during night hours
storage volume should be sufficient enough and hence an
optimal volume of 3001 has been selected for SCM D system. For
the same collector aperture areas, ETC has 11-13% higher solar
fractions compared to FPC. Again, this is due to increased
collector outlet temperatures from ETC which leads to
subsequent increase in MD hot side temperatures. From the
above mentioned optimal parameters of 350 tilt, TES volume of
300I, MD flow rate of 350I/hr and heat exchanger effectiveness
of 0.5, further simulations has been carried to determine
optimum collector area required to obtain a minimum SFCogen
of 0.95 which might be operated without any auxiliary heaters
for UAE region. Objectiveisalso to maximize solar fractionsfor
both MD and DHW operation and the simulation results are
plotted as shown in Fig. 5.9 and 5.10.

Asshownin Fig. 5.9, when asimple SDHW system with 5.5 m2
aperture area (2 collectors) SFCogen would be around 0.55 and
to achieve asolar fraction of near to 1.0, collector areashould be
increased by 130% which caters to increase demand by
integrating MD into SDHW. Therefore, optimum FPC area
requirement for SCMD system would be 12.7m2 which is
amost equivalent to 5 collectors having an average efficiency of
40% (whichisthe average of individual system efficiencies45%
for SDHW and 35% for SMD). Also, efficiencies are decreased
by 20% with increased collector areafrom base level to optimum
level. Similarly as shown in Fig. 5.10, for ETC system
configuration, 9.3 m2 aperture area would be required for
optimal SCMD operation which is equivalent to 3 collectors
having an average efficiency of 56%.
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4.4 Sensitivity Analysis

As discussed in earlier section, solar cogeneration system
integrated with five solar collectors is optimized to meet the
daily demands of pure water and domestic hot water demands of
single family household in UAE. Economical benefits of SCMD
are analyzed in terms of payback period(PB) and net cumulative
saving (NCS) by incorporating fuel inflation rates. Cost of
individual components obtained from existing installation
suppliers and other parameters are shown in Table 1.

Table. 1. Individual Costs and Benefits

Component Abbreviation Value

Solar collector FODTERTER 2008/ m?
Membrane Zs 2" 2508 /unit
distilltion unit chawe 22

Membrane e 15% of + 5
replacement CRAGME I5 S F A s
Plate heat »:,_H'M;Mn | $500

exchanger L il i

DHW  Thermal & $1000

P S04
TS

storage tank
MD  Thermal & " 8250

storage tank =

Component Abbreviation Value

P Sl roviation SS1W 04
ump e P

Hydraulics ZPume 0.1 5?-_% .

Installation cost

Fuel cost inflation

ohovd

0, =
(: 0'05(_:;' AGMD

of rratal
5% of  total
component cost

10%

rate ol

Lifetime of the N 20 years
system

Cost of fuel ~ 0.12%/kWh
Distilled  water .~ 0.08$/liter
cost e

Plant Availability - 96%

The major hindrance in any renewable energy driven processes
are high initial investment cost, so payback period and net
cumulative savings are chosen as economic criteria to evaluate
the benefits based on design parameters. In this research work,
payback period (PB) is calculated based on time period required
to recover initial investment incorporating fuel cost inflation
rates. Payback period (PB) and net cumulative saving (NCS) are
calculated by [14],

) PB
In [————Cf(‘g ad O 1]
-~ )
n(155)
1 _(a+ ip))’“
PWF'(EF—d)(l (a0 ) ©
NCS = ((Cg) * PWF) - C, @)

C, is the initial investment cost for the cogeneration system,
Cp is annual cost benefitsand i is fuel cost inflation rate. Initial
investment includes investment costs of all the components and
installation charges of the cogeneration system as shown in
equation (8).

Cs = CscAsc + Cpue + Cust + Coump + Cragmp + Cracup
+ Cl'n.\' + Chyd + CLand

The total investment cost required for the installation and
commissioning of SCMD is $5000 with major share (50%) of
investment isaccounted for procurement and installation of solar
collectors as shown in Fig.5. From literature, a standalone solar
MD system have 70-80% of costs attributed to solar installation

(5.

Sensitivity studies on payback period and net cumulative
savings (NCS) are conducted with different inflation rates as
shown in Fig.6. Payback period varies between 5 and 7 years
across different inflation rates for SCMD. Whereas, net
cumul ative savings without accounting inflation rate lies around
$12,400 and increases up to 5 times with incorporation of higher
inflation rates. At discount rate of 5%, impressive payback
period is obtained for SCMD with 5.5 years at 10% inflation.
SCMD has low payback period compared to all other
configurations and high NCS equaling STSMD.
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An average reduction in PB period of 30% could be obtained by
shifting to SCMD instead of SDHW installation. Similarly NCS
could be increase to three fold by adapting SCMD systems.

5. Concluding Remarks

A solar thermal cogeneration system integrating membrane
distillation is reported and dynamically simulated using
TRNSY S. Simulation results are validated with the experimental
observations with good agreement. Optimization of the design
parameters are conducted for maximizing the energetic
performance for two different collector types. Annual system
simulation carried out to analyze dynamic behavior using the
optimal parametric conditions. 5 FPC and 3 ETC configuration
would be sufficient enough for cogeneration system annual
demand fulfillment. Collector efficiencies of 40% were obtained
for SCMD systems which is the average efficiency of operation
systemsindividually. Total investment cost of SCMD system for
single family application would be around 5000$ which is 68%
morethan regular solar hot water installation. Economic analysis
indicates a n impressive payback period of 5.5 years for co-
generation system which is 30% lower than regular SDHW
installations. However, final water production has to be
estimated based on post treatment equipment utilized for
mineralization or disinfection. Since all the system components
were used simultaneously for dual demand fulfillment in SCMD
reducing additional components if operated separately, it could
be areliable integration provided MD operated at better thermal
efficiencies. Also, for solar-combi MD system significant
carbon emissions could be reduced due to equivalent bottle
water production and distribution chain which could be
determined in future work.
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