
Applied Energy 170 (2016) 466–475
Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier .com/ locate/apenergy
Performance analysis of solar cogeneration system with different
integration strategies for potable water and domestic hot water
production
http://dx.doi.org/10.1016/j.apenergy.2016.02.033
0306-2619/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Research School of Engineering, Australian National
University, Canberra, Australia.

E-mail addresses: uday.kumar@aurak.ae.ac (N.T. Uday Kumar), gowtham@kth.se
(G. Mohan), Andrew.martin@energy.kth.se (A. Martin).

1 Authors contributed equally.
N.T. Uday Kumar a,b,1, Gowtham Mohan b,c,⇑,1, Andrew Martin b

aRAK Research and Innovation Center, American University of Ras Al Khaimah (AURAK), Ras Al Khaimah, United Arab Emirates
bDepartment of Energy Technology, KTH Royal Institute of Technology, Stockholm, Sweden
c Solar Thermal Group, Research School of Engineering, Australian National University, Canberra, Australia
h i g h l i g h t s

� Solar driven cogeneration system
integrating membrane distillation
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for the operations without auxiliary
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� Three different system integrations
are experimentally investigated in
UAE.
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a b s t r a c t

A novel solar thermal cogeneration system featuring the provision of potable water with membrane dis-
tillation in combination with domestic hot water supply has been developed and experimentally ana-
lyzed. The system integrates evacuated tube collectors, thermal storage, membrane distillation unit,
and heat exchangers with the overall goals of maximizing the two outputs while minimizing costs for
the given design conditions. Experiments were conducted during one month’s operation at AURAK’s facil-
ity in UAE, with average peak global irradiation levels of 650 W/m2. System performance was determined
for three integration strategies, all utilizing brackish water (typical conductivity of 20,000 ls/cm) as a
feedstock: Thermal store integration (TSI), which resembles a conventional indirect solar domestic hot
water system; Direct solar integration (DSI) connecting collectors directly to the membrane distillation
unit without thermal storage; and Direct solar with thermal store integration (DSTSI), a combination
of these two approaches. The DSTSI strategy offered the best performance given its operational flexibility.
Here the maximum distillate productivity was 43 L/day for a total gross solar collector area of 96 m2. In
terms of simultaneous hot water production, 277 kWh/day was achieved with this configuration. An
economic analysis shows that the DSTSI strategy has a payback period of 3.9 years with net cumulative
savings of $325,000 during the 20 year system lifetime.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

According to the World Health Organization (WHO) around 20%
of world’s population lacks sufficient access to drinking water.
Even though over 70% of earth surface is covered with water, only
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Nomenclature

A area (m2)
C cost ($)
cp specific heat capacity (J/kg K)
Fr heat removal factor
h enthalpy (J/kg)
Ir irradiance (W/m2)
L liters
_m mass flow rate (kg/s)
M mass (kg)
Q heat energy (kJ)
r conversion factor (–)
T temperature (K)
tp time (s)
U overall heat transfer coefficient (W/m2 K)
V volume (m3)

Subscripts
amb ambient
avg average
B benefits
C cold
ch chilled

col collector
dis distillate
DHW domestic hot water
evp evaporation
f fuel
FW fresh water
HST hot storage tank
hyd hydraulics
Ins installation
in inlet
MD membrane distillation
H hot
out outlet
PHE plate heat exchanger
sc solar collector loop
T thermal
w water

Greek notations
s transmittance
a absorbance
g efficiency (%)
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1% is available for human needs as most of the available water con-
tent is either saline or trapped in ice caps [1]. Lack of fresh water
resources with allowable salinity levels for human consumption
(<500 mg/L) is one of the biggest issues in the Middle East and
North Africa (MENA), and concerns continue to grow [2]. In order
to provide required fresh water in the MENA region and elsewhere,
various technologies have been developed in the past few decades
for desalination of seawater and brackish water [3]. At present, the
most widely used desalination technology is reverse osmosis (RO)
followed by multi-stage flash (MSF) and multi effect distillation
(MED) processes [4]. Although most of these desalination methods
are energy intensive and rely on fossil fuels, little progress has been
made in developing solar driven technologies. Since the MENA
region receives abundant solar energy (average solar irradiation
of 600 W/m2 [5]), developing solar driven desalination processes
would be beneficial for future generations providing both energy
efficient and environmentally friendly freshwater solutions.

Membrane distillation (MD) is a promising desalination
technology in this context. MD is a combination of thermal and
membrane separation processes, lending itself for operation with
solar thermal energy. In the MD process, vapor molecules are
transported through a hydrophobic micro-porous membrane; heat
and mass transfer is driven by the vapor pressure difference arising
from an imposed thermal gradient applied across the membrane
[6]. The process has four different configurations: direct contact
membrane distillation (DCMD), sweeping gas membrane distilla-
tion (SGMD), vacuum membrane distillation (VMD) and air gap
membrane distillation (AGMD). In this research work, AGMD con-
figuration is considered as it has lower parasitic conductive losses
due to the presence of an air gap [7].

Solar powered MD has received significant attention in recent
years. The simplest system configuration involves direct solar inte-
gration. For example, Banat et al. [8] designed and manufactured a
compact solar driven, spiral-wound AGMD system with internal
heat recovery to operate autonomously in arid and remote
locations. The system had a fresh water production capacity of
120 L/day. TheAGMDmodulewasdirectly integratedwith solar col-
lectors without external heat exchanger to achieve higher
performance by reducing heat losses. However this integration has
a disadvantage in that the solar collector shouldwithstand seawater
and requires high solar irradiation during operational hours due to
absence of thermal storage. A more flexible approach involves the
use of thermal energy storage, as exemplified by Chafidz et al. [9],
who developed an integrated solar driven multi effect VMD system
with integrated 600 L thermal store. This system was designed for
operation in remote areas of SaudiArabiawith aproduction capacity
of 100 L/day. The thermal store was shown to provide stability in
operation, although drawbacks like heat losses, operational time
lag, and reduction in supply temperature were observed.

Beyond direct and thermal store configurations, MD can be
combined with one or more heat-driven components to provide
services in addition to desalination or water purification. Some rel-
evant studies are listed below:

� Abdelhady et al. [10] dynamically modeled a large scale solar
cogeneration system for production of electricity and heat to
meet the demands of textile and paper industries in Egypt. In
the study, parabolic trough collector area of 200,000 m2 was
installed to produce 6 MW of electricity and 21.5 MW of ther-
mal power with 17.6% and 68% efficiencies respectively. Life-
time levelized cost of electricity (LCOE) was estimated as 1.25
$/kWh, whereas the investment cost was calculated as $38.7
million.

� Twomey et al. [11] evaluated the dynamic performance of small
scale solar cogeneration for production of electricity and hot
water (CHP) for weather conditions of Brisbane, Australia. In
this study, an Organic Rankine Cycle (ORC) with scroll expander
was utilized for electricity production, powered by an evacu-
ated tube collector field of 50 m2 area. During a typical day,
1710 kWh of thermal energy and approximately 2.5 m3 of hot
water were produced with peak power of 0.67 kW.

� Calise et al. [12] analyzed the performance of a novel solar
cogeneration system for production of electricity and low tem-
perature heat energy. Evacuated flat plate collectors were uti-
lized to drive the 6 kWe ORC solar plant. The system has an
estimated payback period of 8–10 years for the MENA region.
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� Freeman et al. [13] estimated the performance of a small scale
CHP plant powered by solar thermal collectors for the weather
conditions of London, United Kingdom. Both concentrating and
fixed solar collectors with same area were considered in the
study. The electrical output was 776 kWh/year with 80% of
household hot water demand provided, and the payback peri-
ods were estimated at 9.5–11.5 years.

� Mohan et al. [14,15] investigated a solar driven polygeneration
system for simultaneous production of cooling through absorp-
tion chiller, clean water using MD and domestic hot water. A
nominal payback period of 6.8 years was achieved for UAE con-
ditions, and field trials demonstrated the viability of this
concept.

The present work follows along the path of the above studies in
considering multi-service, solar-driven MD, with added emphasis
on optimizing the thermal store. The main objective of this study
is to experimentally investigate a system capable of supplying
20 L/day purified water and 250 L/day domestic hot water, with
commercial buildings (e.g. hotels) in the MENA region as the main
application area. Another objective is to explore MD thermal per-
formance enhancement via internal heat recovery. The present
work represents a large scale modification of our previous research
on cogeneration using a small-scale MD unit [16].

2. Design of experimental system and integration strategies

A flexible experimental system has been designed and
developed at RAKRIC in order to operate with different configura-
tions for co-generation of distilled water and domestic hot water
(DHW). As shown in Fig. 1, the experimental system consists of a
single air gap membrane distillation (AGMD) module for which
the thermal energy is supplied from evacuated solar thermal
collectors (ETC) through a stratified thermal storage tank of 1 m3

capacity. Solar collectors are arranged in four rows with two arrays
in each row having a gross collector area of 12 m2 per array with a
tilt angle of 15� to maximize the annual performance of collector
field. For flexibility of operating with different collector areas,
shutoff valves are installed at inlet and outlets of each array. The
main connection line between solar collector array and thermal
storage tank is connected with 150 m long copper pipe of 42 mm
diameter with 50 mm thick glass wool insulation. Individual
collector arrays are connected with main line with 20 m long
copper pipe with 25 mm diameter same insulation. AGMD module
with a total membrane area of 2.3 m2 is used in this study, techni-
cal details of AGMD module considered in study is shown in
Table 1.

A primary plate heat exchanger (PHE) is used to supply thermal
energy to MD and a secondary heat exchanger (SHE) is employed
to recover the heat rejected from MD for generating hot water
for domestic applications. Saline feed water is pumped through
the cold channel of MD in order to recover the internal heat gain
and then further heated with PHE before entering the hot channel
of MD module. The UA value of heat exchanger considered in this
research work is 2480W/m2 K. Hot channel outlet from the AGMD
module is then passed through SHE, where the heat energy from
saline brine is recovered for heating up fresh water circulated from
a DHW storage tank. A data logging and acquisition system records
continuously temperature, flow and conductivity of the fluid at
various points in the loops.

The energy flows in solar cogeneration system are calculated as
follows. The useful heat energy supplied by the evacuated tube col-
lector is calculated by following equation [17]:

Quseful ¼ _mcpðTout � TinÞ ¼ FrAcol½IrðsaÞ � UcolðTin � TambÞ� � tp ð1Þ
_m is mass flow rate of heat transfer fluid (HTF) to the collector, cp is
the specific heat capacity of HTF, Fr is the heat removal factor of the
collector, sa is the product of transmittance and absorbance, Acol is
the collector area, Ir is incident solar radiation, Ucol is the overall
heat transfer coefficient, Tin is inlet temperature of HTF to the col-
lector, Tamb is the ambient temperature, Tout is outlet temperature
of HTF from the collector and tp is the time period of operation.
Thermal efficiency of membrane distillation process is determined
by gain to output ratio (GOR). GOR is calculated by,

GOR ¼ ðMdis=tpÞ � hevp

QSupply
ð2Þ

Mdis is the mass of distillate produced, hevp is the specific enthalpy of
evaporation, and QSupply is the heat energy supplied to the mem-
brane distillation unit. QSupply is calculated by,

QSupply ¼ ð _mMDcpðTMD;H;in � TMD;C;outÞÞ � QDHW ð3Þ
where _mMD is mass flow rate of saline water to membrane distilla-
tion module, cp is the specific heat capacity of saline water, TMD;H;in is
the hot water inlet temperature supplied from the PHE, TMD;C;out is
the temperature of cold water entering the heat exchanger and
QDHW is the heat energy recovered for domestic hot water
production.

QDHW ¼ _mFWcp;DHWðTDHW ;Out � TDHW ;inÞ ð4Þ
_mFW is the mass flow rate of fresh water supplied for DHW produc-
tion, cp;DHW is specific heat capacity of water, TDHW;in and TDHW;out are
the inlet and outlet temperatures of freshwater supplied to the SHE.

Depending on the mode of thermal energy supply to the MD
system, three integration strategies were studied for analyzing
overall system performance:

� Thermal store integration (TSI).
� Direct solar thermal integration (DSI).
� Direct solar along with thermal store integration (DSTSI).

In TSI mode of operation shown in Fig. 2(a), thermal energy
from the solar collectors is stored in a stratified thermal storage
tank and then supplied to MD system through a heat exchanger
PHE. Hot water at the top layer of the tank is pumped through
PHE and returned back to lower temperature layer of the tank. This
is the most common mode of integration, since the system could
be operated for extended hours (before and after sunshine hours).
However, since the cogeneration system is designed to operate
only during sunshine hours, a direct solar energy supply to MD
might enhance overall system performance. Therefore we devel-
oped a second mode of operation named direct solar integration
(DSI) as shown in Fig. 2(b). In this mode, the thermal storage tank
is bypassed and thermal energy produced by the solar collectors is
supplied directly to saline feed water flowing in counter current
direction of primary heat exchanger.

The third mode of operation integrates direct solar and thermal
storage (DSTSI) configurations together. This mode involves direct
solar energy supply along with thermal storage energy supply as
shown in Fig. 2(c-i) and (c-ii). The DSTSI mode employs two steps
in which the thermal energy from solar collectors is supplied
directly to MD feed through PHE. Then the return hot water from
PHE is diverted to charge the thermal storage tank instead of
returning directly to collector loop. Thermal store is charged dur-
ing sunshine hours and utilized for operation after sunshine hours.
This mode of integration enables extended hours of operation after
sunset which in turn enhances overall system performance.

The solar cogeneration system was successfully installed
at RAK Research and Innovation center (RAKRIC), UAE as shown
in Fig. 3. Apart from different integration strategies, performance



Fig. 1. Schematic of experimental setup for co-generation of pure water and DHW.

Table 1
Technical specification of membrane module.

Specification Value

Membrane material Polytetrafluoroethylene
Membrane area 2.8 m2

Porosity 0.8
Membrane thickness 0.2 mm
Air gap length 1 mm
Height of the module 730 mm
Width of the module 630 mm
Thickness of the module 175 mm

N.T. Uday Kumar et al. / Applied Energy 170 (2016) 466–475 469
of cogeneration system is evaluated with different collector area.
All the experiments were conducted during the same month to
maintain consistency in climatic conditions (i.e. October 2014,
with peak global irradiation levels of around 650W/m2). For each
integration strategy, three or more trials are conducted and
weather conditions are similar during all the experimental days
with less 5% deviation in the final output. Overall this arrangement
allows for equitable comparison of results including economic
analyses. Kipp and Zonen pyranometer is used to measure the
instantaneous global irradiation. The system is operated for 8 h
daily (between 8:30 and 17:30 local time) without any auxiliary
heating equipment. The membrane distillation is operated with
internal recovery mode as discussed earlier. Brackish water with
an average conductivity of 20,000 ls/cm is utilized as feed fluid
in the study. The feed and distillate conductivities are measured
with Burkert conductivity transmitter. Feed flow rate of brackish
water is optimized at 20 L/min based on previous parametric eval-
uation conducted with SCARAB membrane modules [18].

The major hindrance in any renewable energy driven processes
are high initial investment costs, so payback period and net cumu-
lative savings are chosen as economic criteria to evaluate the ben-
efits 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 [19],

PB ¼
ln CsðiF�dÞ

CB
þ 1

h i
ln 1þiF

1þd

� � ð5Þ

PWF ¼ 1
ðiF � dÞ 1� ð1þ iFÞ

ð1þ dÞ
� �N

 !
ð6Þ

NCS ¼ ððCBÞ � PWFÞ � Cs ð7Þ
PWF is the present worth factor, Cs is the initial investment cost for
the cogeneration system, CB is annual cost benefits and iF is fuel cost
inflation rate. Initial investment includes investment costs of all the
components and installation charges of the cogeneration system as
shown in Eq. (8).

Cs ¼ CSCASC þ CPHE þ CHST þ Cpump þ CI;AGMD þ CR;AGMD þ CIns

þ Chyd þ CLand ð8Þ
CSC is the cost of solar collectors, ASC is the area of solar collectors,
CPHE is the cost of plate heat exchanger, CHST is the cost of hot water
storage tank, CI;AGMD, CR;AGMD are the investment and replacement
cost of membrane modules, Cpump is the cost of pump, CIns is the
installation cost, Chyd is cost of hydraulics and CLand is the cost of
land.

3. Results and discussion

As described earlier, results have been obtained from three dif-
ferent integration strategies: (i) Thermal store integration (TSI), (ii)
Direct solar integration (DSI) (iii) Direct solar with thermal store
integration (DSTSI). Further overall system performance is also
analyzed with different collector area in all three system integra-
tion strategies. The utilization of thermal store unit was a key
parameter that was varied between the different integration meth-
ods; other aspects are shown in Table 2.

3.1. Thermal store integration (TSI)

In this mode of integration, thermal energy produced by the
solar collector field is utilized to charge hot water storage tank
(thermal store). Hot water stored in thermal store is then utilized
to drive the cogeneration cycle. Fig. 4 presents typical daily tem-
perature and MD productivity profiles of the solar cogeneration
system with thermal store integration. The solar collector loop is
activated at 08:30 in order to charge the thermal storage tank,
which is initially at 53.5 �C. After an hour of charging time, the
cogeneration system is initiated at which the top level tank tem-
perature is 61.1 �C. During the test day, global irradiation and tank
top level temperature reaches a maximum of 663W/m2 and
69.4 �C respectively, whereas the collector outlet temperature var-
ies between 86 �C and 53.5 �C over the operational period. It is evi-
dent that the mean temperature difference between collector
outlet and thermal store supply is 15 �C; this temperature differ-
ence is due to distribution of useful heat energy with the large vol-
ume of water in the thermal store. Since the hot water supply
temperature has an impact on the productivity, reduction in hot



Fig. 2. (a) Thermal store integration (TSI). (b) Direct solar thermal integration (DSI). (c-i) Direct solar along with thermal store integration (DSTSI). (c-ii) DSTSI extended
operation with thermal store only.

Fig. 3. Experimental setup installed for co-generation of pure water and DHW.
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water inlet temperature leads to lower distillate productivity. On
the other hand, this configuration provides stability to the system
operation maintaining the hot water supply temperature in range
of 67–69 �C for longer period of time.

During the operation, cold water is supplied between 30 �C and
34 �C, which falls in line with ambient temperature throughout the
test. Hot water supply temperature to the MD module varies
between 69 �C and 59 �C during the first seven hours of operation.
In terms of distillate production, a maximum of 4.4 L/h is produced
approximately around 14:30, which is influenced by the hot water
supply temperature of 69.4 �C. During the final hour of operation,
hot water supply temperature drops to 52 �C leading to lower dis-
tillate productivity of 2.2 L/h as shown in Fig. 4. A total of 29 L of
distilled water is produced during the test day with conductivity
of less than 20 ls/cm (i.e. drinking water quality). Domestic hot
water is produced at a rate of 80 L/min by recovering heat from
hot brine leaving the MD with titanium plate heat exchanger. Sim-
ilar to hot water supply temperature, domestic hot water is pro-
duced over 55 �C during first seven hours of operation and the
temperature steadily reduces to 45 �C during the final hour.



Table 2
Key parameters in three integration strategies.

Integration Storage unit connection Operation of thermal store (h) Charging mode Charging mechanism

TSI Yes (1 m3) 8:30–17:30 Continuous Direct from collector field
DSI No Not operated No charging –
DSTSI Yes (1 m3) 16:30–17:30 8:30–16:30 Return line from cogeneration system

Fig. 4. Operational performance of solar cogeneration system in TSI.

Fig. 5. Energy profile of solar cogeneration system in TSI.
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Energy flows with corresponding productivity profile obtained
during the operation of cogeneration system are shown in Fig. 5.
The energy profile includes useful thermal energy produced by
the solar collector field and energy consumed by individual system
components. The energy flows are similar to temperature profile
with steady production and consumption during most part of the
day. Energy demand of MD is reduced by internal and external heat
recovery techniques implemented in the system. Thermal energy
consumption of MD during the peak operating hours drops as
low as 0.5 kW, which shows efficient energy recovery. Overall
energy flows of the cogeneration system are shown in Fig. 6. MD
demand is only 3% of the 310 kWh/day of available useful energy.
About 0.34 kW of thermal power is consumed for production of 1 L
of drinking water in this integration leading to GOR of 1.8, which is
an improvement from earlier research work [18].
3.2. Direct solar integration (DSI)

Thermal energy produced by the solar collector field is directly
used to drive the cogeneration system in this integration
technique, which enhances hot water supply temperature com-
pared to the TSI mode. Temperature and productivity profiles of
solar cogeneration system with direct solar integration are shown
in Fig. 7. The solar collector loop is operated from 08:45 to drive
the cogeneration system, during which the global solar irradiation
and collector outlet temperature are 446W/m2 and 51 �C. During
the test day, global irradiation reaches a maximum of 629W/m2,
whereas the collector outlet temperature varies between 86 �C
and 42 �C over the operational period. It is evident from Fig. 7 that
hot water supply temperature follows the solar irradiation profile
during the test day. During the operation, the cold water is sup-
plied between 29 �C and 37 �C. Hot water supply temperature to
MD module varies in the range of 57–82 �C during the operational
hours between 9:30 and 16:30. A maximum distillate productivity
of 6.5 L/h is achieved in this configuration during noon, which is
49% higher than TSI configuration. During the final hour of opera-
tion, hot water supply temperature drastically drops to 42 �C lead-
ing to lower distillate productivity of 0.9 L/h. A total of 39 L of
distilled water is produced during the test day which is 35% higher
than TSI. Domestic hot water temperature profile is similar to hot
water supply temperature, as it is produce over 55 �C between
10.30 and 16:00 h and reduces sharply during the last hour of
operation.

Energy profile with direct solar integration is shown in Fig. 8.
The energy flows of the cogeneration system with direct solar inte-
gration follows solar irradiation profile of the test day. Energy uti-
lized by the cogeneration system varies between 43 kWh and
16 kWh during the operation. Energy demand of MD during the
peak operating hours is similar to earlier integration. Complete
energy profile of the cogeneration system with direct solar integra-
tion is shown in Fig. 9. In terms of overall energy utilization, the
MD demand is about 8.3% of useful energy available during the test
day. In terms of productivity, 0.76 kWh of energy is consumed for
production of one L of water. This energy demand is still acceptable
as the productivity is improved by 35% compared to TSI. GOR in
this configuration drops to 0.8 as operating temperatures are
higher than the previous configuration. This investigation proves
that operational stability provided by TSI mode is compromised
in DSI, but the overall performance is improved slightly (3.3%
increase).
3.3. Direct solar with thermal store integration (DSTSI)

In this integration, the merits of previous integration tech-
niques are linked together to develop an energy efficient configura-
tion. Thermal energy supplied by the solar collector field initiates
the operational cycle. The return hot water from the cogeneration
system is utilized to charge thermal storage tank; it is then sup-
plied back to solar collector field. Energy stored in the thermal
store is retrieved during last hour of operation to augment the per-
formance of cogeneration system. Operational performance of
solar cogeneration system with DSTSI is shown in Fig. 10. The solar
collector loop is operated from 09:00 to drive the cogeneration sys-
tem, during which the global solar irradiation and collector outlet
temperature are 429 W/m2 and 59 �C respectively. In the beginning
of operation, the tank top level temperature is measured as 57 �C.
During the test day, the collector outlet temperature varies in the



Fig. 6. Energy flows in solar cogeneration system with TSI.

Fig. 7. Operational performance of solar cogeneration system in DSI.

Fig. 8. Energy profile of solar cogeneration system in DSI.

Fig. 10. Operational performance of solar cogeneration system in DSTSI.
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range of 84–56 �C between 09:00 and 16:30. Thermal store is grad-
ually charged during the system operation, tank top level and bot-
tom level temperature steadily increases to 78 �C and 74 �C
Fig. 9. Energy flows in solar cog
respectively at 16:30. During the operation, the cold water is sup-
plied between 30 �C and 35 �C. Hot water supply temperature to
MD module varies between 58 �C and 80 �C during the operational
hours between 9:30 and 16:30. In terms of distillate production, a
peak of 6.5 L/h is achieved in this configuration.

During first seven hours of operation, productivity of distillate
in this configuration is similar to direct integration type. During
the final hour of operation, hot water is supplied from thermal
store as the hot water supply temperature sharply rises to 72 �C
at 16:30 as shown in Fig. 10. In terms of distillate performance,
3.6 L of distilled water is produced during the final hour of opera-
tion. Collectively, 43 L of distilled water is produced during the test
day which is 11% higher than direct solar integration and 50%
higher than TSI configuration. Domestic hot water productivity is
similar to hot water supply temperature, and temperatures over
55 �C are available between 10:15 and 16:00 and rises steeply
again during the last hour of operation. Similar to other integration
modes, energy flows of the cogeneration system follows the tem-
perature profile of the test day as shown in Fig. 11. Energy profile
during the first seven hours of operation is similar to direct solar
mode and rises drastically during the last hour of operation. Com-
plete energy flows between different components in the DSTSI are
eneration system with DSI.



Fig. 11. Energy profile of solar cogeneration system in DSTSI.
Fig. 13. Distillate performance with different collector area and integrations.
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shown in Fig. 12. As mentioned earlier, part of useful energy is uti-
lized for charging the thermal store. About 24% of low grade useful
energy is tapped in thermal store, which is recovered during final
hour of operation. System efficiency of cogeneration system with
DSTSI is improved by 5% compared to DSI and 7.4% compared to
TSI.
Fig. 14. DHW performance with different integrations.

Table 3
Cost of individual components.

Component Abbreviation Value

Solar collector [20] CSC 294$/m2

Land [21] CLand 180$/m2

Membrane distillation unit
[22]

CI;AGMD 7000$/unit

Membrane replacement [23] CR;AGMD 15% of CI;AGMD

Plate heat exchanger [23] CPHE 2000$/m2

Thermal storage tank CHST 4130$/m3

Pump [17] Cpump 881Wp
0.4

Hydraulics [22] Chyd 0.15CSC + 0.05CI;AGMD

+ 0.05CVAC

Installation cost [22] Cins 5% of total component cost
3.4. Effect of solar collector area

The solar collector area is varied in terms of activating and
deactivating collector rows during the experimentation. Each row
of solar collector field has a gross collector area of 24 m2 and exper-
iments are conducted with four different solar collector areas: 24,
48, 72 and 96 m2. Experimental performance of the solar cogener-
ation system during the experimentation is analyzed in terms of
MD productivity and DHW production. Daily productivity of MD
with different solar collector area and integration strategies is
shown in Fig. 13. Productivity of distillate with single solar collec-
tor row for TSI, DSI and DSTSI are 8.6, 9 and 10 L/day respectively.
It is evident from the results that productivity of distillate
increases steeply with increase in collector area for all integration
methods. Productivity of MD drastically increases by 3.3 times
with collector area of 96 m2 for TSI, whereas it increases by 4.3
and 4.2 times for DSI and DSTSI respectively. In terms of domestic
hot water production, the minimum criterion is to produce hot
water at 55 �C at least for 6 h of operation with hourly production
of 1.2 m3. Only solar cogeneration system integrated with four col-
lector rows (area = 96 m2) meets this criterion. DHW thermal
energy produced during the operation with TSI, DSI and DSTSI for
all four collector integration are 245, 266 and 277 kWh/day respec-
tively as shown in Fig. 14.
Fuel cost inflation rate [17] IF 10%
Discount rate d 5%
Lifetime of the system N 20 years
Cost of fuel [17] CF 0.12$/kWh
Distilled water cost [24] CDW 0.08$/l
Plant availability – 96%
3.5. Economic analysis

Costs for the individual components are shown in Table 3 along
other key assumptions.
Fig. 12. Energy flows in solar cogeneration system with DSTSI.



Fig. 17. Economic analysis for different installation techniques.

Table 4
Summary of different configuration.

TSI DSI DSTSI

Storage unit
connection

Yes No Yes

Volume of storage
tank

1000 L – 1000 L
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The investment costs required for the installation of solar
cogeneration in all three integrations are shown in Fig. 15. A total
investment cost of $83,800 is required for TSI and DSTSI configura-
tions and $79,670 is required for DSI as shown in Fig. 15. Major
share of investment is accounted for land costs, which is known
to be very high in UAE (such costs can be avoided in case of roof-
top installations; see discussion below for more information). Solar
collector installation accounts for 34% total investment in TSI and
DSTSI configuration, whereas in DSI configuration, it rises to 36%
of total investment. Economic analyses for all three system integra-
tions are conducted as shown in Fig. 16. Sensitivity analysis on
payback period and net cumulative savings are conducted with dif-
ferent fuel costs, whereas inflation and discount rates are main-
tained at 10% and 5% respectively. Impressive NCS is achieved
with DSTSI compared to other two integrations as shown in
Fig. 16. NCS with DSTSI increases by 42% and 5%, when compared
with TSI and DSI configurations. In terms of payback period, both
DSI and DSTSI achieve better payback periods and follows similar
trends. Payback period by both DSI and DSTSI is improved by
20% compared TSI. An attractive payback period of 4.7 years and
NCS of $438,000 are achieved by DSTSI configuration with fuel cost
of 0.17$/kWh. Based on sensitivity analysis, payback period
increases up to 86% across different fuel cost, whereas NCS reduces
by 2.6 times with lower fuel cost of 0.08$/kWh. In current scenario
with fuel cost of 0.12$/kWh, a potential payback period of 6.4 years
and NCS of $289,000 are achieved with nominal inflation rate of
Fig. 15. Distribution of investment costs for different integrations.

Fig. 16. Variation of payback period and net cumulative savings with fuel cost.

Operation of thermal
storage

8:30–17:30 Not
operated

16:30–17:30

Charging mode Continuos No
charging

8:30–16:30

Charging mechanism Direct from
collector field

– Return line from
cogeneration system

Distillate output
(L/day)

29 39 43

Thermal energy
production
(kWh/day)

245 265 277

Payback period –
rooftop (years)

4.0 4.7 3.9

Net cumulative saving
– rooftop ($)

188,000 309,000 325,000
10% and discount rate of 5%. Scenarios are analyzed with and with-
out land cost to investigate the economic benefits of roof-top
installation for DSTSI configuration as shown in Fig. 17. Payback
period and NCS for roof-top installation is improved by 40% and
12.5% respectively compared to conventional plant with current
fuel cost of 0.12$/kWh.

A summary of both energy and economic performances of TSI,
DSI and DSTSI configurations are shown in Table 4. Rooftop instal-
lations of this cogeneration system could be potentially applicable
to hotel industry in which large amounts of hot water is required
along with little amounts of complimentary drinkable water.
4. Conclusion

A solar thermal cogeneration system has been developed by
integrating AGMD module with solar thermal collectors. The
cogeneration system was successfully installed at RAKRIC research
facility in UAE and detailed experimental investigations were con-
ducted to investigate the merits and demerits of the three integra-
tion modes. Thermal store integration (TSI) and direct solar with
thermal store integration (DSTSI) are continuous charging modes,
whereas direct solar integration (DSI) mode works on direct solar
heating. Operational performance of the solar cogeneration unit
maximizes DSTSI mode with enhanced productivity during the
final hour of operation. A maximum distillate productivity of
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43 L/day is achieved with DSTSI configuration, whereas only
29 L/day and 39 L/day of potable water are produced with thermal
store integration (TSI) and direct solar integration (DSI), respec-
tively. In terms of domestic hot water production, DSTSI configura-
tion exhibits a high efficiency with a demand of 277 kWh of
thermal energy for supply of DHW at a rate of 80 L/min. In terms
of energy utilization, cogeneration system in DSTSI mode shows
improvements of 5% compared to DSI and 7.4% compared to TSI.
In terms of Investment, DSI mode is slightly cheaper than other
two modes due to absence of thermal store. Based on economic
analysis, DSTSI achieves highest net cumulative savings of
$289,000 with payback period of 6.4 years (inflation and discount
rates of 10% and 5% respectively). The Net Cash Savings (NCS) with
DSTSI improved by 42% compared to TSI and 5% compared with DSI
configurations. In terms of payback period, both DSI and DSTSI
achieves same payback period, which is improved by 20% com-
pared to TSI. Thus, integrating a cogeneration system in DSTSI
mode proves to viable technology in terms of energy efficiency
and economic benefits. Further with roof top installation, payback
period is reduced to 3.9 years and NCS is increased to $325,000. In
the future work, additional MD modules could be integrated to
increase pure water production and absorption cooling cycle could
be integrated with desalination cycle in order to achieve complete
solar driven polygeneration system.
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