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ABSTRACT

The aim of this paper is to evaluate optimum design criteria for developing solar thermal integrated
membrane distillation system for cogeneration of pure water and heat. The temporal and seasonal
variability of the driving variables, such as ambient temperature and solar irradiance requires
dynamic simulation of combined system using tools such as TRNSYS. Dynamic simulation and
parametric analysis enables to design a functional system and then optimizes the design. In this
study, the application of cogeneration system for residential households in United Arab Emirates is
considered for per capita production of 41/day of pure water and 501/day of domestic hot water. The
performance of cogeneration is optimized by varying various design parameters such as collector tilt
angle, thermal storage volume and area of the solar collector field. Cogeneration solar fraction and
payback period are considered as performance indicators for energetic and economic optimization.
Further simulations are extended from small to large family application and for utilizing either flat
plate (FPC) or evacuated tubular collector (ETC) systems. Optimized cogeneration system utilizes
more than 80% of the available solar energy gain and operates at 45% and 60% collector efficiencies
for FPC and ETC systems respectively Also, combined and system efficiencies of the cogeneration
system are compared with standalone operational efficiencies for solar heaters and solar membrane
distillation systems. Results show that, cogeneration operation reduces 6-16% of thermal energy
demand and also enables 25% savings in electrical energy demand. Payback period could be reduced
by 2.5-3 years by switching from regular solar water heating to cogeneration systems along with

4-fold increase in net cumulative savings.
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1. Introduction

As per the global risks report 2016, the World Eco-
nomic Forum named water crises as one of the top three
highest global risks to economies, environment and people
[1]. Clean, safe and usable water is a limited and valuable
resource for many parts of the world especially for gulf
nations. In United Arab Emirates (UAE) almost all indus-
trial and residential water is supplied through seawater
desalination. Agriculture uses water extracted from aqui-
fers that already showing signs of depletion which again

*Corresponding author.

leads to reliance on desalination in future [2]. At pres-
ent, the total installed desalination capacity in the UAE
is 1583 MIGD (million imperial gallons per day), 80% of
it is produced using the robust but inefficient multistage
flash (MSF) technology. Since, desalination consume large
amounts of energy, it is very crucial to make sure water
usage in cities is efficiently managed along with minimum
wastage. Although municipal supplied desalinated water
is suitable for drinking in UAE, people mostly depend on
processed bottled water for drinking purpose. In fact, UAE
stands top among per capita bottled water consumers in the
world [3]. Bottling of already desalinated water further ele-
vates energy demand in the process of drinkable water gen-
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eration and delivery to the end user. Thus elevated energy
demand levels for desalination industry, rapid depletion of
fresh water sources along with climate changes due to rapid
industrialization poses a threat to upcoming generations.

The challenge here is to create sustainable solutions to
balance the requirements using clean, affordable energy.
One potential solution to meet this challenge is to utilize
renewable energy sources especially solar energy that
enables increased energy independence and reduces global
warming as well. The UAE is recently looking at solar power
for desalination. However, solar PV is increasingly seen as
an attractive technology to power reverse osmosis (RO)
desalinations plants, it’s also important to consider ther-
mal energy driven processes [2]. In particular, for small/
medium scale applications, solar thermal driven membrane
distillation (MD) technology has been gaining importance
in recent times [4]. Compared with conventional thermal
MSF or RO membrane separation process, MD has distinct
advantages of operating at low temperature and pressures.
Also, it has been proven by many researchers that MD can
tolerate varying feed concentrations and has a better ability
to use low-grade or waste heat [5]. Among the many config-
urations of MD technology available in the world, air-gap
membrane distillation (AGMD) technique has been widely
used for solar energy integration at pilot scale/commer-
cial levels [6]. Present work utilizes a bench scale AGMD
module characterized and tested by the authors for solar
thermal integration and augmentation of solar energy utili-
zation though cogeneration of hot water and pure drinking
water [7].

Solar thermal heating systems accounts for 80% of the
solar thermal market worldwide and are very much com-
mon nowadays for fulfilling different domestic and com-
mercial needs [8]. For the production of domestic heat,
different collectors with variable temperature ranges can
be used depending upon the region, climatic conditions
etc. Glazed flat plate collectors (FPC) accounts for 22.4% of
the worldwide operational capacity and most commonly
used in domestic heating systems [9]. Whereas evacuated
tube collectors (ETC) has high market penetration due to its
wide temperature range (upto 150°C) and accounts for 70%
of the operational capacity worldwide [9]. Countries hav-
ing low irradiance and overcast weather conditions widely
uses ETC systems due to the advantage of low heat losses
compared to FPC [10]. In contrast, UAE receives annual
solar insolation of more than 2000kWh/m? enabling to run
any solar domestic hot water (SDHW) systems at more than
90% solar fractions for residential applications [11]. How-
ever, during summers the availability of solar heat is very
high and DHW demand is low and therefore solar thermal
heaters do not exploit their full potential leading to low
specific collector yield, even with high annual solar fraction
[12]. Therefore, proper selection of collector type for these
conditions is crucial not only for maximum energy exploita-
tion but also for maximizing economic benefits. To address
this topic, the authors previously introduced a cogeneration
system for simultaneous production of hot water and pure
water using MD technology thus improving overall perfor-
mance of solar thermal system [13].

In literature, most studies focus on solar driven mem-
brane distillation (SMD) technologies rather than inte-
grated systems for cogeneration [6]. Recent studies show

that cogeneration/polygeneration systems based on renew-
able energy sources for electricity production, heating, cool-
ing and desalination has been gaining interest from the
research community [14,15]. However, the investigation of
systems employing membrane distillation technology cou-
pled with solar systems is limited, particularly for cogene-
ration of pure water and heat. The possibility of integrating
MD with heat recovery chiller and gas engines was inves-
tigated by Liu and Martin [16] for trigeneration of cooling,
power and water in a semi-conductor industry. Utilization
of MD in cogeneration power plants was experimentally
and numerically analyzed by Kullab and Martin [17] which
proves the applicability of MD in waste heat recovery.
Mohan et al. [18] also investigated integration of MD into
a waste heat recovery power plant for generation of cool-
ing, pure water and electricity. Further pilot experimental
studies carried by Mohan et al. [19,20] using solar thermal
energy for polygeneration application in UAE. Khan et al.
[21,22], performed techno-economic analysis and optimi-
zation studies of photo voltaic (PV) driven polygeneration
system integrated with MD system and biogas digester to
generate electricity, pure water and cooking fuel for rural
households in Bangladesh. The authors previous work on
performance of cogeneration systems using multicassette
MD module provides insight into simultaneous production
of heat and pure water [23]. Authors also experimentally
characterized single cassette MD module and investigated
its performance through solar thermal integration [7,24].
The present paper is based on the previous characterization
studies and experimental investigations on solar combined
membrane distillation (SCMD) system.

Water heating using solar thermal collectors is commer-
cially available in UAE but currently its use is limited mostly
to hotels and government funded housing [2]. This signifi-
cant untapped potential of solar water heater installations
for residential households is picking up in recent times due
to changes in policies and regulations. The main goal of this
work to investigate both energetic and economic perfor-
mance of the solar combined MD system through compar-
ison of systems operated individually (separate operation
of SDHW and SMD). Techno-economic optimization of
cogeneration system is an important analysis that needs to
be examined carefully for the dissemination of SCMD sys-
tems. As mentioned earlier, the system under study derives
from previous works of the authors [7,24] with significant
improvement of system layout by including evacuated tube
or flat plate solar collectors, auxiliary heaters and additional
MD module. The authors have employed TRNSYS dynamic
simulation tool to build system environment, by considering
also all the components required for actual operation of the
system (sensors, controls, load profiles etc.). With respect to
reference pilot installation [24], the system solar field and
MD modules have been varied based on application for
small or large family dwellings in UAE. A sensitivity analysis
is performed to evaluate the system performance as a func-
tion of main design parameters. Parametric optimization has
also been performed through analyzing energetic efficiency
and economic benefits of the cogeneration system. Finally, in
order to evaluate the economic benefits of combined opera-
tion, payback period and net cumulative savings of cogen-
eration system are compared with individual operation of
solar water heaters and solar driven MD systems.
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2. System layout

The adopted system layout in this work is derived
from one of our previous work which consists of integra-
tion membrane distillation water purification technology
with solar hot water system [24]. In particular, new layout
has been modified in order to integrate either flat plate or
evacuated tube collectors. Moreover, in such layout, aux-
iliary heaters has been added in order to satisfy the ther-
mal demands for MD and DHW in case of cloudy days
or increased user demand. Furthermore, additional MD
module has been added in series with the existing one for
operation at high pure water demand profiles. Also MD
feed water storage tank and cold water storage tank has
been added for realistic modelling of the system. A sche-
matic layout of the solar cogenration membrane distillation
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system. System under investigation is shown in Fig. 1. The
same operating principle of SCMD employed in the previ-
ous work [24] has been used for the solar, DHW loop and
MD subsystems. The main components along with input
design/operational parameters for solar thermal, DHW
loops are summarized in Tables 1 and 2 shows the compo-
nents and input parameters for MD loop.

3. Simulation model

The cogeneration system model has been developed
using TRNSYS software [26]. As shown in Fig. 3, system
components are indicated by types in TRNSYS are inte-
grated in order to perform the simulation and obtain results.
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Fig. 2. TRNSYS system diagram for simulation of cogeneration system.
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Table 1
Main components and input design parameters for the solar thermal and DHW loop
Component name Input parameter(s) Value-FPC Value-ETC
Solar collectors Collector aperture area, m* 11.8 9.01
Tilt angle, ° 35 15
Tested flow rate, kg/h-m? 40 45
Intercept efficiency (n)) 0.781 0.732
First order efficiency coefficient (a,), W/m*K 3.65 1.5
Second order efficiency coefficient (a,), W/m*K> 0.015 0.0054
Solar pump Maximum flow rate, kg/h-m? 25
Maximum power, W 60
Controller Upper dead band T, °C 6
Lowe dead band T, °C 4
DHW load profile Daily load, L/d 250
Diverter, mixer DHW set point temperature, °C 50
DHW storage tank Tank volume, m? 0.3
Tank loss coefficient, W/m?2K 2.5
No. of nodes 6
Height of each node, m 0.25
Table 2
Main components and input design parameters for the MD loop
Component name Input parameter(s) Value
MD System (equations) RSM model for distillate flow and MD outlet
temperatures [7]
No. of MD modules 1lor2
Membrane area/module (A, ), m? 0.2
MD cold and hot circuit pumps Flow rate (constant), L/h 360
Rated power, W 50
MD feed tank Volume of feed water, L 50 or 100
Plate heat Exchanger Effectiveness 0.8
Cold water store Temperature (Amb.) and volume, L 1000

3.1. Solar collectors and thermal storage

Solar thermal collectors are simulated using type 1b
and type 71 models for FPC and ETC respectively. ETC’s
are optically non symmetric, so biaxial incidence modifier
(IAM) is supplied as separate external file. The useful heat
supplied by the collector is calculated by following equa-
tion [27]:

Qe = mcp (Tsm. out = Lol x‘n) =FA, |:Iml (‘EOL) =U, A (Tsal,avg - Tamh):| * £, (1)
where m is mass flow rate of heat transfer fluid circulated
in collector loop, Cn is the specific heat capacity, F is the heat
removal factor of the collector, to. is the product of trans-
mittance and absorbance, A, is the collector area (typically
aperture area), I, is incident solar radiation, U, is the over-
all heat transfer coefficient, T, . and T are inlet, outlet

Sol,i sol out

temperatures of the circulated fluid to the collector, T, , is the

ambient temperature and ¢ is the time period of operation.
The thermal storage tank is subjected to thermal strat-

ification and modeled using type 4c. The tank is divided

into segments and it is assumed that the fluid streams flow-
ing up and down from each node are fully mixed before
they enter next segment. The energy balance of the n™ node
model is shown below [28].

drT,

Cpth,n 7; = Thw,incp (Tnfl - Tn ) + 7/i’lw,uutcp (TnH - Tn ) - UHSAn (Tu - Tu)

S @)

3

+

(Tn—l - 2Tn + Tn+1)

where T, CP and A are the water temperature, thermal
capacitance and conductivity respectively. U is the layer
thermal loss coefficient and S is the envelope surface area
of the single node.

3.2. Heat exchanger and membrane distillation

Counter flow heat exchanger of Type 91 is used in the
model, which relies on an effectiveness minimum capaci-
tance approach in which the maximum possible heat trans-
fer rate is calculated based on the minimum capacity rate
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Fig. 3. DHW load profile showing fraction of hourly usage/with-
drawal (Adapted from Ref. 29).

fluid and the hot and cold side fluid inlet temperatures
[26]. The heat transfer rate of the heat exchanger is obtained
based on following equation,

Qr =€Qu where Qe =(C,0r Co)in o * (T = T,) 3)

where C. =m.C, and C, =m,C,, . 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 in present case.

T/m = Thi - (&J and Tco = Tci - [%] (4)
C, C

Based on heat exchanger data and flow rates in solar
and MD loops, effectiveness is determined to be 0.8 and has
been provided as input for heat exchanger. The heat trans-
fer rate from the exchanger is assumed to be completely uti-
lized by MD process for distillate production. Membrane
distillation component is added as equation obtained from
previously developed models through experimental char-
acterization and response surface modelling [7]. Following
equations determine the distillate flow rate V,(1/h) and MD
hot outlet temperatures.

V, =-1.314+0.032* Ty, +0.03% Ty, — 11721072 %V, 1154 %107
*Tyupcn Tuorn = 0510 * T, V, +0.688 410 ©)
ooV +0.496 10T,

Toppion = 3097 +6.82*107 * Ty, +0.772% Ty, +3.5%107 # Vi (6)
+1.42% 1073 * TMDcinTMDHm

where V., is the MD feed flow rate and T is the temperature
in and out of MD hot and cold channels.

3.3. Other components

Appropriate control strategies have been implemented
for safe operation of solar thermal system similar to previ-
ous works [24]. Type 2b controller is used for controlling

the solar collector field circulation pump (Type 3b) which
switches ON/OFF based on working fluid temperature.
The circulation pump is turned off during two conditions
(i) Low radiation (i.e. low outlet temperature of collectors)
(ii) High storage temperature (>100°C). Upper and lower
dead band temperatures have been set to be 6 and 4°C sim-
ilar to the conditions maintained in experimental system.
Operation of MD loop pumps were not controlled as they
operate at single flow rate during solar loop operational
hours. Additional components such as weather data, print-
ers and integrators have also been added in the simulation
built environment.

DHW supply temperature was set at 50°C and hot
water is withdrawn using Type 14b time dependent forc-
ing function according to typical load profiles as shown in
Fig. 3 [29]. SRCC (Solar Rating & Certification Corpora-
tion) profile is chosen for our study as it suits user demand
patters in UAE conditions [30]. The system parameters are
modified depending upon application and user demand
(Single family or large family). Simulations are further
extended to individual operation of DHW and MD sys-
tems using solar energy. Dynamic simulation results of
individual and cogeneration systems are further pro-
cessed to determine auxiliary heating requirement for MD
based on daily fulfillment of hot and pure water demands
of the users.

4. Performance efficiency and economic evaluation

Annual solar fractions (SF) for individual and cogen-
eration operation are used as performance indicators for
parametric optimization. SF indicates the total amount
of energy delivered by solar thermal system to the total
demand of a process in operation. Overall performance of
cogeneration system is evaluated using collector efficiency,
combined efficiency and system efficiency as indicative
parameters. Collector efficiency defined as the ratio of the
useful energy gain (Q_)) to the incident solar energy. Com-
bined efficiency analyzes the performance of entire solar
thermal cogeneration system including solar collectors.
System efficiency analyzes the performance of energy con-
suming devices like membrane distillation unit, thermal
storage and heat exchanger, which are integrated together
as cogeneration system. Combined efficiency is a ratio of
total energy demand for membrane distiller and domes-
tic hot water supply to the total incident radiant energy
(Q,) on collector field [20]. Whereas system efficiency is
with respect to useful energy gain i.e. supplied to the sys-
tem. Table 3 summarizes the performance parameters and
related equations used to optimize the combined or indi-
vidual systems.

An economic model of the cogeneration system has also
been developed in this work. The capital costs reported in
[25] are used for the components of the system. It is worth
noting that the cost of the auxiliary heater and post min-
eralization system are included in the present economic
model. Cost of individual components obtained from exist-
ing installation suppliers and other parameters are shown
in Table 4.

Economic benefits through selling pure water and fuel
savings for DHW production are also shown in the table.
Pay Back (PB) period and net cumulative savings (NCS)
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parameters are used to evaluate the economic performance
of individual and cogeneration systems. PB and NCS are

calculated using following equations [34].

Table 3
Solar fraction and efficiencies of solar integrated systems
Performance indicator ~ Equation No.
DHW solar fraction Qpiw @)
SFow =
QDHW + QAuxDHW
MD solar fraction Q 8
SFp=—=M
QMD + QAuxMD
SCMD solar fraction Q )
Fcagen — Total
QTutal + QAuxTotul
Collector efficiency Q. dt (10)
T.]CaIIec or — =
! ACDI j I coldt
System efficiency Qup +CQpuw 11
nS stem — o~
v QCOI
Combined efficiency Quo + Qorne 12)
nCDmbined = Q—
IR

Table 4
Individual component costs and benefits

]Sl

PB= C—B (13)
1+,
In
(1+d)
1 [ (i)Y
= e "
NCS=((C,)* PWF)-C, (15)

C, is the initial investment cost for the cogeneration sys-
tem, C, is annual cost benefits, i, is fuel cost inflation rate,
d is the discount rate and N is the life time of the system.
Initial investment includes investment costs of all the com-
ponents and installation charges of the cogeneration system
as shown in equation (16).

CI = CSalur + CMD + COthev (16)

Cotr = CenrAcar + CresVres + ComApne

solar

CMD = CI,MDAMD + CR,MD + CP,MD + CT,MDVT,MD + CAux,MD
C c +C, +C

other = pump Ins hyd

With regards to the operating costs of the cogeneration
system, the demands of electric energy for pumps and aux-
iliary heating have been taken into account. These operating

Component

Symbol Value

Solar collectors [31]

DHW Thermal storage tank®
Plate heat exchanger [32]
Membrane distilltion unit [33]
Membrane replacement [33]
Post mineralization®

MD thermal storage tank®
MD heating element®

Pump [27]

Hydraulics [33]

Installation cost [33]

Fuel cost inflation rate [27]
Discount rate

Lifetime of the system

Cost of fuel [20]

Distilled water cost [20]
Plant Availability

FPC - 216%$/m? of apr. area
ETC - 406%/m? of apr. area

col

Cpps $4130$/m?

Coue $2000$/m?

CI'MD $2,500$/m? of membrane area
Crmp 15% of C,

Covp 25% of C, ,,

Crup $4130$/m?

CAMX,MD 150$

Cpump 881Wp°'4

Chyd 015C,,+0.05C,,,,

C.. 5% of total component cost
I, 10%

d 5%

N 20 years

C, 0.12$/kWh

Cow 0.08%/liter

- 96%

a) Manufacturer provided costs b) Estimated based on personal communication
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costs are obtained based on the fuel tariffs and the amounts
are deducted from the total annual cost benefits (C,) while
calculating PB and NCS.

5. Results and discussion

As discussed in the previous sections, the aim of this
paper is to simulate cogeneration of pure water and heat
using solar thermal integrated MD for residential house-
holds in UAE. The scope of this system is to improve the
energy demand efficiency through cogeneration instead of
operating MD and SDHW systems independently. A base
case study was developed in TRNSYS and simulated for
cogeneration operation with both flat place and evacuated
tube solar collectors incorporating the weather data mea-
sured on site at Ras al khaimah, UAE. As mentioned before,
the simulation model presented in this paper includes
several components and each simulation returns a huge
amount data, such as dynamic profiles of temperatures,
distillate flow rates and energy gain/demand. Further, sim-
ulation tool allows to integrate hourly results on different
time basis (days, weeks, months or year).Annual simulation
data is used to determine performance indicators (e.g. Solar
fraction) and the results are also presented with sensitivity
analysis and techno-economic optimization of parameters.
Optimization is aimed at determining the values of system
design parameters, minimizing the payback period and
maximizing solar energy utilization for MD and/or DHW.
Further a scenario of increased hot and pure water demands
has been devised to determine optimum design parameters
for large family households. Finally, efficiency of cogene-
ration operation is compared with individual operation of
solar MD, domestic hot water systems and the integration
benefits are presented in terms of payback period and net
cumulative savings.

5.1. Weekly analysis of SCMD operation

A weekly integration results are presented here for bet-
ter interpretation of the hourly data which shows annual
variation of various parameters. Fig. 4 shows the avail-
ability of solar resource, ambient temperature levels along
with the total thermal energy gains of both FPC and ETC
configurations having similar aperture area of 10 m? and
installed at tilt angles equal to latitude of the experimental
setup location. An average weekly thermal energy gains of
205 kWh and 257 kWh are obtained respectively for FPC
and ETC. The total incident energy on the collector surface
is 2180 kWh/m?*year at an average ambient temperatures
of 28°C.

As per Fig. 4, for similar aperture area evacuated tube
collectors gained 25% higher energy than flat plate sys-
tem. As a consequence, overall production decreased by
40% for FPC configuration and unable to meet the desired
demand of 20 L/d for small family application (see Fig. 5).
Even though annual pure water demand of 7300 L/d is
fulfilled by ETC system, a deficit is still observed in winter
period as shown in Fig. 5. An average deficit of 1.6 L/d and
5 L/d is observed that needs to be fulfilled through auxil-
iary heaters. Average temperatures in solar and MD loop
are also shown in Fig. 5. For both solar thermal systems,
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Fig. 5. Weekly analysis: average temperatures, total incident ra-
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an annual average delta T (T,;,.. — Typei) ©f 30°C has been
maintained. DHW thermal storage tank top temperatures
are maintained at an average of 60°C and 65°C for FPC and
ETC systems enabling them to operate at 84% and 91% solar
fractions respectively for hot water generation.

In Fig. 6, thermal and electrical energy flows related to
the cogeneration operation using both FPC and ETC con-
figurations are shown. MD system utilized 60% of the total
thermal energy gain from the collectors whereas 15% is uti-
lized for DHW generation and the remaining being losses.
Fig. 6 also shows the electrical energy demand for operation
of pumps with an average values of 5.3 and 6 kWh/week
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Fig. 6. Weekly analysis of thermal and electrical energy demand
using FPC (top) and ETC (bottom).

for FPC and ETC configurations respectively. Higher elec-
trical demand for ETC is due to the extended operational
hours for MD in summer thereby increasing annual water
productivity. Also shown are auxiliary energy demand pro-
files for fulfilling daily demand of both DHW and MD. The
total auxiliary demand for ETC is 56% less than the auxil-
iary demand for FPC system owing to higher energy gain
and increased water production. However, considering the
gross area of ETC system which is 28% higher than FPC
system, overall economic benefits are similar or even less
compared with FPC operation. Therefore, a comprehensive
sensitivity analysis need to be performed to analyze tech-
no-economic benefits of using different collectors for cogen-
eration operation.

5.2. Sensitivity analysis and techno-economic optimization

A constructive approach has been followed in this paper
in order to analyze the performance of cogeneration sys-
tem by changing various design variables. Each optimized
parameter is used as a system design parameter for next
parameter optimization. Among these variables, for sake of
brevity, the sensitivity analysis is shown only with respect
to the following parameters: collector tilt angle, volume of
thermal energy storage (TES), area of the collectors. Annual
solar fractions for cogeneration operation (SF____ ), individ-
ual solar fractions of MD and DHW (SF,, and SF ) along
with payback (PB) period are considered as performance
indicators.
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Fig. 7. Variation of SCMD performance with collector tilt angle:
FPC (top) and ETC(bottom).

Depending upon the location, collector tilt plays major
role for balanced operation of the cogeneration system
through out different seasons. Ideally a typical SDHW sys-
tem need to be optimized for maximizing winter demand
and tilt angle should be latitude plus 10° (35° in case of
UAE). Similarly, a typical SMD systems will be optimized
for summer maximum and operated with collector tilt of
latitude minus 10° (15° in case of UAE). Whereas for cogene-
ration operation, a balance need to be maintained for fulfill-
ment of annual demands of both MD and DHW. Therefore,
tilt needs to be optimized for maximum cogeneration solar
fraction with minimum payback period. Fig. 7 shows the
trends of SF___ and PB with different tilt angles of both flat
and evacuated tube collectors. The trends clearly show that
for SCMD operation, 30° and 20° are optimum tilts for FPC
and ETC configurations respectively.

Fig. 8 shows the sensitivity analysis as a function of vol-
ume of TES operated with optimized tilt angles obtained
in the earlier evaluation. TES volume is most sensitive to
DHW solar fraction at lower volumes and scarcely sensi-
tive to MD solar fraction. In fact, it is well known that the
system storage capacity improves with larger TES volumes,
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due to increase in amount of solar energy delivered to
user. On the other hand, larger TES volumes lead to higher
thermal losses toward the environment. As shown in Fig.
8, DHW solar fraction decreases for larger TES volumes
beyond 200 L. Also, at TES volume greater than 200 L a
steep decrease in cogeneration solar fraction is observed
due to reduced heat delivery to MD thereby lowering SF,,
below 1. Results also shows nearly linear increase in pay
back period with every 100 L increase in storage volume.
From the economic point of view, the best configuration
(lowest PB) is achieved for smaller TES volumes. Therefore,
for both FPC and ETC configurations, TES volume of 200 L
will be optimum for SCMD operation.

Simulations are further carried using optimum tilt
and TES volume in order to determine optimum collector
area required for desired operation. This is the primary
parameter for the design of cogeneration system under
investigation. According to the design procedure devel-
oped in this paper, an increase of the collector area leads
to corresponding increase of solar loop flow rate. With
MD loop flow rate being fixed, it’s important to consider
that optimum point should be where SF,;, = 1. In fact,
practically it’s never feasible to obtain SF, = 1 and
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Fig. 9. Variation of SCMD Performance with collector area: FPC
(top) and ETC(bottom).

hence maximizing MD solar fraction improves cogen-
eration solar fraction. Starting point for simulations is
minimum collector area requirement for optimum SMD
operation i.e. 7 m? for FPC and 5 m? for ETC. Further
simulations with increased collector area shows a steep
increase in SF,; as shown in Fig. 9 and reaches 1 at 12
m? and 9 m? aperture areas of FPC and ETC configura-
tions respectively. At this point SF_, is close to 0.9 and
increased further with collector area.

Also in Fig. 9 the economic results show that pay-
back periods rapidly decrease with increase in collector
area showing better economic performance with larger
solar field area. This result is due to the fact that the cap-
ital cost obtained for the solar thermal field is sufficiently
balanced by the savings due to its heat and pure water
productions. However, for extremely large solar collector
fields, some amount of heat should be rejected being higher
than the needed demand by the users. This would result
in a non-monotonic trend of the PB periods, after the point
where SF | = 1. Aslight increase in SF , could be obtained
beyond this point but it’s not significant considering the
capital cost increase with increase in collector area. To
summarize, optimum design parameters for cogeneration
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system to fulfill annual demand (SF___ = 0.98) of a single
family household with 5 persons in UAE are:

e For FPC solar field: 30° tilt, 2001 TES volume and 12 m?
collector aperture area

e For ETC solar field: 20° tilt, 2001 TES volume and 9 m?
collector aperture area

5.2.1. Increased DHW and MD demand

According to few studies, the average family house-
hold in UAE comprises of 5 persons whereas the average
might even get doubled if we consider households of cit-
izens [10,35]. Considering the large family households in
the region, the demand for both hot and pure water will
increase thereby increasing the thermal energy demand
for SCMD [36]. Fig. 10 shows the trends of solar fractions
and payback period with simultaneous increase in both
DHW (501/day per person) and MD production (41/day
per person) demands. With the optimized configuration
of both FPC and ETC systems the cogeneration solar frac-
tion reduces to 0.5 by doubling user demands. DHW solar
fractions are reduced by only 5% with doubled demand
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Fig. 10. Variation of SCMD Performance with increased DHW,
MD demands: FPC (top) and ETC (bottom).

whereas MD solar fractions reduced by more than 60%. At
the same time, payback period increased by 2.5 times owing
to substantial increase in thermal energy requirement for
MD operation. Henceforth, based on the demography it’s
important to obtain optimum set of design conditions for a
large family household in the region.

Simulations are further performed to obtain optimum
collector area required for a large family comprising of 8
members in UAE. Fig. 11 shows the trends of solar fraction
and payback periods for a total pure water production of 32
L/d along with 400 L/d of DHW production. Since its prac-
tically not possible to fulfill daily pure water demand using
single module MD (0.2 m> membrane area), an extra module
is integrated in series for enhanced production doubling the
MD membrane area to 0.4 m?2 Also, the size of thermal stor-
age tank is increased to 300 L to improve storage capability
for DHW generation. From Fig. 11 we can conclude that
optimum collector area requirement for FPC configuration
is 19 m* whereas for ETC configuration 14 m? is required.
With complete pure water demand fulfillment along with
80-85% demand fulfillment for DHW using solar thermal
energy, overall cogeneration solar fraction could be as high
as 0.95 for the large family SCMD system.
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5.3. Cogeneration vs individual operation

The advantages of cogeneration operation must be
critically analyzed through comparison of systems oper-
ated individually. In this paper the energetic and eco-
nomic performance of the SCMD system is compared
with SDHW and SMD systems. Simulation models are
developed in TRNSYS for individual operation and the
obtained results are analyzed in terms of thermal, electri-
cal demand, performance efficiencies and also payback,
net cumulative savings.

5.3.1. Thermal and electrical energy demand

Fig. 12 shows weekly thermal energy demand profiles
for individual and cogeneration operation. SDHW and
SMD systems are operated at tilt of 35° and 15° in order to
achieve optimum conditions in winter and summer seasons
respectively. Individual operation trends show identical
energy demand profiles for both FPC and ETC configura-
tions. Daily average energy demands for SDHW and SMD
are 33 kWh and 165 kWh respectively. For cogeneration
operation energy demand profiles are different due to the
difference in solar radiation availability during winter and
summer. Since optimum collector field angles for FPC and
ETC are 30° and 20°, it affects the magnitude of the collec-
tors energy production. The average daily solar thermal
energy consumed by SCMD system is 170 kWh/d and
186 kWh/d for flat and tubular collector fields. Compared
with individual operation, total thermal energy demand for
cogeneration is reduced by 14% for FPC and 6% for ETC.

In Fig. 13 the electrical energy demand profiles for
individual and cogeneration operation are shown. For all
modes of operation, electrical energy demand is higher for
ETC configuration. This is due to increase in operational
hours of ETC due to its inherent characteristic of absorbing
more heat than FPC during early morning and late evening
hours. For SDHW the operational hour’s difference is 2 h
whereas for SMD and SCMD systems its reduced to 1 h.
Average daily total electrical energy demand for individual
operation would be 7 kWh/d and 8 kWh/d for FPC and
ETC respectively. Whereas for cogeneration operation E_, .,
reduces to 5.3kWh/d and 6kWh/d leading to 25% savings
in electrical energy demand.

240

200

o
o
1

FPC-Qepmy |b]
——FPC-Qgyp
—— FPC-Qserp
ETC-Qsomw

1204

Thermal Energy (kWh)
1]
o
1

40

Time (Weeks)

Fig. 12. Comparison of weekly thermal energy demand profiles.

5.3.2. Efficiencies of various operational modes

As mentioned earlier, 3 types of efficiency indicators
are used to analyze cogeneration system performance.
Fig. 14 shows weekly trends of collector, combined and
system efficiencies. For both FPC and ETC configurations,
system efficiencies are almost similar showing the ratio of
total energy demand to useful energy gain from collectors.
More than 80% of the available energy could be utilized for
SCMD systems. Interestingly, system efficiencies are lower
in summer indicating the availability of extra useful energy
gain from the collectors. During summer, DHW demand
decreases owing to high cold water temperatures and the
extra energy would be potentially useful for MD. Increased
water production in summer would be beneficial for gulf
climatic conditions which is an added advantage for cogen-
eration operation. Fig. 14 also shows profiles of collector
efficiency with an average values of 45% and 60% for flat
plate and evacuated tubular solar thermal configurations.
Collector efficiencies are almost constant throughout the
year showing the balanced operation of the system. Overall
combined efficiency of 37% and 50% are obtained for FPC
and ETC configurations respectively. Higher efficiencies for
ETC owes to lower aperture area of the collectors however
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Fig. 13. Comparison of weekly electrical energy demand pro-
files.
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from economic view point payback periods are higher for
ETC compared to flat plate arrangement.

Table 5 summarizes collector, combined and system
efficiencies of individual and integrated operation of
DHW and MD system for both single or large family appli-
cations. Cogeneration has a clear advantage over SDHW
operation with improved combined and system efficien-
cies between 40-60%. Individual operation of SMD system
shows slight improvement in performance however it’s
not significant from economic viewpoint. The results show
the technical feasibility of cogeneration system which can
be considered as an efficient design option for end used
application in UAE.

5.3.3. Payback and NCS

Economic analysis is performed with fuel inflation rate
of 10% along with a discount rate of 5% for different con-
figurations under study. A capital investment cost of 6.2 k$
and 7.5 k$ is estimated by the economic analysis for SCMD
operation using FPC and ETC solar fields. These values are
2.5 and 3 times higher in magnitude compared to regular
SDHW system whereas the magnitude is reduced to 0.75
times when compared with SMD system. Overall capital
investment savings of 10-15% could be achieved for cogen-
eration operation when compared with cumulative invest-
ments costs for individual operation. This reduction is due
to efficient use solar thermal energy DHW and pure water
production and also reducing operational expenses related
to pumping.

The difference of capital investment cost between SCMD
and SDHW systems and the saving achievable determine
an average PB period of 8 and 9 years for SCMD using
FPC and ETC solar fields. For daily demand fulfilment, PB
period is further increased by 1.4 years for both configu-
rations. As shown in Fig. 15 payback could be reduced by
2.5-3 years by switching from regular SODHW to SCMD sys-
tems along with a 4-fold increase in NCS. Switching from
SMD to SCMD had a slight benefit as well in terms of NCS.
With increase in user demand (i.e. for large family), NCS
would further increase by 55-60% for cogeneration system
with similar PB as of small system. Such result shows that
the cogeneration system is profitable from the economic
point of view when compared with individual installations.
Table 6 summarizes the capital investment comparison of
individual and cogeneration systems along with their pay
back periods for variable user demand demands.

Table 5
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Fig. 15. Comparison of payback period (top) and net cumulative
savings (bottom).

Although the whole techno-economic analysis until
now is based upon annual demand fulfilment for cogen-
eration system, it’s also important to analyze the system
performance considering the daily demand fulfillment for
pure water production. Fig. 16 shows PB trends with 3 dif-
ferent cases of economic performance analysis. In order to
produce 4 L/d per person using MD system (Single family
—-20L/d, Large family — 32 L/d), sufficient back up thermal
energy would be needed thus increasing overall PB period.

Collector area and efficiencies of individual and cogeneration operation

Mode of operation Collector area (m?) Neotecter N ombined Ns,etem

FPC ETC FPC ETC FPC ETC FPC ETC
SDHW-S 5 3 0.39 0.59 0.17 0.29 0.45 0.49
SMD-S 9.5 6.5 0.42 0.61 04 0.59 0.96 0.96
SCMD-S 12 9 0.45 0.61 0.37 0.5 0.83 0.83
SDHW-L 7 5 04 0.56 0.2 0.28 0.5 0.5
SMD-L 18 10 0.35 0.66 0.34 0.64 0.96 097
SCMD-L 19 14 0.46 0.63 04 0.56 0.87 0.89
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Table 6

Capital investment and pay back periods for small family application

System Capital investment ($) PB-Annual demand PB-Daily demand
type FPC ETC FPC ETC FPC ETC
SDHW 2,460 2,628 10.2 11.3 - -
SMD 4,666 5,372 7.86 89 9.16 10.25
SCMD 6,182 7460 7.54 8.87 8.13 9.26
1 or 8 persons. The cogeneration system was analyzed for dif-
- amn ferent time bases: weekly and yearly for annual production
§ | ——sowos of 7300 L of pure water along with 250 L/d of hot water
g . at 50°C. Sensitivity analysis is performed in order to deter-
z mine system performance as a function of the main design
s parameters. Following are the results of the dynamic simu-
g, lations and techno-economic optimization:
o
m * Annual simulation based on pilot installation in UAE
: show that out of the total solar energy gain, 60% is uti-

. .
Daily Demand-Surplus Daily Demand+Surplus

MD Demand Fulfilment-ETC

Annual Demand

FPC-Pay back (Years)

T —

Daily Demand-Surplus
MD Demand Fulfilment-FPC

7
Annual Demand Daily Demand+Surplus

Fig. 16. Variation of payback period with different demand ful-
fillment types.

However, when we consider the benefits of extra amount of
water produced apart from annual demand fulfillment, the
PB would remain almost same as annual demand PB. Prac-
tically design of cogeneration system on annual demand
basis would be sufficient considering user demand profile
variability along summer and winter seasons. For large
family application (8 members in our case), the difference in
payback with variable demand fulfilment is minimal when
compared with small family application.

6. Conclusions

The dynamic simulation model of a cogeneration sys-
tem based on the integration of flat plate and evacuated
tube solar thermal collectors with membrane distillation
technology was presented. The modelled system produces
thermal energy utilized for simultaneous production of
domestic hot water and pure water. The system is also
equipped with an auxiliary heater used in case of high hot
or pure water demand and low availability of solar energy.
The case studies adopted for system simulation consists of
a small or large family household in UAE comprising of 5

lized by MD system, 15% is utilized for DHW genera-
tion and the remaining are losses.

e Optimum design parameters for cogeneration system
to fulfill annual demand of a single family household
with 5 persons in UAE are;

e For FPC solar field: 30° tilt, 2001 TES volume and 12 m?
collector aperture area

e For ETC solar field: 20° tilt, 2001 TES volume and 9 m?
collector aperture area

¢ For large family households (8 persons), the optimum
collector area requirement for FPC configuration is
19 m? and 14 m? for ETC configuration.

e Optimized cogeneration system utilizes more than 80%
of the available solar energy gain with collector efficien-
cies of 45% and 60% for FPC and ETC respectively.

* Average daily solar thermal energy demand by cogen-
eration system is 170 kWh/d and 186 kWh/d for FPC
and ETC configurations. Whereas average daily electri-
cal demands are 5.3 kWh/d and 6 kWh/d respectively.

¢ Cogeneration operation reduces 6—-16% of thermal ener-
gy demand and also enables 25% savings in electrical
energy demand.

¢ PB could be reduced by 2.5-3 years by switching from
regular solar water heating to cogeneration systems
along with a 4-fold increase in NCS.

e With increase in user demand (i.e. for large family),
NCS could be further increased by 55-60% for cogene-
ration system with PB period of 8-9 years.

¢ Considering drinking water demand variability of
users along summer and winter seasons, its practical to
design a cogeneration system on annual demand basis
rather than daily demand fulfilment.

In summary, this study proved the technical feasibility of
a cogeneration system which can be considered as an effi-
cient design option for residential application in UAE. In fact,
the results also showed that the system under investigation
would be economically viable in a number of configurations.
In addition, cogeneration option operated with two MD
modules in series will be profitable a swell for higher user
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and profiles. This system will become more and more

attractive in gulf region in the next few years as a conse-
quence of drastic turn towards sustainability and abundant
availability of solar renewable energy sources. Future work

will

include a detailed energetic and economic optimization

of cogeneration system aiming at evaluating the profitabil-

ity o

f the system for different weather conditions around the

world, also considering the related energy markets.

Symbols

A, — Area of the collector field

Ay — Membrane surface area

Apur — Heat exchanger area

C, — Cost benefits

Cow — Distilled water cost

C. —  Fuel cost

C — Initial investment cost

Cup —  MD unit related costs

C..  — Solar field related costs

d — Discount rate

E — Electrical energy

Ly — Instantaneous incident radiation per m?
i — Fuel inflation rate

Qe — Collector useful energy gain
Qup — Energy demand by MD

Q; — Heat transfer rate across heat exchanger
Qo — Maximum heat transfer rate
Qpuw — Energy demand for DHW

Qr — Incident radiant energy

Q,. — Auxiliary energy demand

S — Surface area

T — Temperature

t — Time period

YB —  Volume

w, — Peak pumping power

o — Absorptance

) — Thickness

€ — Effectiveness of heat exchanger
T — Transmittance

n — Efficiency

A — Conductivity

CP — Thermal capacitance

FPC  — Flat plate collectors

ETC — Evacuated tube collectors

NCS — Net cumulative savings

PB — Payback period

SCMD — Solar combined membrane distillation
SDHW — Solar domestic hot water system
SMD — Solar membrane distillation system
-L — Large family system

-S — Small family system

References

(1]

(2]

World Economic Forum, The Global Risks Report, 2016,
https://www.weforum.org/agenda/2016/01/what-are-the-
top-global-risks-for-2016/ [Accessed July 2017].

Renewable Energy Prospects, United Arab Emirates, 2015,
http://www.irena.org/remap/IRENA_REmap_UAE_
report_2015.pdf. [Accessed on July 2017].

(3]

[4]

[3]

(6]

(71

(8]

9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

29

Bottledwater.Org. http://www.bottledwater.org/public/
BWR%20JulyAug%202015%20Issue_BMC_2014%20Bottled %20
Water%20Statistics%20Article.pdf#overlay-context=econom-
ics/industry-statistics. [Accessed July 2017].

M. Chandrashekara, A. Yadav, Water desalination system
using solar heat: A review, Renew. Sustainable Energy Rev., 67
(2017) 1308-1330.

MR. Qtaishat, F. Banat, Desalination by solar powered
membrane distillation systems, Desalination, 308 (2013) 186—
197.

L. Camacho, L. Dumée, ]. Zhang, J-d. Li, M. Duke, ]. Gomez, S.
Gray, Advances in membrane distillation for water desalina-
tion and purification applications, Water, 5 (2013) 94-196.

N.T. Uday Kumar, A. Martin, Experimental modeling of an air-
gap membrane distillation module and simulation of a solar
thermal integrated system for water purification, Desal. Water
Treat., 84 (2017) 123-134.

Z. Wang, W. Yang, F. Qiu, X. Zhang, X. Zhao, Solar water heat-
ing: From theory, application, marketing and research, Renew.
Sustain. Energy Rev., 41 (2015) 68—-84.

F. Mauthner, W. Weiss, M. Spork-Diir. Solar Heat Worldwide.
International Energy Agency; 2015, https://www.iea-shc.org/
data/sites/1/publications/Solar-Heat-Worldwide-2015.pdf
[Accessed on October 2017].

H.M. Abd-ur-Rehman, F.A. Al-Sulaiman, Optimum selection
of solar water heating (SWH) systems based on their compara-
tive techno-economic feasibility study for the domestic sector
of Saudi Arabia, Renew. Sustain. Energy Rev., 62 (2016) 336—
349.

M. Asim, N.T. Uday Kumar, A. Martin, Feasibility analysis of
installation of solar combi system for simultaneous production
of pure drinking water through membrane distillation desali-
nation technique and solar domestic hot water for single fam-
ily villa: A pilot plant setup in UAE, Desal. Water Treat., 57(46)
(2016) 21674-21684.

A. Ghafoor, A. Munir, Thermo-economic optimization of solar
assisted heating and cooling (SAHC) system, Int. ]J. Renew.
Energy Develop., 3 (2014) 217-227.

N.T. Uday Kumar, A. Martin, Co-generation of drinking water
and domestic hot water using solar thermal integrated mem-
brane distillation system, Energy Procedia., 61 (2014) 2666—
2669.

P. Byrne, L. Fournaison, A. Delahaye, Y.A. Oumeziane, L.
Serres, P. Loulergue, A. Szymczyk, D. Mugnier, ].-L. Malava,
R. Bourdais, H. Gueguen, O. Sowg, J. Orfi, T. Mare, A review
on the coupling of cooling, desalination and solar photovoltaic
systems, Renew. Sustain. Energy Rev., 47 (2015) 703-717.

F. Calise, A. Cipollina, M.D. Accadia, A. Piacentino, A novel
renewable polygeneration system for a small Mediterranean
volcanic island for the combined production of energy and
water: Dynamic simulation and economic assessment, Appl.
Energy, 135 (2014) 675-693.

C. Liu, A. Martin, Applying membrane distillation in high-pu-
rity water production for semi-conductor industry. Ultra pure
Water 2006. www.xzero.se/doc/chuanfeng%?26martin-fi-
nal-20051014.pdf [Accessed on April 2017].

A. Kullab, A. Martin, Membrane distillation and applications
for water purification in thermal cogeneration plants, Sep.
Purif. Technol,, 76 (2011) 231-237.

G. Mohan, S. Dahal, N.T. U Kumar, A. Martin, H. Kayal, Devel-
opment of natural gas fired combined cycle plant for tri-gen-
eration of power, cooling and clean water using waste heat
recovery: techno-economic analysis, Energies, 7 (2014) 6358—
6381.

G. Mohan, N.T.U. Kumar, M.K. Pokhrel, A. Martin, A Novel
solar thermal polygeneration system for sustainable produc-
tion of cooling, clean water and domestic hot water in United
Arab Emirates: Dynamic simulation and economic evaluation,
Appl. Energy, 167 (2016) 173-188.

G. Mohan, NT.U. Kumar, M.K. Pokhrel, A. Martin, Experi-
mental investigation of a novel solar thermal polygeneration
plant in United Arab Emirates, Renew. Energy, 91 (2016) 361—
373.



30

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

N.T.U. Kumar, A. Martin / Desalination and Water Treatment 98 (2017) 16-30

E.U. Khan, M. Brijesh, A. Martin, Techno-economic analysis of
small scale biogas based polygeneration systems: Bangladesh
case study, Sustain. Energy Technol. Assess., 7 (2014) 68-78.
E.U. Khan, A. Martin, Optimization of hybrid renewable
energy polygeneration system with membrane distillation for
rural households in Bangladesh, Energy, 93 (2015) 1116-1127.
N.T. Uday Kumar, G. Mohan, A. Martin, Performance analysis
of solar cogeneration system with different integration strat-
egies for potable water and domestic hot water production,
Appl. Energy, 170 (2016) 466-475.

N.T.U. Kumar, A. Martin, Co-production performance evalua-
tion of a novel solar combi system for simultaneous pure water
and hot water supply in urban households of UAE, Energies,
10 (2017) 481.

N.T.U. Kumar, A. Martin, Simulation and economic analysis of
solar thermal cogeneration system for production of heat and
pure water using membrane distillation, Int. J. Thermal Envi-
ron. Eng,, 11(1) (2016) 33-39.

Transient System Simulation tool, TRNSYS, http://www.trn-
sys.com/ [Accessed on June 2017].

A. Al-Alili, M.D Islam, I. Kubo, Y. Hwang, R. Radermacher,
Modeling of a solar powered absorption cycle for Abu Dhabi,
Appl. Energy, 93 (2012) 160-167.

A. Buonomano, F. Calise, A. Palombo, Solar heating and cool-
ing systems by CPVT and ET solar collectors: A novel tran-
sient simulation model, Renew. Sustain. Energy Rev., 62 (2016)
336-349.

[29]

(30]

(31]

(32]

[33]

(34]

(35]

(36]

R.L. Shrivastava, V. Kumar, S.P. Untawale, Modeling and sim-
ulation of solar water heater: A TRNSYS perspective, Renew.
Sustain. Energy Rev., 67 (2017) 126-143.

A. Sameer, N. Mutasim, Potential of energy and water effi-
ciency improvement in Abu Dhabi’s building sector - Analy-
sis of Estidama pearl rating system, Renew. Energy, 82 (2015)
100-107.

U.S. Energy Agency. U.S. Energy Information Administration.
www.eia.doe.gov [Accessed on March 2014].

S. Al-Obaidani, E. Curcio, F. Macedonio, Potential of mem-
brane distillation in seawater desalination: thermal efficiency,
sensitivity study and cost estimation, J]. Membr. Sci., 323 (2008)
85-98.

Medesol Report, Performance and cost estimations of final
industrial size of MEDESOL-2 technology, University of La
Laguna, Spain, 2010.

S.A. Kalogirou, Solar Energy Engineering 2"led., Academic
Press, 2014.

Analyzing the Results of the Household Budget Survey,
https://ded.abudhabi.ae/en/media center/ Press Releases/
Press%?20relases%202012%20-%202013.pdf [Accessed on July
2017].

Solarthermalworld.Org., http://www.solarthermalworld.org/
content/hot-water-demand-120-litres-day-person  [Accessed
on June 2017].



