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Solar thermal desalination is a viable approach for sustainable water production. Current thermal desalination
technologies suffer from high specific energy consumption and energy mismatch. Concentrating solar collectors
operate with high temperature energy and desalination systems operate with low temperature energy which
leads to large exergy destruction. Herein, a thermodynamic model of an ideal concentrating solar-distillation
process is developed to evaluate system integration and performance limitations (specific water production).
Three different heating architectures are examined to understand how solar collector absorber temperature,
concentration ratio, and recovery ratio impact system performance. A reversible solar distillation system oper-
ating with a concentration ratio of 10 at the optimal absorber temperature of 507 K can achieve a maximum
specific water production of ~166.3 gs_lm_2 as the recovery ratio (r7) approaches zero. An endo-reversible heat
engine model was formulated to consider system irreversibilities. Systems with irreversibilities (R = 0.001 K/kW
or 0.005 K/kW) experience a decrease in the water production rate to 8.8 g s"'m™2 (rr = 51.4%) and 1.9 g
s7'm™2 (rr = 65.2%). For efficient integration of solar collectors with thermal desalination systems, it is critical
to adopt appropriate heating configurations and control absorber temperatures, system recovery ratio, and

system irreversibilities.

1. Introduction

Solar thermal desalination technologies may be a viable approach
toward addressing growing water shortages in geographical areas with
abundant solar resources [1-5]. However, wide-scale implementation of
solar thermal desalination faces both thermodynamic and economic
barriers[6-11]. Irreversibilities in the energy recovery system prevent
complete recovery of latent heat during the desalination step, which
results in enormous exergy destruction [12-15]. Thus, thermal desali-
nation systems suffer from low second law efficiencies (<10%) when
compared to reverse osmosis (~30%) [12,16]. Inadequate exergy utili-
zation leads to higher specific energy consumption and levelized cost of
water when compared with pressure-driven desalination approaches. As
a result, thermal desalination plants produce ~26% less water than
reverse osmosis worldwide [17].

Conventional thermal desalination plants operate at low tempera-
tures due to saturation and fouling temperature limitations [18,2,4].

Coupling solar technologies directly with a thermal desalination system
will lead to large exergy losses due to the mismatch in energy quality
supplied (e.g., high temperature solar) and the energy quality required
(e.g., low-temperature desalination). Several different system integra-
tion strategies have been envisioned to overcome this inherent chal-
lenge. Hybrid concentrated solar power (CSP) based cogeneration
systems that produce both electricity (power) and waste heat (desali-
nation) are one possible pathway to avoid large exergy losses associated
with thermal desalination systems [19-24]. However, the water pro-
duction capacity and rate is limited by the subsequent scale and eco-
nomics of the power cycle. CSP-desalination cogeneration approaches
have the benefit of working with thermal (waste heat) and pressure-
driven (electricity) desalination approaches [5]. Thus, there is a signif-
icant body of work examining various power cycles (Organic Rankine,
CO4 supercritical, Brayton, etc.) [25-32] that may be suitable for the
production of both power and freshwater.

Regardless of the cogeneration approach, efficient energy transfer
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from a high temperature concentrating solar collector to a low-
temperature desalination system represents a significant challenge and
is paramount in order to decrease the levelized cost of water. However,
most studies to date focus either on improving the individual perfor-
mance of the power component (CSP) or the water device (desalination).
The latter approach has led to strategies to achieve solar-to-power and
energy-to-water. Numerous studies have employed ideal and finite-time
thermodynamic (endo-reversible heat engine) models to evaluate the
performance properties of a concentrated solar power (CSP) plant and
these analyses reveal the intrinsic trade-off between solar collector
ambient heat loss and power generation efficiency [33-39]. Optimiza-
tion of key variables (absorber operating temperatures and concentra-
tion ratio) are necessary for high performing CSP plants. From the
perspective of desalination processes, combining first and secondlaws of
thermodynamics can obtain the minimum energy consumption for
separation (e.g. desalination) [40]. An ideal thermal separation process
is analogous to a Carnot heat engine where water production operating
temperature is thermodynamically limited to the boiling point of the
solution [41]. Traditional finite-time thermodynamic analyses used for
heat engine analysis does not consider flow work in the desalination sub-
system or irreversibilities in the waste heat recovery. Thus, finite-time
thermodynamic analyses are unreliable in evaluating the performance
of these combined systems [42,43] and there is a need for more rigorous
models of combined power and desalination systems (solar-to-power
and -water) which can be optimized for performance and simultaneously
capture irreversibilities associated with hybrid treatment trains.

This paper proposes a thermodynamic model for a thermal desali-
nation process coupled with three different solar collector heating
configurations (i.e., direct, cascading, and lumped) to study the per-
formance limitation. The work accounts for irreversibilities via intro-
ducing an endo-reversible engine model and evaluates how system
properties such as thermal resistance (irreversibilities), evaporator
temperature, feedwater salinity, and recovery ratio impact the overall
performance. Careful analysis and comparison of the reversible and
irreversible scenarios provides critical insight into optimal design of
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solar-thermal desalination systems. Hybrid treatment trains represent a
potential pathway toward increasing the energy efficiency of solar-
desalination plants but it will require systems with exquisite control
over absorber temperature, system-level recovery ratio, and heating
architectures.

2. System description

Herein, three different energy transfer architectures are evaluated to
understand design and performance trade-offs for a generic solar-
thermal desalination system. Thermodynamics is integrated into the
analysis with an ideal solar thermal desalination model modified with an
ideal distillation process model (Supporting Information S1) [40]. Both
ideal and non-ideal scenarios for energy transfer and recovery are sys-
tematically evaluated [44,14,45]. The optimal case (Carnot) is directly
compared to an endo-reversible system architecture to examine the
impact of irreversibilities on system performance (Section 3.2).

2.1. Distillation process driven by solar collectors

An idealized solar distillation process for water desalination was
modeled to evaluate system thermodynamics (Fig. 1). The model is
composed of an evaporator that vaporizes incoming saline water, a
condenser, and a heat exchanger for energy recovery. Waste heat from
the effluent brine stream (i1;) and pure water (7i1,) is used to preheat (T;)
the incoming saline water (711;) in the heat exchanger. Subsequently, the
saline water temperature is brought to a boiling temperature in heater 1
(H1). The saline water absorbs heat isothermally in the evaporator,
which produces an effluent stream of superheated water vapor with a
mass flow rate () at chiller 3 (C3). The superheated vapor undergoes a
phase change (saturated water vapor, T¢) in the chiller and is further
condensed to a saturated liquid phase in the condenser.

The model contains numerous Carnot-type heat engines (E) and heat
pumps (HP) in order to evaluate the minimum work required for
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Fig. 1. Schematic diagram of an ideal solar distillation model. Heaters (H), heat pumps (HP), heat engines (E) and chillers (C2/C4) can be implemented to model

solar desalination.
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separations. Heat rejected is directly converted to useful work in heat
engines (Wg), and heat addition is driven by heat pumps (Wpyp). The heat
exchanger is assumed to be infinitely large and 100% efficient under
reversible assumptions and finite under the irreversible assumption.
This assumption ensures that there is no exergy destruction in the heat
exchanger during reversible operating conditions. A finite heat
exchanger area (irreversible) will result in finite temperature differences
between hot and cold fluid streams that will affect the system’s overall
performance when the energy losses outside the heat exchanger cannot
be fully recovered (Section 3.2).

Actual desalination systems with energy recovery, will preheat the
feedwater with the effluent produced freshwater. Herein, Carnot heat
engines and Carnot heat pumps are used to model an ideal heat recovery
process. Thermal energy is introduced into the system via solar collec-
tors. The solar collectors are directly connected to an evaporator with a
black box. The black box represents a variety of different energy transfer
devices (heating configurations) (Fig. 2a-c). The role operating condi-
tions and energy recovery architectures impact system performance are
evaluated using the combined model.

2.2. Solar collector heating configurations

Solar thermal desalination systems are often characterized as indi-
rect or direct [46]. Systems that are direct have a single system where
evaporation and condensation occurs. Indirect solar thermal desalina-
tion systems consist of two separate subsystems (solar collector and
desalination unit). Indirect techniques are favored to achieve desalina-
tion at scale, and direct thermal desalination techniques are practical in
distributed applications. Herein, we consider an indirect thermal desa-
lination which contains a solar collector unit in tandem with a desali-
nation plant. Three different energy transfer architectures are explored
for transferring heat between the solar collectors and evaporator
(Fig. 2a-c). The best architecture will deliver the largest quantity of heat
transfer to the evaporator (Q,,,) at a fixed temperature. Understanding
the trade-offs between system architecture and operating performance
(i.e., specific water production) is essential for improving the perfor-
mance of existing solar desalination technologies and engineering next-
generation systems.

Heating configuration a (Fig. 2a) directly transfers heat from the
solar collector to the evaporator without any intermediate engineering
devices. Conventional indirect solar thermal desalination technologies
(e.g., solar multi-stage flash and solar multi-effect distillation) often
utilize this heating strategy [13,47,48]. Direct heating strategies are
very common because they do not require the need for any additional
devices. However, direct heating methods typically suffer from high
exergy destruction because of the mismatch in energy quality between
the source (solar collector) and the sink (distillation system). Concen-
trating technologies such as a compound parabolic concentrator, linear
Fresnel reflector, and parabolic through concentrator can provide
thermal energy >200 °C [49]. The source temperature of a solar tower
system with a heliostat field can achieve 500-2000 °C. These operating
conditions are incompatible with most thermal desalination technolo-
gies that operate at much lower temperatures. Thermal desalination
systems operate at low temperatures to avoid scaling and saturation
temperature limitation (e.g., the top brine temperatures of multi-stage
flash and multi-effect distillation is less than 110 °C and 70 °C) [50].
To overcome these challenges, most thermal desalination plants employ
low-concentrating or non-concentrating solar systems (e.g., flat plate
collectors).

To take advantage of the elevated operating temperatures, we
consider two additional energy transfer architectures (b and ¢). System
b and ¢ (Fig. 2b and c) employ Carnot heat engines to generate work in
order to drive a Carnot heat pump. The Carnot heat pump transforms
low-grade heat from the environment into a usable source for the
desalination system [51]. Architecture b transfers less work to the heat
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pump, but provides more direct heat transfer between the heat engine
and the evaporator. In contrast, heating architecture c releases heat to
the environment and transfers more work to the Carnot heat pump.
These two heating architectures (Fig. 2b and c) are relevant to existing
applications and may enable future high temperature operating regimes.
The consumption of heat can be directly converted into exergy (in terms
of electrical or mechanical work) with the Carnot efficiency with
reversible assumption. Therefore, the concentrated solar power (CSP)
cogeneration plant is an irreversible form of architecture b since the
solar collector releases heat to thermal desalination units through a
power cycle. The structure of the solar organic Rankine cycle-reverse
osmosis system is similar to architecture c since the solar collector
runs the power cycle and rejects heat to the environment for driving the
membrane system.

3. Mathematical modeling

A mathematical model of a distillation process driven by solar col-
lectors under ideal (i.e., reversible) and irreversible conditions was built.
Herein, we use specific water production (SWP), which represents the
water production rate (ri1,) per unit area of the solar collector (A,), to
evaluate the performance of solar desalination system.

m Qmax / At‘
SWP=-2=—1_

@
Ac qsep./m'n

where the area of the solar collector is the production of the absorber
area (A) and the concentration ratio (C) [52], which is dependent on
solar collectors geometry (conical, parabolic, spherical) [53,54].

A, =CA (2)

The solar desalination system performs optimally when the heat transfer
rate from the solar collector system is maximized (me), and the sepa-
ration heat per unit mass of pure water production is minimized
(qsep,min)-

3.1. Ideal condition

3.1.1. Solar collector system and heating strategies

Three different solar heating configurations are considered (Fig. 2).
The heat transfer from the solar collector to the evaporator is related to
the absorber temperature of the solar collector (Tgs), the evaporator
operating temperature (Ty), and the ambient environment (Ty). For
effective operation, Tgs>Tr>To. Assuming reversible heat pumps and
engines, the amount of heat transfer to the evaporator for each config-
uration are:

Qoo = Qu (3a)
. . S & B Ty Ty

Qs = 0+ 0= 0, (1-7) L] (3b)
; s L) Ty

Qava.(' - Q3 - Qu (1 Tabs) TH _ T() (3C)

Eq. (3b) can be reduced to Eq. (3c) for a reversible system.

The three heating configurations provide the same amount of heat
when the solar collector absorber temperature equals to the evaporator
temperature. Otherwise when the surface temperature of the solar col-
lector (Tps) exceeds the evaporator temperature (Ty), the heat supply
for architecture b and c will be greater than a. Architecture a suffers
from exergy loss due to finite temperature differences during heat
transfer. Furthermore, architecture b and ¢ can collect a higher quality
of energy at higher solar collector absorber temperatures (Tg,) and fully
recover it through Carnot heat pumps at lower evaporator temperature.
No exergy destruction results in a greater heat transfer to the evaporator
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Fig. 2. Schematic diagrams of three different solar collector heating configurations. Direct (a) and indirect (b,c) heating strategies can be implemented with a variety

of desalination approaches.

in both cases. However, higher absorber temperature (T;s) will reduce
the heat collected by the solar collector (Qu) due to greater heat loss
from the surface through convection and radiation.

0, = Ata[Cl, + (1 — C-F)oTy — 6T, | — AU (T — To) &)
In Eq. (4) [13,33], A is the area of the solar collector absorber (i.e.,
receiver), 7 is the transmissivity of the glass surface on top of the solar
collector, and «a is the absorptivity, which would be less than 1 when the
solar collector receiving surface is assumed to be an incomplete black
body. C is the concentrating ratio of the collector system, and I; is the
solar irradiance rate per unit area. The view factor of the collector to the
sunis F ~ 2.16 x 1075 and the Stefan-Boltzmann constant is ¢ = 5.67 x
10 8W/(m?K"*. The total convection and conduction loss coefficient
from the receiver is denoted by Uj.

For a well-insulated solar collector, convection and conduction heat
loss is smaller than radiation heat loss. The heat loss by conduction and
convection will be zero for an ideal solar collector (z =1, a = 1) and Eq.
(4) can be simplified to:

0, =A[CI, + (1 - C-F)oTy — oT%,.] 5)
Thus, the maximum heat transfer rate to the desalination system can be
derived by substituting Eq. (5) into Eq. (3):

. To, Ty
Qpa =A[CL + (1 — C-F)oTy — oTs, | (1 - T T,

(6)

It is possible to find and validate the optimal absorber temperature
(Taps,ope) that enables the maximum heat supply to the desalination
system (Quqy) by taking the first and second derivatives of Eq. (6). The
maximum specific water production of solar desalination system can be
calculated by combining Eq. (1), Eq. (2), and Eq. (6).

Evaporator Ty

Evaporator Ty

(a) (b)

3.1.2. Distillation system
The minimum work of separation for the desalination process is the
Gibbs free energy difference between the inlet and outlet fluids[55,56].

Wepmin = 1,8, + 1185 — 11,8 (2]

where, g represents the specific Gibbs free energy and m is the mass flow
rate. The subscripts p, s, and b denotes the produced pure water, the
influent saline water, and the effluent concentrated brine. According to
the definition of recovery ratio (TT:%‘:) and the mass balance equation
(ms; = m, 4+ my), the minimum work of separation for unit mass of

W,
produced water Wsepmin = —") can be expressed by:
’ p

1
= (g — &) —— (g — &) (8)

Wsep,min -

For the heat-driven desalination (i.e., distillation process), the minimum
heat of separation is relevant to the Carnot efficiency under its operating
temperature (Ty)[12,57]:

Weep min (gp - gh) - i (g\ - gb)
Gsep,min = 1 _ph = 1_h 9
Tu Ty

The specific Gibbs free energy is dependent on thermophysical proper-
ties of the fluid and is related to the fluid properties like temperature,
salinity and pressure [58-61]. The temperature (Tp) and pressure (Pp)
are taken as environmental conditions. When the salinity of inlet saline
water (y;) and recovery ratio (rr) are given, salinity (y;) of brine water
can be calculated by:

Vs —ITYp

1—rr (10)

Yo =

Evaporator Ty

(c)

Fig. 3. Schematic diagrams of three different solar collector heating configurations considering irreversibilities. Direct heating strategies (a) and indirect heating
strategies (b,c) can be used to transfer energy from the solar collector to desalination unit. E = Heat engine, HP = Heat Pump, Q = Heat Transfer, and R = resistances

or irreversibility.
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To simplify the equations, we assume salinity of the product water is
pure water (i.e., y, = 0), then

=i an
Some distillation systems operate below ambient pressure to avoid
scaling at high temperatures and to reduce the impact of non-
condensable gasses on mass transfer resistances [13]. Operating below
ambient pressure may require additional flow work to move the pure
and brine water out of the system. Assuming that the feedwater is
incompressible, the flow work per unit mass of pure water (wy) is:

1
Wf: —;VS(Po—P)(l—l’f) (12)

where vy, is the specific volume of the saline water, and ry is the recovery
rate of the flow work done by the fluid at the inlet due to the pressure
difference. If r; = 100%, the impact of flow work can be neglected. We
assume the distillation operating pressure (P) is the saturated pressure
[58,62] of the feed saline water corresponding to the evaporator tem-
perature (Tg). Thus, the total separation work required to produce a unit
of pure water (Wsep tor) is:

Wiep,tor = Wiep,min + W 13)

Combining Eq. (13) with Eq. (9) and Eq. (1) results in a relationship for
the maximum specific water production which includes energy associ-
ated with flow work.

3.2. TIrreversible condition

The above analysis assumes the system operates reversibly. How-
ever, irreversibilities in the system (such as thermal resistance, heat loss,
finite temperature heat transfer, and friction) will create operating
scenarios where the efficiency falls below the Carnot limit. It can be
challenging to quantify the effects of system irreversibilities. Therefore,
this paper applies an endo-reversible heat engine model [63,64,33] to
account for any irreversibilities. The model assumes all irreversibilities
exist in the form of thermal resistance outside of the Carnot heat engine
and Carnot heat pump (Fig. 3). Therefore, the Carnot efficiency calcu-
lation is still valid for the heat engine. However, the thermal resistance
will cause the reservoir temperature to decrease or increase for a spec-
ified temperature differential (AT). Thus, the Carnot heat engine will
operate in a narrower temperature range, thereby lower efficiency. The

800
700 f
< =~
= 600+ =
ol =
e} .
S
85007 1
400 —~1376wWm2 |1 o
I ~&- 1000 W/m?
300 : : : : 0
0 20 40 60 80 100

Concentration Ratio C

Fig. 4. The optimal absorber temperature (Tgpsqp) and maximum normalized
heat supply to the desalination system (Qpqy/A.) increases with concentration
ratio (C) with a decreasing growth rate.
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Carnot heat pump requires more work input to operate on a broader
temperature range and causes a reduction in the coefficient of perfor-
mance. In general, different heat engines and heat pumps, as well as
their heat exchange with reservoirs, should have different thermal
resistance. To simplify the calculation, we assume that the area (A.) and
the heat transfer coefficient (U) of the heat exchange surfaces are equal.
Thus, all thermal resistances R = gi- (K/kW) are the same. Future
research can adjust the value of each thermal resistance for analysis of
different situations. The temperature difference (AT) due to irrevers-
ibilities can be calculated directly from the heat exchange amount Q.

AT = O-R a4

3.2.1. Solar heating architectures

We quantify the maximum energy transfer to the desalination system
under irreversible scenarios for three different heating configurations,
respectively (Fig. 3). Since Eq. (6) has taken heat loss of solar collectors
into account, the following analysis will not consider the additional
impact of solar collector irreversibility.

There is no heat engine or heat pump in the direct heating archi-
tecture a (Fig. 3a). However, the thermal resistance between the solar
collector and the evaporator could degrade the quality of the transferred
energy. The thermal resistance has an impact on the optimal surface
temperature of the solar collectors, thereby affecting the maximum heat
supply. The smaller the absorber temperature of the solar collector, the
less heat loss from the surface and exergy loss due to temperature dif-
ference heat transfer. Therefore, in an irreversible condition, the optimal
absorber temperature (Tgpsqp:) enables the maximum solar collector’s
heat supply (Qeqqisr = Qu) when the thermal energy transfer to the
evaporator isothermally after quality degradation at the thermal resis-
tance. Combining Eq. (5) with Eq. (15) can solve the optimal absorber
temperature (Tgps ope)-

Tabs.apr - TH = QuR (15)

For heating architecture b (Fig. 3b), according to Eq. (6), the optimal
operating temperature of the system in the reversible state is a trade-off
between providing higher exergy and suffering more heat loss. However,
under irreversible conditions, the performance reduction of the heat
engine and heat pump decreases the exergy efficiency. Therefore, the
optimal absorber temperature deviates from the results of ideal condi-
tions. Solving the following equations and Eq. (5) can find the rela-
tionship between heat supply to the evaporator (Q; and Q) and receiver
surface temperature (Tps) under thermal resistance of R.

S _TatOR a6
Qu Taps — QuR

0.-0=0,-0, a7
2 _IstOR as)
Oy To— QR

The optimal absorber temperature (Tgps o) for the maximum heat sup-

ply (Qm_b_i”) should make the first derivative equation of Eq. (19) equal
to 0, and the secondary derivative equation less than 0.

Ouvapir =01+ 0, 19)

Similarly, we can find the maximum heat supply of architecture ¢ under
irreversible condition by solving the following equations and taking the
first and the second derivative of Q3 = Qemvc_ir, with respect to the
absorber temperature (Tg;).

% Ty + Q4R

= =t 2
Qu Taps — Qu'R @0
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Fig. 5. For the feedwater salinity of 35 g/kg, the limitation of specific water production increases as the recovery ratio (rr) decreases for the system that operates at
ambient pressure (Py). For the range of concentration ratio (C) is (a) 1-5 and (b) 10-50, a higher concentration ratio or solar irradiance intensity allows the solar
desalination system to have a higher specific water production potential.
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Fig. 6. (a) When the recovery rate of flow work ry = 0, and the salinity of incoming water is 35 g/kg, higher evaporator temperature (Ty) can achieve larger specific
water production and the corresponding optimal recovery ratio decreases. (b) When the evaporator temperature keeps at 363.15 K, the lower salinity of incoming
water makes the solar thermal desalination system performs the better, and the corresponding optimal recovery ratio increases.
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Fig. 7. (a) The overall trend of optimal absorber temperature (Tgs o) Under irreversible condition increases with thermal resistance (R) at evaporator temperature
Ty = 373.15 K. While there is a small drop of optimal temperature for heating architecture b when the thermal resistance is relatively small. The optimal temperature
of architecture c is the highest, while that of architecture a is the lowest. (b) The heating architecture b can supply more heat at relatively low thermal resistance.
Architecture a has a better performance when the thermal resistance larger than 6.5 K/kW.
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Fig. 8. For the irreversible solar thermal desalination system with heating architecture b, each of the thermal resistance of (a) R = 0.001 K/kW, (b) R = 0.005 K/kW,
inlet temperature of heater 1 (H1) T, = 323.15 K, inlet saline water salinity y; = 35 g/kg, and the recovery rate of flow work r; = 100%, the optimal recovery ratio
increases as evaporator temperature (Ty) increases. When evaporator temperature is relatively smaller, specific water production (SWP) can reach stable value faster
with the increase of recovery ratio. Before reaching the stable value, the lower the evaporator temperature, the higher the SWP. However, SWP is larger with higher

evaporator temperatures after it reaches a stable value.
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Fig. 9. For the irreversible solar thermal desalination system with heating architecture b, each of the thermal resistance of (a) R = 0.001 K/kW, (b) R = 0.005 K/kW,

evaporator temperature Ty = 373.15 K and inlet temperature of heater 1 (H1) T,

= 363.15 K, and the recovery rate of flow work ry = 100%, the lower inlet saline

water salinity (y;) can reach the higher maximum specific water production (SWP) and the corresponding recovery ratio.

Qu - Q4 = Q3 - Qs 21
% _Tut QR 22)
Os To—0OsR

3.2.2. Distillation system

The change in flow exergy per unit mass of produced water for each
component inlet and outlet in the distillation system under reversible
conditions is:

W . .
E - miny/m(Tinvyim Pin) - moulw,;m(Touh,YGlm Pum)
m,

w=

(23)

where y is the specific flow exergy. It can be calculated by the change of
specific Gibbs free energy (g) with respect to the environmental state.
The condenser releases heat at an operating temperature (T¢). Accord-
ing to the specific maximum work (Wyg con) of the Carnot engine under
reversible conditions, the heat release rate at the condenser is

- . WHE con
OQuun = iy 7 o2
Tc

The endo-reversible heat engine model consider that irreversibilities and
thus the heat release rate from the heat engine to the environment can be

evaluated by:

: Te — Quon'R
Qcon — C an (25)
Oeono To+ QeonoR
Therefore, the work output of the heat engine per unit mass of fresh-
water production under the specific irreversibility is:

WHE conirr = Qeon — ann,O (26)

my,

Summing up the work that each component needs or does after
considering the thermal resistance and possible flow work (wy) is the
actual minimum work of separation by the system under an irreversible
state (Wsep irr). Since the solar collector supplies heat to the evaporator
with the operating temperature of Ty, the minimum heat of separation
is:

Wiep,irr
Gsep,irr = 1 L Ty (27)
Ty

4. Results and discussion

Solar-thermal desalination is currently plagued with low efficiencies
and high levelized cost of water because of the energy quality mismatch
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between solar collectors (high) and desalination systems (low). Here, we
investigate three different integration strategies, which may enable
integration of high energy solar collectors with desalination systems
(Fig. 2). Fundamental performance limits of ideal (Carnot) systems are
discussed and compared with non-ideal systems (Fig. 3). We also explore
the impact of technical and operational parameters (such as thermal
resistance, absorber temperature, feedwater salinity) on the perfor-
mance. The results can provide generalized guidelines for future plant
designs and motivates hybridization approaches (heat pump-based, and
cogeneration, etc.) that can improve the performance of solar-
desalination systems.

4.1. Reversible scenario

During reversible operation (i.e., ideal), the heat transfer rate for
architecture b and c are the same, and will have higher heat transfer
rates than the direct heating architecture a (Fig. 2a-c) for finite tem-
perature difference heat transfer (Supporting Information S2). Thus, all
subsequent reversible analysis of performance limitation, is relevant to
architectures b and ¢ [53,54]. The concentration ratio is an important
design variable because it is directly relevant to the amount of harvested
energy (Eq. (4)), thereby affecting the water production performance.
The larger the concentration ratio, the higher the optimal surface tem-
perature (Tgps ope) and maximum normalized heat (me JA.) (Fig. 4). The
rate at which the optimal surface temperature and maximum normal-
ized heat supply increases, decreases with concentration ratio. While the
quality of the collected thermal energy is higher at elevated tempera-
tures, excessive heat dissipation is also possible. The latter can reduce
the growth rate of maximum heat supply. When the concentration ratio
is less than 100, the optimal temperature and maximum normalized heat
increases at a decreasing rate. Prior work has also seen similar results,
suggesting that the operating temperature and maximum power pro-
duction of a CSP system is directly a function of the receiver irradiance
[341.

To understand performance limitations with solar desalination sys-
tems we assumed the highest possible solar irradiance intensity and
compared it to I, = 1000 W/m? The latter intensity is a common solar
illumination intensity in laboratory experiments (Fig. 4 and 5). Solar
irradiance intensity in an actual system will vary by geographic location.
When the concentration ratio is 10, the optimal absorber temperature
(Tapsope) is 507 K and the maximum normalized heat supply to the

evaporator (Qmax/AC) is 2.14 kW/m? (Fig. 4). These two parameters
decrease to 481 K and 1.4 kW/m? at the lower irradiance level (1000 =
W/mz), while the overall trends with concentration ratio (C) remain the
same. Therefore, based on Eq. (1), the maximum specific water pro-
duction (SWP) will also decrease proportionally due to the reduction of
the normalized heat supply (Fig. 5). For a distillation system that
operates at ambient pressure (Pp), the maximum SWP increases as
recover ratio (r7) decreases (Fig. 5a). Systems with low recovery ratios
require less energy for separation according to Eq. (9). Higher concen-
tration ratios and solar insolation levels result in greater maximum
normalized heat supply (Quqec/Ac) and therefore higher specific water
production (Fig. 5b). For a system with a concentration ratio of 10, the
maximum specific water production is 166.3 gs~'m ™2 as the recovery
ratio approaches zero (Fig. 5b).

If we consider a distillation system that operates below ambient
pressure (via considering flow work), the optimal recovery ratio is no
longer zero. The desalination system will require an infinitely large flow
work to achieve flow rates below atmospheric pressure as the recovery
ratio approaches zero. The optimal recovery ratio for the case that flow
work cannot be fully recovered (ry < 100%) is relevant to evaporator
temperature (Fig. 6a) and salinity of incoming water (Fig. 6b). Under
various evaporator temperatures (Ty) in terms of operating pressure (P),
different optimal recovery ratios maximize the specific water production
(SWP). Furthermore, the optimal recovery ratio decreases as the
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evaporator temperature (Ty) increases. For the same recovery ratio, the
SWP increases with the evaporator temperature in terms of operating
pressure (P). This is inconsistent with the actual thermal desalination
systems (e.g., multi-stage distillation system), that perform better when
operating below the atmospheric pressure. The ideal analysis assumes
that the evaporating surface and condensation surface are infinitely
large and close to each other and that the brine does not contain dis-
solved gases. Hence, the mass transfer resistances are negligible. We will
further discuss which of the thermal resistance between the heat ex-
change surfaces and the flow work due to pressure difference has a
greater impact on the system’s performance in the irreversible scenario
subsection.

When the evaporator temperature (363.15 K) and the recovery ratio
(rr) is held constant, we observe an increase in the specific water pro-
duction (SWP) as the salinity of the feedwater decreases. This is due to a
decrease in the minimum separation work necessary to treat low salinity
solutions[40]. When the salinity decreases from 35 g/kg to 15 g/kg, the
maximum specific water production increases from 105.0 gs ‘m 2
(Fig. 6b) to 203.1 gs_lm_z, and the optimal recovery ratio rises from
34.9% to 48.1%. The optimal recovery ratio for the maximum specific
water production decreases as the salinity increases. When the recovery
ratio is close to zero, the influence of the incoming water salinity (y;) on
SWP is less significant.

4.2. TIrreversible scenario

During irreversible operating conditions, the optimal surface tem-
perature of the solar collector (Tgs qpe) Will be lowest for heating archi-
tecture a and greatest for heating architecture c. As the thermal
resistance increases, we observe an increase in the optimized absorber
temperature for each configuration (Fig. 7) and a decrease in the opti-
mum heat transfer rate (Fig. 7b) in comparison to the ideal case where
concentration ratio is 10 (Fig. 4). However, when the thermal resistance
is small, architecture b demonstrates a slight decrease in the optimal
absorber temperature. The increase in thermal resistance negates the
absorber temperature’s impact on the system efficiency. Therefore, at
low thermal resistances, there may be some benefit to lowering the solar
collector temperature (architecture b) to reduce the heat loss and
maximize heat supply. Due to the exergy loss caused by heat transfer
with finite temperature difference, the normalized heat supply of heat-
ing configuration a is the lowest when the thermal resistance is rela-
tively small (Fig. 7b). When the thermal resistance is less than the
critical point (R = 6.5 K/kW), the heating configuration b is the opti-
mum. However, as the thermal resistance increases, the advantages
brought by the heat engine and heat pump become insignificant, and
direct heating becomes advantageous. The solar collector system design
(i.e., concentration ratio, absorber temperature, and heating configu-
ration) impacts the thermal resistance and the operating temperature of
the desalination system. Concentrating technologies raise the ideal heat
supply rate for the non-direct heating configurations (Fig. 4). However,
when irreversibilities are included, the heat transfer rate is more sensi-
tive to the thermal resistance (Eq. (14)). Therefore, architecture b with a
high concentration ratio solar collector is more applicable for plants that
can accommodate large heat-exchangers (large scale systems). Other-
wise, a direct heating strategy (architecture a) with a concentration ratio
that allows the absorber temperature to match the evaporator temper-
ature is preferable.

Irreversibilities in both the solar collector and the distillation system
seriously damage the specific water production (SWP) and increases the
optimal recovery ratio (Fig. 8a and b). Therefore, it is crucial to reduce
the irreversibilities by increasing the area and heat transfer coefficient of
the heat exchanger without increasing system cost. The distillation
process is more sensitive to the thermal resistance (R) than the solar
collector heating architecture when the concentration ratio is 10
(Fig. 7b) because the energy demand to overcome the latent heat of
vaporization is two orders of magnitude higher than the minimum heat
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of separation. As the thermal resistance increases from 0.001 K/kW to
0.005 K/kW for heating configuration b, a decrease in the optimal SWP
is observed from 8.8 gs’lm’2 (rr=51.4%) to 1.9 gs’lm’2 (rr = 65.2%).
Both irreversible cases demonstrate significantly lower SWP when
compared to the ideal scenario with flow work (81.9 gs”'m™2 at Ty =
333.15 K). Therefore, when the recovery ratio (r7) is greater than 0, the
negative impact of flow work on SWP (Fig. 6a) is much smaller than the
thermal resistance in the energy recovery process. It is worth sacrificing
energy consumption for flow work in order to decrease the mass transfer
thermal resistance between the evaporating and condensing surfaces
and for greater water production.

Neglecting the impact of flow work (by considering ry = 100%), the
specific water production (SWP) approaches 0 when the recovery ratio
(rr) is low (Fig. 8a and b). It is a result of the large heat exchange in
heater 1 (H1) and chiller 2 (C2) due to the high mass flow rate and
inefficient energy recovery due to system irreversibilities. The effect is
more pronounced when the evaporator temperature (Ty) is relatively
high since there is a greater energy requirement for the preheating
process. The SWP increases at higher recovery ratios because there is
less exergy destruction between the evaporator and solar collector, and
the energy released in condenser has a higher exergy Q.on-(1 7%) for

reuse. The thermal resistance has less of an impact on the energy re-
covery system for the high-temperature system but does impact the
energy recovery in the low-temperature system. When the recovery ratio
is increased to a critical value (e.g., ~9% for Ty = 333.15 K), the pre-
heating process has negligible effect on the system performance and the
SWP is independent of the recovery ratio. Thus, higher evaporator
operating temperatures (Ty) are beneficial for system performance. This
trend is similar to previously reported studies that show that higher top
brine temperatures enable a higher freshwater production rate [65].
Overall, the SWP shows independent of the evaporator operating tem-
perature at high recovery ratios (Fig. 8a and b). Thus, thermal desali-
nation technologies are suitable for high-recovery water treatment.
However, when the recovery ratio cannot be engineered, the adoption of
a low-temperature distillation process (P < Py) may improve SWP by
avoiding unnecessary exergy destruction during the preheating process.

The salinity of the feedwater plays a significant role on the specific
water production (SWP) under reversible conditions (Fig. 6b), but has
little impact on the specific water consumption in systems with irre-
versibilities (Fig. 9a and b). Experimental results on a membrane
distillation system show a similar trend where the SWP is not dependent
on the salinity of the feedwater[66]. The optimal recovery ratio of a
system with irreversibilities is affected by energy recovery in the pre-
heating stage and heat rejection process as well as changes in the
feedwater chemical potential. When the recovery ratio (rr) is low, the
SWP suffers from a large mass flow rate and the salinity has minimal
impact on the SWP. As the recovery ratio increases, the change in Gibbs
free energy due to salinity changes dominates and results in a decrease
in SWP with recovery ratio (Fig. 9b). At low feedwater salinities the SWP
is independent of the recovery ratio (Eq. 8). Therefore, when the salinity
decreases, both the maximum SWP and optimal rr increase. The
maximum specific water production will increase from 9.2 gs~'m™2 to
9.7 gs 'm~2, and the optimal recovery ratio will increase from 22.7% to
39.9% if the salinity is decreased from 35 g/kg to 5 g/kg (R = 0.001 K/
kW). When the incoming water salinity and the irreversible degree of the
designed desalination system are higher, the adjustment in recovery
ratio (rr) by modifying the inlet mass flow rate (ri;) will enhance the
performance relatively more obvious.

5. Conclusion and outlook

Solar thermal desalination technologies are ideal for geographic re-
gions that experience water scarcity challenges and have an abundance
of solar energy [1,17]. However, it is currently energy inefficient to
couple solar with desalination and nearly 99% of all desalination plants
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utilize COy emitting fossil fuels. Herein, we evaluate three different
heating modes which may enable the coupling of solar collectors with
thermal desalination systems. The generalized models developed are
suitable for a technology agnostic analysis of solar thermal desalination
systems and thus is a valuable reference for future solar water desali-
nation designers.

Architecture a is a direct heating strategy and architectures b and ¢
utilize an energy recovery method (e.g., using Carnot heat engines and
Carnot heat pumps) to avoid the exergy destruction caused by finite
temperature difference heat transfer. A solar desalination system with a
concentration ratio of 10 has the performance limit of specific water
production of ~166 g s'm~2 as the recovery ratio approaches zero.
When the thermal desalination system operates below atmospheric
pressure, its performance limit drops due to the flow work (e.g., when
the evaporator temperature drops to 363.15K, the maximum SWP is
105.0 gs"'m~2 at the optimal recovery ratio of 34.9%). In order to un-
derstand the role irreversibilities have on system performance, we
implement and evaluate endo-reversible heat engines and pumps.
Highly irreversible solar thermal desalination systems benefit from
direct heating strategies (architecture a) and systems with low irre-
versibilities (R < 6.5 K/kW for C = 10) benefit from cascading heat
transfer approach (architecture b). Neither scenarios benefit from a
lumped approach (architecture ¢). High-concentration solar collectors
are more susceptible to thermal resistance due to their higher heat
transfer rate. Therefore, systems based on high-concentration ratio
technologies are more suitable for large-scale systems that can
economically accommodate large area heat exchangers.

Actual systems (e.g., irreversible systems) should avoid an extremely
low recovery ratio because it will result in high mass flow rates in the
distillation system. However, lowering the evaporator temperature may
benefit overall system performance in these cases. The thermal resis-
tance of the heat exchange surface (R = 0.001 k/kW) can reduce SWP
considerably as results show a decrease from the ideal performance limit
of ~166 gs‘lm_2 (rr=0)to 8.8 gs‘lm_2 (rr = 51.4%). The influence of
thermal resistance on SWP is more significant than factors such as flow
work and incoming water salinity. Therefore, the design should priori-
tize increasing the area A, and the heat transfer coefficient U of the heat
exchange surfaces. Optimization of sub-system performance parameters
is going to be paramount for next-generation desalination systems based
on renewable energy.
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