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Abstract

Photo-thermal effect of carbon dispersions in water:

augmenting community scale desalination with solar stills

Hota Venkata Soma Sai Phani Kiran

Solar stills are simple desalination systems which are capable of producing low-

cost freshwater for small community requirements. But the commercialization is

limited from their low daily productivity. It is expected that by adding low-cost

black carbon particles, the desalination rate can be enhanced due to their photo-

thermal effect.

These black carbon particles have strong solar absorption coefficient in the

solar spectrum, and when used as dispersions in water, they increase the photo-

thermal conversion effect which results in an increase in local fluid temperature. A

higher surface temperature increases the evaporation rate due to localized heating.

Experiments with biochar dispersions show that, while, the evaporation rate of

water is mostly limited below 0.6 kg/m2-h, these low-cost dispersions can increase

the evaporation to more than 1 kg/m2-h in open environments.

The influence of these particles with regards to solar still productivity and

its feasibility is then assessed for community scale desalination. Solar stills are

compared against photovoltaic seawater reverse osmosis (PV-SWRO) and solar

x



flat plate collector integrated humidification dehumidification (FPC-HDH), and

found to be cost competitive for small volumes of freshwater production. The

feasibility assessment of a solar still system was performed for a 10000 m2 solar

still with California as a reference location. It is estimated that freshwater can

be produced at a rate of 27.7 m3/day to 30.8 m3/day for at least 100 households.

The corresponding cost of water produced using levelized cost of water approach

was found to be between $ 6.47/m3 and 7.14/m3 for nominal investment. With

feasible investment options, the cost of water produced can be of only $ 1.58/m3

to 1.74/m3. In a supply system, the desalination cost has the major share, and

if other costs such as feed intake costs, water treatment and brine disposal are to

be added, the cost of water increases, but still expected to be close to marginal

cost of freshwater supplied. Also, from the application standpoint, solar stills are

much simpler to install, operate and maintain than other competing technologies

which are more complex, thereby requiring constant supervision. The analysis

performed indicates the feasibility of installing low-cost solar stills successfully in

rural communities to produce low-cost freshwater.
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Chapter 1

Introduction

Water and energy security are key for a sustainable and prosperous future.

Significant ongoing efforts are transforming their production and use in an efficient

and sustainable form. Moreover, the water-energy-environment nexus (WEEN)

forms the basis for emerging freshwater production technologies that can benefit

low-income and disadvantaged rural remote communities.

1.1 Motivation

Freshwater for human consumption and other activities such as agriculture

and industrial operations is essential. The demand for drinking water is increas-

ing, however around 97% of available water is saline, leading to water scarcity. A
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recent United Nations report 1 sates that around 2 billion people live in countries

with high water stress, and around 785 million people live in places with no access

to drinking water. Recent estimates suggest that about 60% of the global popu-

lation could face severe water scarcity [2]. This increases the need for installing

desalination plants to address the increasing demand of freshwater. A number of

desalination technologies with different operating principles have been developed

in the past [3]. Jones et. al [1] noted that, over the last two decades, the capacity

of freshwater produced from desalination plants has increased from 24.7 MMD to

95 MMD (MMD: million m3/day) with over 15900 desalination plants in opera-

tion as of 2019, as shown in Fig. 1.1. Unfortunately, many of these technologies

require high investments costs and, therefore, are inaccessible for rural commu-

nities. Thus, it is imperative to develop low-cost technologies that can produce

potable water for small low-income communities.

About 60% of world’s desalination plants are based on reverse osmosis (RO)

technology as shown in Fig. 1.1, followed by thermal desaliantion technologies such

as multi-stage flash (MSF) at 26% and then by multi-effect distillation (MED) at

less than10% [4]. The cost of desalination by reverse osmosis increases with the

salinity of raw water intake. The thermal technologies are preferable for very high

salinity (greater than 45000 ppm) and where high feed water temperatures are

1https://www.un.org/sustainabledevelopment/water-and-sanitation/
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Figure 1.1: Total number of world’s desalination plants and the desalination ca-

pacity [1]

involved 2. These plants are usually installed in locations where the freshwater

requirements are greater than million liters per day. Due to the high capital costs

and complex operations involved [5, 6], these plants are not suitable for small

community scale requirements where the demand for freshwater is much lower.

Among places that have access to water, it is observed that only a little over

50% have access to improved (safe) water sources. In these communities, freshwa-

ter requirements are typically lower than 100-200 m3/d. Downsizing the PV-RO

system or the other thermal desalination might not be feasible as they are com-

2https://www.advisian.com/en/global-perspectives/the-cost-of-desalination
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plex systems requiring continuous supervision for maintenance, while at the same

time, the economics might not justify the scale of freshwater production. With

the possibility of the lack of expert supervision, any sudden maintenance in the

system would potentially stop the supply of freshwater. Hence, simple desalina-

tion technologies such as solar stills which are low-maintenance systems can be

easily installed for freshwater production at low costs [7]. Figure 1.2 shows a con-

ventional single-slope single-basin solar still. A solar still is a simple desalination

system that uses the concept of solar water evaporation and vapor condensation,

where the sunlight transmitted through a thin condensing glass cover heats the

saline water in the basin causing it to evaporate from the pool due to the absorp-

tion of solar energy. A solar still is inexpensive to produce and operate, but is

limited by its applicability due to the low freshwater productivity rate, which is

around 2 L/m2-d.

A conventional approach for improving solar still productivity is to paint the

basin of the solar still black. Several other advancements have been made to

increase the solar still productivity for passive and active configurations: double-

slope solar stills [8, 9], concentrated solar stills [10, 11], extended condenser section

[12, 13], tubular and pyramid shaped solar still [14, 15], stepped solar stills with

reflectors [16, 17], which have shown promise in increasing distillate productivity.

Rufuss et. al have reviewed recent design and geometrical advancements in solar

4
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Feed water inletFreshwater condensate

Basin raw water

Single-slope single-basin solar still

Figure 1.2: Conventional single-slope single-basin solar still

stills [18]. However, the increase in system capital often does not justify the

increase in productivity and hence these improvements may not be feasible for

community scale adoption.

Sun lightSun light Black paint

Temperature

Figure 1.3: Expected water temperature profile in a solar still with black paint,

and a solar still using dispersions employing photo-thermal effect
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Black paint on the solar still basin is the conventional method that is widely

followed for improving the productivity. However, in a solar still basin depth of 2

cm or higher, the basin is the first region that gets heated due to solar absorption

and conversion to heat, leading to a temperature profile as shown in Fig. 1.3

(a). The energy is distributed within the volume increasing its temperature, and

therefore, increasing the rate of evaporation. Simultaneously, the basin loses heat

since its temperature is significantly higher than the environment. On the other

hand, employing low-cost black carbon dispersions in water absorbs solar energy

near the evaporating surface due to enhanced photo-thermal conversion resulting

in a high evaporating water temperature near the surface, while the bulk volume

remains at a lower temperature. This augments the evaporation rate of water from

the water pool. Table 1.1 shows enhancement in distillate productivity (thermal

efficiency (ηth)) from the solar stills with these dispersions over the black-painted

basin that has been observed in the literature.

Table 1.1: Enhancement of solar still performance with dispersions over black

painted solar still

Type of solar still Basin condition Reporting form No dispersions Dispersions Gain Note & Source

Single slope Black basin Daily ηstill 30% 40% 43.1% Graphite microflakes [19]
Single slope Black Daily yield (ml) 665 935 29.95% Al2O3 nanofluid [20]
Single slope Black Daily yield (ml/m2) 4580 5400 820 ml/m2 MWCNT [21]

Modified pyramid Black Daily ηstill 50% 64.5% 14.5% CB nanoparticle [22]
Double slope Black - - - 43.1% MWCNT [23]
Single slope Black Daily productivity (ml) 531.28 798.15 50.3% Graphite microflakes [24]
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It is estimated theoretically that adding low-cost black solar absorbing mate-

rials have been found to increase the freshwater productivity considerably while

keeping the system cost low. It is hypothesized that almost 66% of freshwater

yield can be increased with less than 10% increase in system cost over a conven-

tional solar still. Over a solar still with a black paint, as presented in the Table

1.1, significant freshwater productivity enhancement can be observed. Biochar

and activated carbon are two such materials with an optically black appearance

that can be used for strong solar absorption in solar stills. Biochar is a co-product

produced after pyrolysing biomass. At just 0.1% dispersion concentration, biochar

dispersion cost can be only around $ 0.1/m2, as compared to a black paint. The

main objective of the dissertation, thereby can be summarized as, analyze the

photo-thermal effect for carbon particles, such as biochar and activated carbon,

in order to enhance water evaporation. This physical phenomenon can be applied

for the production of freshwater using solar stills for small low-income commu-

nities. This dissertation describes the process of photo-thermal conversion with

black carbon dispersions in water, analyzing the effects of optical constants, dis-

persion concentration and particle sizes in the context of water evaporation rate

enhancement, and introduces biochar as a low-cost carbon dispersion alternative

for high solar absorption. From the application point of view, with the solar stills

for low-cost desalination, low-cost materials have been identified to be used as

7
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solar still components, and the analysis showed that solar stills can be success-

fully installed in remote rural areas with a high population of low-income families

to produce freshwater at low-costs, thereby increasing the access to safe and im-

proved water sources in these disadvantaged communities.

1.2 Dissertation outline

Chapter 1 describes the goals and objectives of the research work.

In Chapter 2, the process of photo-thermal conversion by carbon particle dis-

persion in water is explained. Effects of optical constants i.e., refractive index (n)

and absorption coefficient (k), dispersion volume concentration (fv) are discussed.

Since particle size parameter is sensitive to solar spectrum, three different light-

scattering theories are applied accordingly. The influence of particle size with

activated carbon is extensively investigated to determine the optimal size of the

dispersion.

Chapter 3 discusses the increase in water evaporation rate with the enhanced

photo-thermal conversion observed in Chapter 2. Theoretical heat and mass bal-

ance equations are solved to understand the process of water evaporation by

adding local volumetric heat generation obtained from the solar light absorption.

8
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Parametric influence of dispersion optical constants, particle size and ambient

conditions are investigated.

In Chapter 4, biochar is introduced as a low-cost carbon rich material for

application as a solar absorber for enhancing evaporation rate of water. Biochar

is physico-chemically characterized and optical measurements for solar absorption

are recorded. Outdoor experiments are performed to verify the enhancement in

water evaporation rate with biochar.

In Chapter 5, the feasibility of solar still with dispersions as a low-cost, com-

munity scale freshwater production system is investigated in comparison to other

feasible desalination technologies of solar collector integrated humidification dehu-

midification (FPC-HDH) and photovoltaic seawater reverse osmosis (PV-SWRO)

systems. Two reference coastal locaions of Big Sur in USA (northern hemi-

sphere) and Chañaral in Chile (Southern hemisphere) were selected for the anal-

ysis. Hourly spaced real time solar irradiation and ambient data are taken to

estimate freshwater productivity theoretically by energy and mass balances, and

the levelized cost of water (LCOW) approach is used to calculate the cost of

freshwater.

In Chapter 6, different solar still materials combinations are investigated eco-

nomically and environmentally to produce a low-cost solar still with faster energy

payback time. The cost of freshwater produced in a 10000 m2 area is calculated

9
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as a means of providing fit-for-consumption freshwater for 100 households, with

California as the reference location.

Chapter 7 summarizes the findings of the proposed dissertation. Several rec-

ommendations for future research directions are noted.

In Appendix A, all possible combinations of existing convection heat transfer

and evaporation mass transfer correlations between evaporating water pool and

condensing glass cover for estimating freshwater productivity rate and the system

temperatures are presented against experimental data. The results for the best

possible correlations combination for predicting the experimental observations for

different water column depths between 1 and 10 cm are presented.

In Appendix B, life cycle assessment of a low-cost solar still system for the

configuration shown in Chapter 6 is presented to determine the life cycle green-

house gas impacts (emissions) from the system following the cradle-to-grave sys-

tem boundary.

10



Chapter 2

Photo-thermal conversion of

carbon based dispersions in water

Solar driven evaporation and steam generation which involves the conversion

of the energy of photons in to thermal energy has several applications such as

desalination, medical sterilization and energy storage [25, 26]. Water has good

absorption properties in the near infrared (NIR) spectrum > 1100 nm wavelength,

but almost 80% of the solar energy is in the UV-Vis-NIR region between 300-1100

nm [27], where water is almost transparent. Hence, to enhance the photo-thermal

conversion process, strong solar absorber in this range of the spectrum is needed.

Photo-thermal conversion enhancers such as plasmons, semi-conductors, carbon

materials and composite particles have been investigated as nanoparticle disper-
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sions (nanofluids) in water and also as floating solar absorbers. Nanofluids absorb

the sunlight through the fluidic volume resulting in volumetric heat generation.

In the case of surface solar absorbers, solar energy is absorbed at the top surface,

while the underlying water is wicked by a hydrophilic low-thermal conductivity

material. Hydrophobic solar absorbers are also be used as a floating medium

allowing steam generation.

While the applications of nanofluids span across several fields, the photo-

thermal effect of nanofuids is also being investigated as heat transfer fluids in

direct absorption solar collectors [28, 29]. Composite nanoparticles are a relatively

recent discovery, hence the performance and economics are yet to be justified in its

case. On the other hand, semi-conductors are limited in the band gap of electron

excitation, and plasmons are limited to the peak obtained in the localized surface

plasmon resonance effect (LSPR), and they are far more expensive in compari-

son to carbon forms of particle dispersions. Black carbon dispersions display a

broadband solar absorption which can be qualitatively judged by their optically

black appearance, and they are significantly more economical than other forms of

possible dispersions. One comparative experiment performed by Zeiny et. al [26],

showed that the cost of vapor produced by carbon black nanofluids was about 300

times lower than gold nanofluid.

12
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2.1 Modeling approach

The process of photo-thermal conversion by these dispersions involves optical

interaction of the disperison particles and the base fluid medium with the incident

wavelength spectrum. Three scattering regimes are used in calculating the spectral

extinction efficiency of the dispersion-fluid system based on the corresponding size

parameter (X) of the particle which is the product of the wavenumber and the

radius of the particle in a given medium, and is calculated as [28, 30, 31]:

X =
2πnf
λ

rp (2.1)

Here, nf is the base fluid refractive index (water) and rp is the radius of the

dispersion particle.

Three different scattering regimes are identified based on the particle size pa-

rameter, which explicitly calculates absorption efficiency (Qabs) and scattering

efficiency (Qsca), and are briefly mentioned here under.

Rayleigh scattering

Rayleigh scattering is feasible for particle sizes X �1, and was proposed by

Lord Rayleigh. The absorption efficiency and scattering efficiency, can be cal-

culated as a function of size parameter and the ratio of the complex refractive

index of the dispersion particle and the base fluid (m = np+ikp
nf

), where the symbol

13
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’i’ refers to the imaginary unit, < corresponds to the real part of the complex

number, and = corresponds to the imaginary part.

Qabs = 4X=

[
m2 − 1

m2 + 2

[
1 +

X2

15

m2 − 1

m2 + 2

[m4 + 27m2 + 38

2m2 + 3

]]]
(2.2a)

Qsca =
8

3
X4<

[
m2 − 1

m2 + 2

]2

(2.2b)

Mie scattering

Mie scattering is widely used for particles whose size parameter is comparable

to the wavelength spectrum (X ≈1). The absorption and scattering efficiency are

calculated as:

Qabs =
2

X2

∞∑
n=1

(2n+ 1)<(an + bn) (2.3a)

Qsca =
2

X2

∞∑
n=1

(2n+ 1)(|an|2 +|bn|2) (2.3b)

Where, an, and bn are mie coefficients, which are algebraic combinations of Bessel

and Henkel functions:

an =
m2jn(mx)[xjn(x)]′ − jn(x)[mxjn(mx)]′

m2jn(mx)[xhn(x)]′ − hn(x)[mxjn(mx)]′
(2.4a)

bn =
jn(mx)[xjn(x)]′ − jn(x)[mxjn(mx)]′

jn(mx)[xhn(x)]′ − hn(x)[mxjn(mx)]′
(2.4b)
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The terms jn(z) and hn(z) are spherical Bessel functions and spherical Henkel

functions, respectively. Here the subscript n refers to the order and z represents

the argument. The spherical Henkel function is a linear combination of spherical

Bessel functions given as:

hn(z) = jn(z) + iyn(z) (2.5)

The spherical Bessel functions are related to the Bessel function as

jn(z) =

√
π

2z
Jn+ 1

2
(z) (2.6a)

yn(z) =

√
π

2z
Yn+ 1

2
(z) (2.6b)

Here Jv and Yv are Bessel functions of the first and second kind, respectively.

The derivatives of the spherical Bessel functions are given as:

[zjn(z)]′ = zjn−1(z)− njn(z) (2.7a)

[zhn(z)]′ = zhn−1(z)− nhn(z) (2.7b)

For order n =0, the spherical Bessel functions are satisfied by the trigonometric

equations:

j0(z) = sin(z)/z (2.8a)
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y0(z) = −cos(z)/z (2.8b)

The spherical Bessel functions are known to follow the recurrence formula

given by the expression:

fn−1(z) + fn+1(z) =
2n+ 1

z
fn(z) (2.9)

To reduce the complexity of infinite series calculation, an upper limit of nmax

is used which is given as

nmax = 2 +X + 4X1/3 (2.10)

Geometric optics

Geometric optics is suitable for size parameters larger than the incident wave-

lengths, and usually considered if X �1, but typically used for X �2. The

absorption and scattering efficiency are calculated as a function of reflectivity

(ρpref ) as:

ρpref =
(np − nf )2 + k2

p

(np + nf )2 + k2
p

(2.11)

The absorption efficiency and scattering efficiency are then computed as:

Qabs = 1− ρpref (2.12a)

Qsca = ρpref (2.12b)
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The terms n and k refer to the refractive index and the attenuation (absorp-

tion) coefficient, respectively and the subscripts p and f stand for particle and

the base fluid, which is water in this case. Some of the assumptions internalized

for the use of above mentioned scattering equations are:

1. Dispersion particles are approximated as having spherical shape and are of

uniform size (80 nm).

2. These dispersions are uniformly distributed through the length of the fluid

container and no agglomeration at the bottom is considered.

3. Dispersion concentration is very small in comparison to the volume of fluid,

that independent scattering holds valid, i.e., volume fraction fv ≤0.6%.

4. It is assumed that the back scattering of light from the particles on the

surface is negligible in comparison to the light scattering and absorption

within the fluid.

The extinction efficiency (Qext) is then calculated as the summation of absorp-

tion efficiency and scattering efficiency:

Qext = Qabs +Qsca (2.13)
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2.1.1 Size limits for applying Mie scattering, Rayleigh scat-

tering and Geometric optics

The extinction efficiency for large particles, predicted by geometric optics is

(Qext)→2. It is interesting to note that in the Rayleigh scattering regime, the

scattering of light is very small in comparison to absorption of incident light due

to the very small particle sizes, and absorption efficiency is almost close to the

extinction efficiency. Scattering increases with increasing particle sizes.
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Figure 2.1: Convergence of Mie scattering with (a) Rayleigh scattering and (b)

geometric optics

However, the limits for Mie theory, and also Rayleigh theory with regards to

particle size is not clearly defined in literature. Hence, the convergence of Mie

scattering theory with Rayleigh scattering and geometric optics was performed,

to identify the usable size limits and determine the conditions for using a partic-
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ular scattering theory based on the size parameter. The convergence criteria was

checked for two carbon based particles i.e., activated carbon (AC1) and amorphous

carbon (AC2) and is shown in Fig. 2.1.

Figure 2.1(a) shows the approximation of Mie scattering with Rayleigh scat-

tering for smaller particle sizes, and the approximation of Mie scattering with

geometric optics for large particles. For very small particle sizes (smaller than

kpX = 10−3), Rayleigh scattering is used, and for very large particles (kpX > 1),

geometric optics is used. In between this range, Mie scattering is applied.

2.2 Attenuation of sunlight and solar absorption

The extinction coefficient, which indicates the spectral strength of incident

light attenuation (in m−1) is calculated as the function of particle extinction effi-

ciency and the corresponding contribution from the base fluid:

βext = 1.5
fv
dp
Qext + (1− fv)

4πkf
λ

(2.14)

where, dp is the particle diameter (dp = 2rp). The total light transmittance

through a given depth of base fluid can be calculated from a simplified form of

the Beer-Lambert law as:

dI

dy
= −βexty (2.15)
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Here, Airmass 1.5 is used as the spectral intensity. The portion of spectral

light that is attenuated through the fluid column is the light absorbed by the

system, and the volumetric heat generation can be achieved by integrating the

above for the given depth of solar light travel (or light penetration depth) (y).

The corresponding total weighted solar absorption coefficient or solar absorption

fraction (Asol) is calculated as:

Asol =

∫ λmax
λmin

Iλ(1− exp−βexty)dλ∫ λmax
λmin

Iλdλ
(2.16)

2.2.1 Influence of optical constants

Extinction coefficient for any given dispersion strength depends upon the in-

teraction of particle and the sun light, i.e., particle’s optical constants determine

the strength of light extinction. Optical constants of carbon particles typically

have a refractive index in the range: 1≤ n ≤3, and attenuation coefficient 0.001

≤ k ≤1. The optical constants for some of the probable dispersion particles are

shown in Fig. 2.2.

While the majority of carbon particles have refractive index (n) around 1.5,

some graphitic characteristics in these particles can increase the refractive index

to around 3. The spectral extinction coefficient for these two values (n = 1.5 and

3) for a range of absorption coefficient (k) from 0.001 to 1 is calculated and shown

in Fig. 2.3 and Fig. 2.5. The spectral values for amorphous carbon, reduced
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Figure 2.2: (a)The refractive index n, and (b) attenuation coefficient (k) of dif-

ferent carbon based dispersions and their applied upper and lower limits

.

graphene oxide (RGO), pyrolytic carbon and graphite, soot, cellulose, ash and

CNT are taken from [32, 33, 34, 35, 36, 37, 38], respectively.

Figure 2.3 shows influence of optical properties on light extinction. It is verified

from the figure that low absorption coefficient results in smaller light extinction

coefficient. It is interesting to note that in Fig. 2.3(b), the extinction coefficient

for absorption coefficients between 0.001 and 0.01 are close to one another for

refractive index of 3, while for refractive index of 1.5, the curves are further apart

from one another. This indicates that both refractive index and the absorption

coefficient play a major role in light extinction. It is observed that in the NIR

region greater than 1200 nm, the contribution of light extinction by water becomes

21



Chapter 2. Photo-thermal conversion of carbon based dispersions in water

200 400 600 800 1000 1200 1400 1600 1800 2000

 (nm)

10
1

10
2

10
3

10
4

10
5

e
x
t (

m
-1

)

n=1.5,k=1

n=1.5,k=0.1

n=1.5,k=0.01

n=1.5,k=0.001

200 400 600 800 1000 1200 1400 1600 1800 2000

 (nm)

101

102

103

104

105

e
x
t (

m
-1

)

n=3,k=1

n=3,k=0.1

n=3,k=0.01

n=3,k=0.001

Figure 2.3: Extinction coefficient for refractive index (a) 1.5; and (b) 3

more significant and influences the overall extinction coefficient and is shown in

Fig. 2.4 with activated carbon dispersions at different volume concentrations.

For volume fraction of 0.1%, the extinction coefficient contribution of dispersion

particles is in the same range as that of water in the solar spectrum greater than

1200 nm.

The weighted solar absorption coefficient/ solar absorption fraction (Asol) is

shown in Fig. 2.5. It is observed that the refractive index has a strong influence

in overall light absorption fraction, especially for small absorption coefficients. At

an absorption coefficient of 0.001, the solar absorption fraction is 43.15% even for

a 10 mm path length, while for a 50 mm path length is 86.65% for n =1.5, while,

for n = 3, solar absorption fraction is almost 92% for a 10 mm path length. For

22



Chapter 2. Photo-thermal conversion of carbon based dispersions in water

200 400 600 800 1000 1200 1400 1600 1800 2000

 (nm)

10-2

10-1

100

101

102

103

104

e
x
t (

m
-1

)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

S
o
la

r 
in

te
n
s
it
y
 (

W
/m

2
-n

m
)f

v
=0.0001%

f
v
=0.001%

f
v
=0.01%

f
v
=0.1%

f
v
=0%

AM 1.5

Figure 2.4: Spectral variation of extinction coefficient with volume fraction for

activated carbon dispersion

k =0.01, it is observed that almost all of the sun light is absorbed within 20 mm

path length for n =1.5. With larger absorption coefficients, as expected, all of the

incident sun light is absorbed within 5 mm path length, resulting in a strong and

intense localized heat.
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Figure 2.5: Weighted solar absorption for refractive index (n) (a) 1.5; and (b) 3

For a better understanding of light attenuation, the solar absorption fraction

for a refractive index range between 1 and 3 (<(m) = 0.75 to 2.25) was calculated

for a path length of 10 mm.

It is observed from Fig. 2.6 that the refractive index of the particle and that of

the base fluid are the same, i.e., <(m) =1, then the total solar absorption fraction

is lower. The absorption coefficient dictates the strength of light attenuation, and

thereby, the magnitude of the solar absorption fraction. The reason for the drop

in solar absorption fraction is that the scattering efficiency at <(m) = 1 is very

low, and therefore negligible when compared to the other values of <(m). The

incident light, passes through the particle and the base-fluid without undergoing
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Figure 2.6: (a) weighted solar absorption coefficient for carbon dispersions in the

selected range of n =1 to 3 (<(m) = 0.75 to 2.25); (b) Absorption and scattering

efficiency of dispersions for n = 1 (<(m) = 0.75), n = 1.33 (<(m) = 1) and

n = 1.5 (<(m) = 1.128)

any scattering, thereby resulting in lower extinction coefficient, and thereby lower

light extinction.

2.3 Particle concentration and size effects

It is evident from Eqs. 2.14, 2.15 and 2.16 that the particle concentration i.e.,

volume fraction plays a major role in influencing the photo-thermal concentration.

Similarly, particle size also plays a significant role in the light scattering and light

extinction, as is defined by the Rayleigh scattering/ Mie scattering / Geometric

optics regime. Due to the availability of optical properties, the influence of particle
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concentration and size effects, were investigated for activated carbon dispersion,

and it is hypothesized that the other carbon particles follow a similar trend.
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Figure 2.7: (a) Particle size and concentration effects on solar absorption fraction;

(b) Extinction coefficient of 80 nm, 8 µm, and 800 µm particle dispersion at 0.1%

fv

Particle concentration and size effects of activated carbon dispersion in water

are shown in Fig. 2.7. Increasing the particle concentration increases the solar ab-

sorption fraction since the extinction coefficient increases as explained previously.

On the other hand, it is observed that smaller particle sizes are favorable, prob-

ably because, for a given volume concentration, the total number concentration

of particles is very high in nano-sized particles in comparison to larger particles.

While a volume fraction less than 10−4 (0.01%) is practically not useful, a smaller

particle can absorb almost all of the incident sunlight at concentration higher than

26



Chapter 2. Photo-thermal conversion of carbon based dispersions in water

0.01% as shown in Fig. 2.7(a). It is interesting to note that at 0.1% fraction, all

of the sunlight is attenuated by particles smaller than 8 µm, and the solar ab-

sorption fraction decreases with increasing particle size. The reason, as shown in

Fig. 2.7 (b), is that the extinction coefficient is very similar for sizes lower than 8

µm, but increasing the particle size, drastically reduces the extinction coefficient.

At 800 µm (0.8 mm) dispersion size, adding particles has no apparent advantage,

since the high extinction coefficient that is observed at wavelengths longer than

1200 nm is because of the base fluid (water) itself. At 0.01% volume fraction, the

corresponding solar absorption fraction for 10 cm path length of light for 8 µm

and 80 nm particle dispersions is 0.9 and 1, respectively. This is considered to

be sufficiently strong for good photo-thermal conversion. This dispersion concen-

tration is chosen for further analysis in the following section, and the following

Chapter. 3, unless otherwise stated.

Many of these carbon particles come in granular sizes, and crushing the parti-

cles to smaller sizes increases the cost of the particle. Hence, the crushing energy

(work) potential from granular size to powder sizes is calculated according to the

equations mentioned in [39]. The cost of the crushed particle is proportional to

this work potential.

Figure 2.8 shows the variation of solar absorption coefficient, and crushing

work potential for varying particle sizes. It is observed that the work potential
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Figure 2.8: Solar absorption fraction and crushing work potential for different

particle sizes

needed to crush to micron size of 8 µm is small, while a strong photo-thermal

conversion with solar absorption fraction of 0.9 can be obtained. Crushing to

even smaller sizes has a smaller gain in solar absorption fraction, while work

crushing energy, and thereby the cost increases significantly. Hence, it can be

expected that 8 µm size of activated carbon dispersion is sufficient to have a

strong photo-thermal conversion with relatively smaller costs in comparison to
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Chapter 2. Photo-thermal conversion of carbon based dispersions in water

nanoparticles. In qualitative terms, it is sufficient to have particle in micrometer

or sub-micrometer sizes for superior performance and cost benefits.

2.4 Highlights

• Black carbon particle dispersions augment the photo-thermal conversion due

to its desirable optical properties in the solar spectrum.

• Total solar absorption fraction depends on the depth of light penetration,

and for any given dispersion particle increases with the dispersion concen-

tration.

• It is identified that if the refractive index of the dispersion particle is the

same as that of the base fluid, then the total solar absorption fraction is

relatively far lower than for other particle refractive index values because

light almost passes through the particle without scattering.

• For a given dispersion concentration, smaller particles absorb the sunlight

more effectively over larger particles, and thus, are more desirable.
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Evaporation enhancement of

water due to carbon dispersions

Water evaporation from liquid pool occurs due to vapor concentration differ-

ence between the evaporating surface and the immediate vicinity, analogous to

temperature difference. Vapor concentration difference in mass transfer terms

can be modeled as vapor pressure difference by assuming ideal gas laws. At

low temperatures, Fick’s law of diffusion is applied, while at higher temperatures

(T>60◦C), advection form of vapor transport dominates the diffusion phenomenon

[40]. The differential form of mass transfer process is given as [41]:

ṁ” = − ρDv ,air

1−m1,s

dm1

dy

∣∣∣∣
y=0

(3.1)
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Chapter 3. Evaporation enhancement of water due to carbon dispersions

Where, ρ is the average gas density, Dv,air is the vapor-air diffusivity and m1,s

is water vapor mass fraction at evaporating surface. The enhancement of water

evaporation rate in the presence of carbon dispersions will be discussed in the

following sections.

3.1 Volumetric heat generation

It was shown in Chapter 2 that adding particle dispersions increases the

strength of solar light attenuation. This increase in solar light attenuation in-

creases the volumetric heat generation (q̇′′′gen) within the fluid column for the depth

of light travel.
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Figure 3.1: (a) Solar absorption coefficient and corresponding (b) volumetric heat

generated by 0.1% fv activated carbon dispersions
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The solar absorption coefficient and the corresponding volumetric heat gener-

ated are related directly with the strength of light extinction coefficient and the

depth of travel. The volumetric heat generated within the fluid column depth

for the path travel is obtained by spectrally integrating Eq. 2.15 over the entire

wavelength spectrum, and thereby the solar absorption fraction and the volu-

metric heat generated can be related according to [28]. Figure 3.1 shows the

corresponding variation in solar absorption fraction and volumetric heat decay

with increasing column depth of fluid at 0.1% fv activated carbon nanoparticle

disperision. It is observed that near the surface, substantial radiative heat en-

ergy potential is available since light has not been attenuated yet. After passing

through a certain depth of fluid column, solar absorption of light increases and

more volumetric heat is generated. After 10-12 mm of depth of light travel, all

of the sun light is absorbed, i.e., Asol is 1. This corresponds to no more light

energy being available, hence, radiative heat energy generated is zero after 12

mm of fluid column depth. This absorbed energy is the volumetric heat that is

generated in the dispersion-fluid system, and is responsible for increasing the fluid

temperature. This raise in temperature augments the vapor difference concentra-

tion by increasing the evaporating mass fraction (m1,s) and thereby, enhance the

evaporation rate of water. The following sections will discuss the evaporation rate

enhancement of water based on heat and mass balance equations.
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3.2 Modeling approach

The governing equations for heat and mass transfer are given as:

1. Top boundary

A[ṁ′′hfg,w] = A[Knf
dT

dy
+ q̇”conv + q̇”rad + q̇′′′y] (3.2)

2. Bulk Volume

ρnfCp,nf
∂T

∂t
= Knf

∂2T

∂y2
+ q̇′′′ (3.3)

Where, ṁ′′, hfg,w are the water evaporation rate and latent heat of vaporization

of water. K, ρ and Cp are the thermal conductivity, density and specific heat

capacity, respectively of the nanofluid (subscript ’nf ’).

The nanofluid thermo-physical properties are computed according to the rela-

tions in [42, 43]:

ρnf = fvρnp + (1− fv)ρw (3.4a)

Cp,nf = fvCnp+ (1− fv)Cp,w (3.4b)

Knf

Kw

=
2Kw +Knp + 2fv(Knp −Kw)

2Kw +Knp − fv(Knp −Kw)
(3.4c)

hfg,nf =
ρwhfg,w(1− fv)

ρnp
(3.4d)

The radiation heat transfer between the water at the surface and the ambient

is due to long wave emission of water with emissivity of (εw) 0.96 [44], and is
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calculated as:

q̇”rad = εwσ(T 4
surf,K − T 4

∞) (3.5)

Where, T∞ is the surrounding ambient temperature is Kelvin.

3.2.1 Convection-evaporation similarity equations

The convection and surface water evaporation governing equations can be gen-

eralized as following Newton’s law of cooling in terms of convection heat transfer

coefficient (hconv) and mass transfer conductance (gm). The governing differential

form of mass transfer equation Eq. 3.1 can be related to gm using dimension-

less Sherwood number (Sh) which is analogous to Nusselt number (Nu). Nusselt

number can be computed as a function of dimensionless Grashoff number (Gr)

and Prandtl number (Pr), which are based on thermo-physical properties of the

evaporating vapor and the existing temperature difference. Likewise, the Sher-

wood number is a function of the Grashoff number and Schmidt number (Sc), and

can be calculated based on the thermo-physical properties of evaporating vapor

and existing concentration (mass fraction) difference. Tables 3.1 and 3.2 summa-

rize the sequence of calculating the convective heat transfer coefficient and mass

transfer coefficient respectively.
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Table 3.1: Heat transfer similarity equations

Dimensionless number [45] Nu = (Nunfree +Nunforced)
1/n

n=4

Free condition [45] Nufree=

{
0.54(GrtPr)

1/4 if GrtPr < 2× 107 Laminar free
0.14(GrtPr)

1/3 otherwise Turbulent free

Forced Condition[46] Nuforced=

{
0.332Re1/2Pr1/3 if Re < 3× 105 Laminar forced
0.036Re0.8Pr1/3 otherwise Turbulent forced

Grashoff number (Gr) Grt = ∆TβT gL
3
c

µ2

βT = 1/Tfilm
Gradient Tsurf − T∞

Table 3.2: Mass transfer similarity equations

Vapor-air diffusivity Dv,air = 1.97× 10−5[T1(K)
256

]1.685 [44]

Dimensionless number [45] Sh = (Shnfree + Shnforced)
1/n

n=2

Free condition [45] Shfree=

{
0.54(GrmSc)

1/4 if GrmSc < 2× 107 Laminar free
0.14(GrmSc)

1/3 otherwise Turbulent free

Forced Condition[46] Shforced=

{
0.664Re1/2Sc1/3 if Re < 5× 105 Laminar forced
0.036Re0.8Sc1/3 otherwise Turbulent forced

Grashoff number (Gr) [40] Grm = (∆ρ/ρ)gL3
c

µ2

∆ρ = ρe − ρs
ρ = Avg(ρe, ρs)
ρs(e) = ρs(e),1 + ρs(e),2
ρs,1 = Ps(T1)/RvT1

ρs,2 = (Ptot − Ps(T1))/RairT1

ρe,1 = RHPs(Tamb)/RvTamb
ρs,2 = (Ptot −RHPs(Tamb)/RairTamb

Gradient m1,s −m1,e

m1,s = ρ1,s/ρs
m1,e = ρ1,e/ρe

The heat transfer coefficient and mass transfer conductance are calculated as:

hconv = Nu
knf

L
(3.6a)

gm = Sh
ρDv,air

L
(3.6b)
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The surface mass transfer rate i.e., evaporation rate of water is given as:

ṁ” = gm(m1,s −m1,e) (3.7)

3.3 System consideration

The geometry of the system considered in this analysis is shown below in Fig.

3.2.

Figure 3.2: System under consideration

A unit surface area with 10 cm depth of water is considered with carbon

particle dispersions. The bottom is considered to be purely reflective to increase

the depth of solar light penetration in the case of low dispersion concentrations.

The bottom and side walls are assumed to be insulated so as to restrict heat loss.
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The ambient temperature is considered to be 21◦C, and the relative humidity is

50%. The system initial temperature is considered to be the same as the ambient

temperature.

Modeling scheme

The governing equations presented above are discretized into finite nodes and

solved using unconditionally stable finite difference implicit scheme. The time

taken to evaporate a volume of water within a small depth, equal to the node size

is calculated, and the time is updated with every iteration. In each time step,

the depth of fluid in the column is recalculated and after using the photo-thermal

conversion schemes, the volumetric heat generated in each node is obtained. The

following assumptions are used in the computations:

• The incident solar light does not undergo any interaction with the ambient

environment.

• The ambient conditions, such as ambient temperature, wind velocity and

relative humidity are maintained constant.

• Since the rate of evaporation alone is being estimated and no condensing

cover is considered, the relative humidity is less than 100%.
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• Under 1 sun condition, fluid temperature does not exceed 60◦C, and hence,

low mass transfer rate theory is employed by using Fick’s law of diffusion.

3.4 Model validation

The validity of the selected model is performed by comparing against existing

experimental results for silicon based nanofluids by Ishii et. al [47]. They ob-

served evaporation enhancement of water for an average particle size of 80 nm at

21.4±0.2◦C ambient temperature and 41±1% relative humidity.

Figure 3.3 shows the results of the numerical model against experimental ob-

servations for varying volume concentrations of silicon nanoparticles. It can be

observed that for fv > 10−5, the simulations compare well with the experimental

results. As explained, the model assumes a uniform size, and equal distribution

of the nanoparticles along the fluid column, and this might have contributed to

some deviations with respect of experimental results.
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Figure 3.3: Validation of the numerical code

3.5 Influence of carbon dispersion in evapora-

tion of water

The influence of changing the dispersion concentration and size of the particles

with regards to light attenuation is already discussed in Chapter 2. The result

of increasing light attenuation raises the temperature of the fluid and thereby

enhancing the evaporation rate of water.
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3.5.1 Evaporation enhancement with activated carbon dis-

persions

Effect of seeding particles

Firstly, the effect of seeding activated carbon particles (adding dispersions)

for two different sizes, 80 nm and 8 µm at 0.01% volume fraction is verified with

regards to the increase in the evaporation rate of water.
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Figure 3.4: (a)Effect of particle seeding, and (b) corresponding variation of fluid

temperature during evaporation process

It is observed from Fig. 3.4 that seeding with activated carbon particles, even

at a small concentration of 0.01% has a pronounced effect in increasing evapo-

ration rate of water. Since, the Asol of 8 µm particle is slightly lower than that

of 80 nm particle, the nanoparticle, comparatively has the best potential among

the three choices followed by the microparticle. The corresponding evaporation
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enhancement rate for the nanoparticle and the microparticle is 57.3% and 38.2%,

respectively. Figure 3.4 (b) shows the temperature profile of the fluid (water)

along the depth of the container at 300 s and 600 s, during the evaporation pro-

cess. It shows that, with time, the temperature of the fluid increases, and after

the transient effects, the system temperature reaches uniformity. The small dip of

temperature at the top node likely indicates that the evaporating surface experi-

ences heat losses, and hence it’s temperature is slightly lower than the immediate

node below. A sharp curve can be expected as the concentration fraction increases,

which also happens, as water evaporates.

Particle size effect on water evaporation

It was shown earlier in Chapter 2 , Section 2.3 that the particle size influences

the light extinction, and thereby it affects the solar absorption fraction for any

given concentration. This influences the evaporation rate of water.

Figure 3.5 further attests the influence of particle size on water evaporation

rate in accordance to Fig. 2.7 (a). Since the solar absorption fraction decreases as

the particle size increases in the dispersion, then the effect of adding larger parti-

cles as dispersions in water effectively decreases the evaporation rate enhancement.

Smaller particles evaporate faster, and have pronounced effect in evaporation en-

hancement of water.
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Figure 3.5: Effect of particle size on evaporation of water

Effect of dispersion concentration

Two particle sizes, i.e., 80 nm and 8 µm are considered in order to understand

the influence of varying dispersion concentration in augmenting the evaporation

rate of water. The volume fraction is varied from 10−6 to 10−3 (or 0.0001% to

0.1%) for the chosen conditions.

Figures 3.6 (a,b) show the influence of varying dispersion concentration in in-

creasing fluid surface temperature and the evaporation rate of water. It is observed
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Figure 3.6: (a)Influence of dispersion concentration on evaporation of water, (b)

corresponding change in surface temperature

that at volume fractions below 0.001% (fv = 10−5), the evaporation enhancement

rate is negligible when adding activated carbon particles. The observed increase

in water evaporation rate is less than 10% in comparison to pure water. Increasing

the dispersion concentration above 0.01% significantly increases the evaporation

rate due to significant increase in solar absorption fraction. The surface tempera-

ture is predicted to increase by almost 8◦C and 6.5◦C for 80 nm and 8µm particle

dispersion, respectively. Further increasing the concentration to 0.1%, increases

the relative evaporation rate of water by 70% over a 0.01% concentration. The in-

crease in surface temperature is as much as 13.6◦C and 12.4◦C, respectively for the

nanoparticle and microparticle. It is observed that the weighted solar absorption

fraction is 1 at this volume fraction.
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This significant improvement in evaporation rate of water is due to intense

heat localization of absorbed sunlight generated by the particle dispersions.

3.5.2 Influence of optical constants on evaporation rate of

water

The influence of optical constants on the evaporation rate of water, and evap-

oration efficiency is investigated. The evaporation efficiency (ηevap) is calculated

as [48]:

ηevap =
ṁ′′[Cp,nf∆T + hfg,w]

IAabs
(3.8)
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n =1.5; (b) Combined influence of optical constants n and k
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Firstly, at n =1.5, the influence of absorption coefficient (k) on evaporation

of water is determined, and shown in Fig. 3.7(a). It is observed that a higher

absorption coefficient is needed for stronger evaporation of water, and this is

evident from strong solar absorption fraction, as observed previously in Fig. 2.5.

The times taken to evaporate 30 ml of water are 500 s and 345 s for k =0.1

and k =1, respectively, which are shorter than for pure water (968 s). At very

low absorption coefficient of k =0.001, the time taken for evaporation is about

800 s, which is only about a 17.3% of enhancement compared to pure water.

Figure 3.7(b) shows the combined influence of optical constants n and k on the

evaporation efficiency of water, from n =1 to n =3, and k =0.001 to k =1. With

no dispersion, the evaporation efficiency was found to be close to 10%. At low

values of k, the evaporation efficiency for higher refractive index is almost 20-

24%, while it is lower for smaller refractive index values. For larger attenuation

coefficients, the evaporation efficiency increased, but the corresponding increase

has comparatively lower gradient than those with lower refractive index. At k =1,

the evaporation efficiency is around 43%.

Parametric influence of dispersion concentration

The influence of the variation of dispersion concentration with respect to op-

tical constants is shown in Fig. 3.8. In addition, experimental studies involving
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Chapter 3. Evaporation enhancement of water due to carbon dispersions

graphene oxide (GO) nanoparticles (at 1.5 suns) [49], reduced graphene oxide

(RGO) nanoparticles (at 5 suns) [50], carbon nanotubes (CNT) (at 10 suns) [51],

carbon black (CB) nanoparticles (at 11 suns) [52] and the simulated performance

for activated carbon have been included for clarity.
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Figure 3.8: Influence of dispersion concentration on evaporation efficiency of water

along with experimental data points for CNT, CB, RGO and GO nanofluids

Results for two specific refractive indexes of n =1.5 and n =2.25 are shown

here in Fig. 3.8 since the above specific nanoparticles have refractive index values
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close to 1.5, except for graphene nanoparticles which is close to 2.25. It is to be

noted that the sizes of particles in experiments are different from the prediction

model, and also particles in the experiments were not perfectly spherical. In

addition, experimental illumination condition, ambient temperature and relative

humidity vary with respect to the values used in the simulations. It is observed

that increasing the dispersion concentration enhances the evaporation efficiency,

and reaches a certain constant value, beyond which, additional concentration does

not necessarily influence the evaporation performance. At very high localized

heat, there exists a very thin layer of fluid that absorbs all the sun light. To

limit the analysis to remain within the independent scattering limits, dispersion

concentration in this study is limited to 0.1%. It is also observed observed that, at

a nominal volume fraction between 0.01-0.1%, near constant evaporation efficiency

can be obtained, for considerably high absorption coefficient.

3.5.3 Parametric influence of ambient conditions

The parametric influence of ambient conditions such as wind velocity, relative

humidity, and ambient temperature is investigated. In this section, one parameter

is changed at a time, while the rest are kept constant.
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Influence of wind velocity and relative humidity

Forced convection from wind is considered here to estimate the evaporation

rate enhancement in water. A small departure in wind condition, and relative

humidity are considered as parametric influences.
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Figure 3.9: Parametric influence of (a) ambient wind velocity and (b) relative

humidity on evaporation rate of water

The departure from free convection represents a forced convection scenario,

and its effects are shown in Fig. 3.9(a). At higher wind loads, it is observed

that the evaporation rate of water increases. Even with a small wind load of 0.1

m/s, the time for evaporating 30 ml of water decreases to 668 s with nanoparticle

dispersion and to 774 s with microparticle. At higher wind load of 4 m/s, the time

taken reduces from 677 sec at 0 m/s wind load to 227 s with nanoparticle, and for

8 µm, it reduces from 767 s to 234 s. On the other hand, increasing the relative
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Chapter 3. Evaporation enhancement of water due to carbon dispersions

humidity from 50% to 70% has an opposite trend, as shown in Fig. 3.9(b). The

time taken to evaporate water increases to 773 s for 80 nm nanoparticle, and to 901

s for 8 µm microparticles. This occurs because higher relative humidity reduces

the moisture carrying capacity of air, and thereby, reduces the evaporation rate

of water.

Influence of system temperature

It can be anticipated that warmer fluid temperature increase the evaporation

rate. The time for evaporating water is numerically determined here. For low

temperature analysis, the initial temperature is assumed to be at 21◦C, 25◦C

and 30◦C, respectively. Evaporation rate for high temperature fluid is shown

considering system at 40◦C and 50◦C.
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Figure 3.10: Parametric influence of (a) low system temperature and (b) influence

of very high fluid temperature
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Figure 3.10(a) shows the influence of having the system at 21◦C, 25◦C and

30◦C, respectively, with both ambient and the fluid being at the same temper-

ature. As expected, warmer fluid evaporates faster since the mass fraction of

evaporating vapor increases significantly. At 25◦C, the time taken for evaporating

water is approximately 500 s and at 30◦C, it is close to 360 s. At very high tem-

perature, advection starts dominating, but is significant at temperatures above

60◦C. However, to capture the combined effects of advection and diffusion, high

mass transfer model is adopted to predict the evaporation rate of water at 40◦C

and 50◦C. In the legend, ’a’ means ambient temperature, and ’s’ means fluid ini-

tial temperature. It is observed that at higher temperatures, the time taken for

evaporating 30 ml of water is reduced significantly, being 100 s.

3.6 Steady state evaporation of water

The simulation for predicting steady state evaporation enhancement rate of

water under the solar spectrum for pure water and for activated carbon dispersions

at 0.1% concentration was performed for 1 hour and is shown below in Fig. 3.11.

It is observed from Fig. 3.11 that the evaporation rate of water due to efficient

photo-thermal conversion of nanoparticle dispersions is much greater than for just

pure water which has poor photo-thermal conversion property. For pure water,
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Figure 3.11: Hourly evaporation rate of water under 1 sun conditions for pure

water and activated carbon nanoparticle dispersions

total hourly evaporation rate is 0.17 kg/m2−h, while that for the nanoparticle

dispersion is 0.93 kg/m2−h. It is estimated that the system achieves steady state

within 20 minutes. Steady state evaporation rate of pure water is found to be

only 0.18 kg/m2−h with a surface temperature gain of only 7.62 K. On the other

hand, it is estimated that the steady state evaporation rate of water with activated

carbon dispersions is 1.08 kg/m2−h with a surface temperature gain of 25.7 K.
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Chapter 3. Evaporation enhancement of water due to carbon dispersions

Experiments with carbon nanotubes (CNT) and reduced graphene oxide (rGO)

and rGO with magnetic FO3O4 deduced that 1 sun evaporation rate observed was

around 1 kg/m2−h to 1.25 kg/m2−h, respectively [51, 50, 53, 54].

3.7 Highlights

• The radiative volumetric heat generation as a result of photo-thermal con-

version has a direct correlation to solar absorption fraction.

• Inspecting the relatively very low solar absorption for large particles from

Chapter 2, large particles result in a comparatively low water evaporation

enhancement rate compared to small particles.

• Ambient conditions of forced convection, relative humidity and system tem-

perature influence the evaporation rate of water.

• Under 1 sun (1000 W/m2) condition, evaporation efficiency of 43% can be

obtained by these particle dispersions as opposed to <10% for pure water.

• Steady state evaporation rate of water with dispersions is expected to be

around 1.08 kg/m2−h which is similar to other published experimental stud-

ies involving carbon based nanofluids.
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Characterizing Biochar as stable

carbon material for use as solar

absorber in water

Biochar is a black char-type substance derived from pyrolyzing biomass which

is being studied as a material to mitigate climate change in several applications

[55]. Some of the widely adopted applications are in soil enrichment and enhanced

crop productivity, energy production and management, super capacitors, metal

sorption and industrial waste water treatment [56, 57, 58, 59, 60]. Biochar is

inexpensive, and its optically black appearance can be used as a potential solar

absorber for strong photo-thermal conversion in enhancing evaporation of water
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when used in solar stills. Biochar is physico-chemically characterized as a sta-

ble carbon material, and the optical spectrum of biochar is measured. An open

outdoor experiment is performed with biochar in granular form and as powder

dispersions in water, to quantify enhancement in water evaporation rate.

Two biochars i.e., ponderosa pine (PP) and walnut shell (WS) from feed-

stocks pinus ponderosa and juglans, respectively are selected for this purpose. PP

is commercially obtained from Biochar Now, where it is pyrolyzed at very high

temperatures of around 750 to 800◦C and then cooled by air. WS biochar was

procured from a third party source, where it is pyrolyzed at 500◦C at a heating rate

of 30◦C/min, and held at that temperature for 45 min. The samples obtained are

then dried in a convection oven at 120◦C to remove resident moisture and trapped

gases, and characterized. For powdered sample characterization, the biochars are

crushed using a mortar and pestle, and then passed through a #325 mesh sieve

(< 40µm). For narrow particle distribution, and even finer sizes, these samples

are further crushed in a planetary ball mill for more than 24 hours. Dynamic light

scattering (DLS) analysis showed average particle size to be 854±85 nm for PP

and 813±88 nm for WS crushed particles.
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4.1 Physico-chemical characterization

Biochar is characterized physico-chemically to determine the carbon composi-

tion, its physical structure, and stability as a dispersion in water.

4.1.1 Chemical characterization

Ultimate analysis

Ultimate analysis is first performed to obtain the chemical C,H,N,S,O com-

position of the biochar samples, and the results are shown in Table 4.1. Both

samples yielded more than 75% carbon composition while oxygen composition is

found to be 9.5% for PP and 13.7% for WS. It is observed that several other

inorganic elements are also present as impurities in the samples, as is also noted

in [61].

Table 4.1: Ultimate Analysis of PP and WS biochars

Biochar C (wt%) H (wt%) N (wt%) S (wt%) O (wt%)
PP 77.73 2.43 0.55 0.025 9.5
WS 75.86 3.48 0.64 0.04 13.7

13C-NMR spectrum

13C CPMAS NMR spectrum is obtained to understand the chemical structure

of the biochar samples using an Agilent T3 probe with standard 3.2 mm zirconia
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rotor and Agilent DD2 console. The chemical shifts were referenced to tetram-

ethylsilane as 0 ppm using a solid adamantine sample at 38.5 ppm. Figure 4.1

shows the spectrum obtained for PP and WS biochar samples. The high tem-

perature pyrolysis conditions resulted in biochars being predominantly aromatic

[62], which is evident with the peaks at 127-128 ppm. Interestingly, some acidic

carbonyl group (C O) at ≈ 182 ppm, some aliphatic groups < 90 ppm, and

some carbons assigned to cellulose at 72 ppm were also observed [63, 64].
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Figure 4.1: 13C-NMR spectrum of (a) PP and (b) WS biochar
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Chintala et. al noted that aromatic biochars are predominantly hydrophobic

in nature [65]. The corresponding points of O/C and H/C, according to Table 4.1,

when plot on a Van Krevelen plot, the points were closer to the origin, indicating

a hydrophobic nature.

Figure 4.2: Contact angle measurement of of (a) PP and (b) WS biochar

The qualitative contact angle measurements obtained by an Amscope micro-

scope and a high speed camera are shown in Fig. 4.2. The measured contact

angles for PP and WS samples are 99.3◦ and 105.5◦, respectively, verifying the

hydrophobicity of the biochars. Weber and Quicker [66] noted that increasing

pyrolysis temperature above 500◦C might result in loss of hydrophobicity, most

likely due to decrease in the strength of water repelling chemical bonds.
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4.1.2 Physical characterization

Density

The density of the biochar samples is determined to check the possibility of us-

ing biochar as a floating as well as a dispersion material. True (skeleton) density is

calculated using the helium pycnometry technique in a Ultrapyc 1200e instrument.

The measurements recorded at less than 0.05% standard deviation showed that

the skeleton density of PP and WS biochar samples are 1622.4 kg/m3 and 1414.6

kg/m3, respectively. Higher solid density in PP is partly due to higher pyrolysis

conditions compared to WS. Further increase in pyrolysis temperature results in

solid density close to that of graphite [36]. Geometric (envelope) density of the

samples is measured using the mercury intrusion porosimtery (MIP) technique

from ultra low pressures at 4.3 kPa to very high pressures at 412 kPa to ensure

that almost all pores from the sizes 340 µm to 3.6 nm are intruded to compute the

envelope fraction and the void sizes, i.e., pore content. The measured geometric

density for PP and WS samples are 211.5 kg/m3 and 631.4 kg/m3, respectively.

The theoretical porosity of the biochar can be computed by using the formula

φ =
(

1 − ρg
ρt

)
× 100%, where, φ is the pore density, ρg is geometric density and

ρt is the true density of the samples. The calculated porosity for PP and WS

samples are 87% and 55.4%, respectively. The MIP calculated the porosity as
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88% and 55.7%, respectively. The differential pore volume intruded by mercury

with increasing pressure for smaller pores is shown in Fig. 4.3. PP biochar

comparatively has more presence of large micron sized pores larger than 1 µm,

while on the other hand, WS biochar had pores in the wide range of 10 µm to 100

nm with a significant presence of mesopores, and also some micropores. Water

transport is aided by the presence of interconnected macro pores and meso pores

[67] through capillary action.
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Figure 4.3: Pore size distribution of PP and WS biochars
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Dispersion stability

The powdered biochar when suspended in water is required to be stable in

dispersion form such that it does not sink to the bottom early in the test i.e., delay

agglomeration. The dispersion stability is measured by using zeta potential [68].

The biochar samples are tested on an a Malvern ZetaSizer Nano ZS instrument

equipped with a 4 mW HeNe laser operating at 632.8 nm and a scattering detector

at 173 degrees.

In
te

n
s
it
y

PP

-150-100-50050100150

Apparent zeta potential (mV)

In
te

n
s
it
y

WS
-46.5 mV

-32.8 mV

Figure 4.4: Zeta potential of (a) PP and (b) WS biochar dispersions in water
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Figure 4.4 shows the dispersion stability of the PP and WS biochar dispersions

with apparent zeta potentials. It is known that a zeta potential > | ± 30| mV

has a good stability [69] while a minimum value of ±20 mV is desirable [70]. The

observed zeta potential for PP dispersion is -32.8 mV with a standard deviation

of 4.76 mV, and that of WS dispersion is -46.5 mV with a standard deviation

of 6.4 mV. Therefore, both samples show a good degree of stability in dispersion

form. On a comparison basis, PP sample is slightly less stable, probably because

the pyrolysis temperature is high.

4.2 Optical measurements

Biochar has been found to have excellent physical and chemical properties to

be used as a floating solar absorber or as a dispersion. The optical measurements

in the solar spectrum are measured using an integrated sphere in a Shimadzu

3600 UV-Vis-NIR spectrophotometer in the range between 200 and 2500 nm for

floating type applications, and in the range between 200 to 1100 nm for dispersion

liquid form.

Figure 4.5 shows the reflectance and transmittance spectrum of both PP and

WS samples. In the solar spectrum range from 200 to 2500 nm, the combined

reflectance and transmittance for both samples is less than 8% and 5% for PP

61



Chapter 4. Characterizing Biochar as stable carbon material for use as solar
absorber in water

0 500 1000 1500 2000 2500 3000

 (nm)

0

5

10

15

20

25

30

35

40

R
 (

%
)

PP

WS

0 500 1000 1500 2000 2500 3000

 (nm)

0

5

10

15

20

25

30

T
 (

%
)

PP

WS

Figure 4.5: optical (a) reflectance and (b) transmittance spectrum of biochar

samples

and WS, respectively. This means that the weighted solar absorptance in the

solar spectrum for PP is 92% and that for the WS is 94%.

Liquid absorbance strength for both PP and WS dispersions is shown in Fig.

4.6 at a dispersion strength of 1 g/L for a 10 mm path length. The weighted

absorbance (Abs) for PP and WS from 200 to 1100 nm solar spectrum is around

2.6 and 3.7, respectively, indicating a total transmittance (TT ) of only 0.25%

and 0.02%, respectively, for a 10 mm column. The liquid absorbance and the

total light transmittance can be related by the equation Abs = 2− log10TT%. It

can likewise be estimated that, in the case of particle dispersions, light absorbance

within the fluid might have also been enhanced due to the presence of micro-pores

and mesopores [71, 72, 73]. It can be deduced that this concentration leads to a
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Figure 4.6: Liquid absorbance spectrum of PP and WS dispersion at 1 g/L con-

centration

very high heat localization near the surface, and concentrations lower than this can

also result in strong photo-thermal conversion resulting in enhanced evaporation

rates of water as explained previously in Chapter 3.

It is reported in the literature that increasing the pyrolysis temperature in-

creases optical blackness i.e., absorption coefficient of the carbonaceous particle

[36]. However, very high pyrolysis temperatures have been found to make the

63



Chapter 4. Characterizing Biochar as stable carbon material for use as solar
absorber in water

dispersion unstable [74] along with increased dispersion concentration [75], as

previously noted. It is thereby necessary to determine the appropriate pyrolysis

condition for the given feed-stock for a strong carbon rich and stable biochar for

use in the proposed application.

4.3 Controlled experiments with halogen lamp

A set of experiments were performed where the mass of water evaporated was

recorded for an hour under 1 kW/m2 condition with a halogen lamp used as a

solar simulator at 21±1◦C ambient temperature and 35% relative humidity, and

the experimental setup is shown in Fig. 4.7 (a). Three samples: DI water, biochar

(WS) dispersions, and biochar (WS) floating particles were used and the results

compared. A 1.25 cm deep petri dish with a 60 ml working volume was used as

the sample holder.

Figure 4.7 (b) shows the mass of water evaporated from the surface. In one

hour, about 4.3 g of water evaporated from the DI water sample, with meager

improvement observed with floating biochar particles. In the case of dispersions,

total mass of water evaporated increased by 34% to about 5.85 g in one hour.

The evaporation rate of water with the above samples is shown in Fig. 4.8.

With the petri dish basin of 1 cm depth, the mass evaporation rate of water is mea-

64



Chapter 4. Characterizing Biochar as stable carbon material for use as solar
absorber in water

Halogen lamp

Thermocouples

0 500 1000 1500 2000 2500 3000 3500 4000

Time (sec)

0

1

2

3

4

5

6

M
a

s
s
 e

v
a

p
o

ra
te

d
 (

g
)

DI water

WS dispersion

WS granular

Figure 4.7: (a) Experimental setup for measurement of mass loss of water, (b)
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Figure 4.8: Mass evaporation rate of water with (a) 1 cm petri dish basin and (b)

5.5 cm glass flask basin
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sured to be around 0.75 kg/m2-h, while with the floating particles, it is measured

to be 0.91 kg/m2-h is observed. The evaporation rate with biochar dispersions

is found to be 1.01 kg/m2-h. A higher value in water evaporation rate is likely

because the peak spectrum of the halogen lamp is much closer to the NIR region

where water has good absorption properties. This reduces the actual enhance-

ment in water evaporation rate as would be expected in the solar spectrum. To

get an estimate of the performance under 1 sun conditions with solar spectrum,

the hourly evaporation rate of water is simulated, first with a 3000 K spectrum of

halogen lamp to validate the experiments which is shown with solid lines in Fig.

4.8, and then with airmass 1.5 solar spectrum. For the floating particle case, the

simulation was performed with a simplified surface evaporation model assuming a

weighted solar absorptivity of 0.92 for 3000 K spectrum intensity, and top surface

thermal conductivity of 0.2 W/m-K [66]. With just 1 cm deep basin conditions,

the simulations over predict the experimental observations. To confirm the valid-

ity of the code, another set of experiments and simulations were performed with

a 5.5 cm deep water column in a glass flask, and simulations performed. The

model for all the three cases trace the experimental observations with a good de-

gree of accuracy. This was later used to predict the evaporation enhancement in

water by using biochar dispersions. The simulation performed with solar spec-

trum showed a total evaporation rate of 0.21 kg/m2-h for DI water, 0.85 kg/m2-h
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for floating dispersions and 1.01 kg/m2-h for biochar dispersions. The predicted

evaporation enhancement rate is 380% with biochar dispersions, and 304% with

floating particles.

4.4 Solar absorber material cost comparison

The cost of biochar as solar absorbers is estimated and compared with other

similar carbon materials published in literature. The cost of procured PP and WS

biochar are $ 15.5/ft3 ($ 3/kg) and $ 9.26/ft3 ($ 1.3 /kg), respectively, and this is

still expensive when compared to other estimates from commercial sources. The

cost of ball milling biochar is estimated to be $ 23510/ton ($ 23.5/kg) for PP and

$ 5880/ton ($ 5.88/kg) for WS, respectively, according to calculations presented

by [76].

The cost of biochar particles, both in granular floating and in dispersion form

for PP and WS samples is compared to other carbonaceous solar absorber mate-

rials published in literature: multi wall carbon nanotubes (MWCNT) [77], single

wall carbon nanotube (SWCNT) [51], activated carbon fiber felt (AC felt) [78],

carbon particle bulk wood (C-wood) [79], and are shown in Fig. 4.9. The unit

cost of vapor produced by C-wood system is comparable to PP biochar while the

WS floating biochar particles are cheaper than the other solar absorbers. Even
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Figure 4.9: Cost per kg of solar absorber material against evaporation rate en-

hancement of water with biochar in comparison to other carbon materials

in dispersion form, the cost of PP and WS biochars are lower compared to the

other systems with similar performance. Biochar dispersions were found to be at

least 5-20 times cheaper than MWCNT’s and 44-158 times less expensive than

SWCNT’s. It can thus be determined that biochar offers a highly economical

solution for solar water evaporation with competitive evaporation performance in

comparison to other proposed carbon based solar absorbers.
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4.5 Highlights

• Biochar is characterized as a carbon rich source forming stable dispersions

in water.

• Optical characterization showed more than 90% solar absorptivity as a float-

ing solar absorber and less than 1% transmittance as dispersion at 1 g/L

concentration for 10 mm path length.

• Outdoor experiments showed evaporation rate enhancement of up to 100%

in dispersion form.

• In comparison to other similar solar absorber materials, biochar is an inex-

pensive material.
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Chapter 5

Comparison of solar still for

community scale freshwater

production with other

technologies

The analysis presented in previous chapters pertain to the application of photo-

thermal energy conversion to utilize biochar and other similar black carbon ma-

terials in solar stills. The productivity of a single slope solar still depends on

the incident solar irradiation with some influence of the ambient temperature and

wind conditions. While a shallow still is commonly used, having deeper basins can
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increase the nocturnal productivity of the solar still despite having lower daytime

productivity. The freshwater productivity rate, depends on the temperature of

the evaporating water. Higher temperatures are attained in the water by using

strong photo-thermal conversion materials, as explained in Chapter 2. Solar stills

are more suitable than other desalination technologies for freshwater requirements

lower than 200 m3/day [7]. The possibility of using solar stills with low-cost car-

bonaceous materials is investigated by comparing the aspects of daily freshwater

productivity rate, total annual CO2−eq emissions avoided and the life time cost

of water produced in comparison to other feasible low-productivity technologies

such as photovoltaic sea water reverse osmosis (PV-SWRO) and solar flat plate

collector integrated humidification and dehumidification (FPC-HDH) system.

5.1 Methodology and modeling

With the aim of producing freshwater for a small community in the range of

1 to 10 m3/d, a 1000 m2 solar still basin area is considered assuming 1 kg/m2-

d of freshwater production during winter conditions. For comparison, solar PV

and solar flat plate collector area are considered to be the same. The analysis is

performed for two coastal regions with high solar irradiance at Big Sur in U.S.A

and Chañaral in Chile.
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5.1.1 System configuration and input information

Figure 5.1: Selected configurations for (a) Solar still, (b) PV-SWRO and (c) FPC-

HDH (CAOW) desalination systems

The system configurations for freshwater production using a solar still, FPC-

HDH and PV-SWRO are shown in Fig. 5.1. A simple single-slope-single-basin

solar still is considered for the analysis. For the HDH desalination system, a closed

air open water (CAOW) configuration is selected with flat plate collectors as the

water heating source. Similarly, the PV system is connected to a pump which

increases the feed pressure of the saline water in the SWRO membrane.

The energy analysis is performed by solving a system of heat and mass trans-

fer equations for the desalination systems. Hourly spaced solar irradiation data,
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ambient temperature and wind speed information is extracted from the NREL

System Advisor Model (SAM) database for the Big Sur location, and a typical

meteorological year (TMY) file for Chañaral. The depth of water in the solar

still is considered to be 10 cm, to account for nocturnal distillate production.

To maintain the same feed conditions, assuming 8 hours of solar irradiation, the

mass flow rate of inlet sea water is calculated to be 3.5 kg/s in the FPC-HDH and

PV-SWRO systems. The sea water salt concentration is assumed to be 3.5%.

5.1.2 Governing equations for freshwater production

The thermodynamic governing heat and mass transfer equations for the analy-

sis of freshwater production are shown in Table 5.1. The notation used for energy

balance of FPC-HDH is consistent with [80], and those for PV-SWRO are consis-

tent with [81, 82, 83]. The thermo-physical properties of water are obtained from

[84].

The thermodynamic computations mentioned above are subject to the assump-

tions outlined below:

1. Solar still [85]:

• Heat capacity of the glass, basin, and the insulation are neglected and

the heat losses from the side walls are considered negligible.
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Table 5.1: Energy and mass balancing of desalination systems for freshwater pro-

ductivity

Technology Governing Equations Performance metrics
Solar Still [85, 86, 87] Glass cover: Qewg = hewgA(Tw − Tg)

α′gI + htwg(Tw − Tg) = htga(Tg − Tamb)
Water mass: mhour = Qewg

I(t)A
3600 (kg/h)

mwCpw
dTw
dt

= α′wI + htwg(Tg − Tw) + hcbw(Tb − Tw)

Basin: ηstill = F ′s

[
ATs − Ueff Tw−TambI(t)

]
α′bI = hcbw(Tb − Tw) + hcba(Tb − Tamb)

htwg = hewg + hcwg + hrga F ′s = 1
Utotal

hewghtwg
hewg+htwg

hcwg = 0.884

[
(Tw − Tg) + (Pw−Pg)(Tw(K))

268900−Pw

]1/3

hrga = εwgσ(T 2
w + T 2

g )(Tw + Tg) ATs = (ατ)eff (1− exp (−at))
hewg = 0.0163hcwg

Pw−Pg
Tw−Tg

hcbw = Nukw
Lc

Ueff = Utotal exp (−at)
HDH [80, 88, 89] Dehumidifier mass balance

mda(ωa2 − ωa1) = mp (kg/s) εdh = max

[
Ha2−Ha1

Ha2−Ha,ideal
, Hw0−Hw1

Hw0−Hw,ideal

]
Humidifier mass balance

mw = mp +mb

Dehumidifier energy balance εh = max

[
Ha1−Ha2

Ha1−Ha,ideal
, Hw2−Hw3

Hw2−Hw,ideal

]
mda(ha2 − ha1) = mphp +mw(hw1 − hw0)

Humidifier energy balance

mda(ha2 − ha1) = mwhw2 −mbhw3 GOR =
mphfg
Qhtf

ha = hda + ωhv
Qhtf = mw(hw2 − hw1) mhour = mp ∗ 3600 (kg/h)

RO [81, 90] Permeate flow:
mp = (Aw TCF FF )Se(∆P̄ −∆Π̄) (kg/s)

Salt flow: mhour = mp ∗ 3600 (kg/h)

Xp = (Bs TCF )Se CPF (∆X−Xp)

mp

Water mass balance: Xp < 0.5 (g/kg)
mw = mp +mb

Concentration balance:
mwXw = mpXp +mbXb
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• The solar still is vapor-air leakage proof.

• The temperature of the water mass is considered uniform with no strat-

ification.

2. HDH unit [80]:

• The HDH unit operates at steady state and heat losses to the ambient

are neglected.

• The fan/blower power is negligible in comparison to that of the solar

collector.

• The thermal and hydraulic losses between collector and the HDH unit

are ignored.

3. RO unit [91]:

• The liquid water is considered to be incompressible with known tem-

perature and pressure conditions.

• The permeate flows at ambient pressure conditions (Patm = 1 bar).

• The fouling factor varies with time as mentioned in [83].

The governing equations for the solar still listed in Table 5.1 results in a

transient ordinary differential equation of the form:

Tw =
f̄(t)

a
(1− exp (−at)) + Tw0 exp (−at) (5.1)
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where, Tw is the basin water temperature. To simplify the analysis, it is assumed

that the water basin temperature is uniform, and this condition is justified consid-

ering nominal volume fraction of dispersions (< 0.1% as determined previously),

and not very deep basins. f , a are functions of heat effective solar absorptivity

and heat loss coefficient and are given as:

f(t) =
αeffI(t) + UtotalTamb

mwCpw
(5.2a)

a =
Utotal
mwCpw

(5.2b)

where, the effective absorptivity (αeff ) is the aggregated contribution from effec-

tive glass absorptivity (α′g), effective basin fluid absorptivity (α′w) and effective

basin absorptivity (α′b), given as:

αeff = α′b
hcbw

hcbw + hcba
+ α′w + α′g

htwg
htwg + htga

(5.3)

The corresponding effective glass absorptivity (α′g), effective basin fluid ab-

sorptivity (α′w) and effective basin absorptivity (α′b) can be calculated from their

absorptivity and reflectivity as:

α′g = αg(1− ρg) (5.4a)

α′w = αw(1− αg)(1− ρg)(1− ρw) (5.4b)

α′b = αb(1− αw)(1− αg)(1− ρg)(1− ρw) (5.4c)
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The overall heat transfer coefficient Utotal is calculated as the sum of resistances

from the basin water to the ambient through the cover as top heat transfer coef-

ficient (Utop), and from basin water to the ambient through basin and insulation

as bottom heat transfer coefficient (Ubottom), and are calculated as:

Utop =
htwghtga
htwg + htga

(5.5a)

Ubottom =
hcbwhcba
hcbw + hcba

(5.5b)

Utotal = Utop + Ubottom (5.5c)

Typically, the side insulation loss, with same insulation thickness as the bottom

is much smaller than the bottom heat loss coefficient since the area of the side

walls is smaller than the basin area, and thus, can be ignored.

5.1.3 Ambient heat losses and assumed parameters

The solar flat plate collectors are modelled according to traditional heat trans-

fer equations mentioned in [92, 93, 94] and photovoltaic (PV) system modeled

according to [95, 96, 97].

Losses from the glass cover occur due to both convection and radiation, and

is given as:

htga = hcga + hrga (5.6a)

hcga = 2.8 + 3u (5.6b)
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hrga = εgσ(T 2
g + T 2

sky)(Tg + Tsky) (5.6c)

Where, Tsky is the sky temperature, which can be approximated as Tsky = T∞−6K

[98].

Similarly, the bottom heat loss from the system can be given as linearized

function of wind velocity [99]:

hcba = 5.7 + 3u (5.7)

Some thermo-physical and optical properties are considered as constants for

the computations. Those properties are summarized in Table 5.2.

Table 5.2: Thermo-physical and optical constants

Solar Still FPC-HDH PV-SWRO
Glass properties Glass properties Glass properties

αg = 0.05 αg = 0.05 αg = 0.05
εg = 0.9 εg = 0.9 εg = 0.9

Water properties Absorber properties PV properties
Rw = 0.05 αabs = 0.95 αpv = 1
εw = 0.96 HDH effectiveness βpv = 0.00468 [100]

Basin properties: non selective εh = εdh = 0.92 [80] Backsheet properties
αb = 0.6 Tp = f(Tda1, Tda2) [101] εb = 0.85
Rb = 0.3 Tw0 = Tamb Aw and Bs for SW30HR-380 [102]
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5.2 Solar system efficiency under standard con-

ditions

A characteristic performance equation is often defined to quantify the per-

formance of a solar thermal system as a function of reduced temperature (T ∗ =

T−Tamb
I

), which otherwise is called as instantaneous efficiency. The efficiency curves

at standard conditions for solar still and FPC-HDH are traced at standard atmo-

spheric conditions of 27◦C ambient temperature, 1 m/s wind speed and 1 sun (1000

W/m2) conditions, with saline feed flow rate of 1 kg/s, and with the objective of

determining the operation characteristics.

5.2.1 Performance curves

Figure 5.2 shows the performance curves of a solar still, solar flat plate collec-

tor under typical standard conditions mentioned above. These similar curves can

be obtained from the literature and thus are used to validate the heat transfer

performance model for the solar flat plate collector and the solar still. The per-

formance curves of the flat plate collector (FPC) deteriorate with T ∗ as expected.

The solar still performance curve on the other hand increases with increasing

T ∗. The higher the basin water temperature of the basin, higher the vapor mass

fraction, and thereby larger temperature difference between the basin water and
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Figure 5.2: Performance curves of solar systems in consideration: solar still and

solar flat plate collector

condensing cover, thereby increasing the evaporation efficiency of the solar still.

The maximum evaporation efficiency of solar still, as remarked by Clark [103] is

about 60 to 70%. Two solar still efficiency curves, at absorptivity-transmissivity

product (ατeff ) of 0.59 (basin absorber), and (ατeff ) of 0.89 (black solar absorber)

are shown, and clearly, it is evident that a black absorber is preferable to increase
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solar absorptivity for higher distillate productivity, as previously explained in

Chapter 2 and Chapter 3.

5.2.2 Influence of dispersion concentration on water ab-

sorptivity and distillate productivity

As shown in Fig. 5.2, for solar still curves, higher efficiency and thereby,

higher distillate production occurs with higher absorptivity-transmissivity prod-

uct. There will be a slight variation in the distillate productivity if the bottom

basin is coated black, especially in deeper basins, where the bottom of the basin

becomes hot first leading to unstratified buoyancy heat losses within the fluid

while the hot water raises up, while at the same time experiencing bottom heat

loss from the system. Low-cost carbon dispersion particles on the other hand,

absorb the sun light near the evaporating surface.

It is observed from the Fig. 5.3 (a) that the solar still productivity and the

solar still efficiency increase with increasing dispersion concentration, and the

water solar absorptivity (attenuation fraction) and distillate productivity follow

the same behavior. With no dispersion, the annual productivity is estimated to

be of only 743 kg/m2-yr, while that with dispersion concentration of 0.1%, it

increases by 67% to 1241 kg/m2-yr (irradiation and ambient data correspond to

Big Sur). With 1.2-1.3 µm graphite nanoparticle dispersion, Sharshir et. al [19]
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Figure 5.3: (a)Influence of dispersion concentration on solar still distillate pro-

ductivity: computed annually; (b) Daily increase in freshwater productivity of a

solar still with dispersions in comparison to a solar still with black basin and a

solar still with no solar absorber

found an increase of distillate productivity of 45%. This concentration fraction

is assumed for solar still productivity for the rest of the analysis for high solar

absorptivity. Figure 5.3 (b) shows the relative gain in solar still productivity by

having dispersions compared to a solar still with a black basin, and a solar still

with no solar absorber. It is observed that nanoparticle dispersions have more

pronounced effect on increasing the productivity of the solar still than a black

basin in comparison to a solar still with just water in the basin. The experimental

data pertains to observations recorded by Agarwal et. al [104] with a black basin

in the solar still for varying water depths. On an average, the expected increase
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in freshwater productivity with nanoparticle dispersions in comparison to black

basin is around 0.5 kg/m2−day.

5.2.3 Variation of hourly freshwater production with solar

area
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Figure 5.4: Hourly freshwater productivity from desalination systems at standard

conditions at increasing area
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Figure 5.4 shows the variation of hourly freshwater production of the solar

still, FPC-HDH and PV-SWRO at standard conditions. The productivity of solar

still increases linearly with area, and black solar absorber particles have higher

distillate productivity rate. FPC-HDH have considerably higher distillate pro-

ductivity rate with solar collection area greater than 80 m2. The 1 sun condition

occurs at mid-day, hence an average of 4 trials is performed with the solar still to

obtain a reasonably acceptable initial fluid condition for solar still computation.

This may over predict the solar still productivity by a small margin. An SWRO

unit requires reaching a threshold feed pressure to separate freshwater from the

sea water for acceptable freshwater quality of 0.05% TDS [105]. For the operat-

ing conditions, a minimum of 20 m2 PV area is required to produce the energy

needed to drive the PV-SWRO system to obtain the desired permeate quality [6].

The reason being, a minimum threshold pressure of 40 bars is needed to obtain

fresh water with acceptable permeate quality. Further increasing the solar area

increases the feed pressure thereby increasing the permeate production, until a

maximum allowable feed pressure is achieved.
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5.3 Freshwater productivity and excess energy

from FPC and PV systems

Based on the incident irradiation and ambient conditions, year round fresh-

water productivity rates are calculated and compared for the three desalination

technologies. For FPC-HDH, maximum temperature of feed water in the humid-

ifier is restricted to 90◦C in view of scaling due to prevalent boiling conditions.

Similarly, maximum feed pressure in the SWRO elements is restricted to 55 bar

for safe operation and durability of the membrane.

5.3.1 Year round freshwater productivity

The year round freshwater productivity for solar still, FPC-HDH and PV-

SWRO for Big Sur and Chañaral with varying daily solar insolation are shown in

Fig. 5.5.

It is observed from Fig. 5.5, that the freshwater productivity rates typically

follow the daily solar insolation curves. The mean productivity of the solar still

is lower than the other two technologies. HDH systems use the energy from the

condensing freshwater to pre-heat saline feed, which is not the case in simple solar

stills. Interestingly, it is observed that the seasonal RO productivity in certain

seasons is lower than the HDH system, possibly due to the upper limit of 55 bar,
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Figure 5.5: Seasonal year round productivity of solar still, FPC-HDH, PV-SWRO

in (a) Big Sur (U.S.A) and Chañaral (Chile)

while, the maximum allowable pressure is 84 bar [90]. However, significant excess

unused energy is generated, due to the imposed restrictions on the FPC and PV

systems, and will be shown later. In Big Sur, the daily mean winter productivity

and summer productivity for solar still is 2.25 m3/d and 5.6 m3/d, while that

for FPC-HDH is 2.4 m3/d and 6.15 m3/d, and for PV-SWRO is 3.4 m3/d and

5.42 m3/d, respectively. Similarly, in Chañaral, the productivity for summer and

winter are: 5.2 m3/d and 2.3 m3/d for solar still, 5.25 m3/d, 2.98 m3/d for FPC-

HDH, and 5.8 m3/d and 4.18 m3/d for PV-SWRO, respectively. The annual

average for 96% of plant operation i.e., 350 days, along with conventional solar

still (CSS) is given in Table. 5.3.
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Table 5.3: Average annual productivity

Location Solar still (m3/d) CSS (m3/d) FPC-HDH (m3/d) PV-SWRO (m3/d)
Big Sur (U.S.A) 3.42 2.13 4.79 4.12
Chañaral (Chile) 3.85 2.38 5.24 5.07

5.3.2 Excess energy

Due to the restrictions of maximum temperature and feed pressure for FPC-

HDH and PV-SWRO mentioned above in the day time, excess usable thermal

energy from flat plate collectors, and electrical energy from PV system is available.

The monthly sum of the total thermal and electrical energy is shown in Fig. 5.6.
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Figure 5.6: Seasonal year round additional thermal and electrical energy in (a)

Big Sur (U.S.A) and Chañaral (Chile)

From Figure 5.6, it is observed that additional thermal energy from the flat

plate collectors is only available during the summer, while the excess electrical
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energy from the PV system is available through out the year. It is already shown

that a PV-SWRO has a sharp productivity curve in Fig. 5.4. The electrical energy

can be compensated by grid connection according to net surplus compensation

(NSC) available locally. The annual average NSC value for California is taken as

$ 0.04/kWh and that for Chile is considered to be $ 0.08/kWh [106, 107]. However,

this option is not available with thermal energy, hence this excess thermal energy

is expected to be stored by a thermal energy storage medium (TES) during the

daytime and dispatched in the evening hours for additional desalination of water.

Freshwater production by using this TES discharged thermal energy on an average

is found to be 52 m3/yr (3.2% of total distillate) in Big Sur, and 156 m3/yr (8.5%

of total distillate) in Chañaral. Annual net surplus of electrical energy sold to

the grid for these two locations is calculated to be 311 MWh and 319 MWh,

respectively.

5.4 Greenhouse gas emission mitigation

The energy consumed for desalinating 1 m3 of water is called specific energy

consumption (SEC). For a simple single evaporator system, the specific energy

consumption for a thermal desalination process is between 500 and 800 kWh/m3

[108], because the latent heat of evaporation of 1 kg of water is very high (around
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2200 to 2500 kJ/kg). On the other hand, the SEC for the membrane (RO) de-

salination is lower than 10 kWh/m3, while for non-optimal conditions, could be

around 30-50 kWh/m3 for sea water elements. If this energy is supplied by a

conventional natural gas fired power plant, then the desalination process has as-

sociated greenhouse gas CO2−eq emissions. Typically, the energy mix in California

and Chile is dominated by the natural gas. The associated emissions and their

corresponding characterization factor (GWP) for each emission type are shown

in Table. 5.4. The cumulative natural gas emission factor in terms of CO2−eq is

0.231 kg CO2−eq/ kWh of energy produced.

Table 5.4: GHG emission potential of a natural gas fired plant

Emission (lb/billion BTU) [109] (kg/kWh) GWP [110] kg CO2-eq/kWh
CO2 117000 0.1811 1 0.1811
CO 40 0.619× 10−4 1.9 1.176× 10−4

NOx 92 1.42× 10−4 298 0.0424
PM 7 10.8× 10−4 680 0.0074

Cumulative 0.231

The desalination thermal energy and electrical energy supplied at thermal

efficiency of 80% and electrical efficiency of 45% [111] by natural gas power plant is

substituted by renewable heat and electrical energy by solar systems which results

in eliminating harmful greenhouse gas emissions. The total GHG mitigation for

daily freshwater productivity, and the computed SEC is shown in Fig. 5.7.
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Figure 5.7: Specific energy consumption and daily CO2−eq emissions avoided for

freshwater productivity by solar still in (a) Big Sur and (b) Chañaral, FPC-HDH

in (c) Big Sur and (d) Chañaral; and PV-SWRO in (e) Big Sur and (f) Chañaral
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It is observed from Fig. 5.7 that the specific energy consumption for all the

three desalination technologies decreases with increasing productivity until a cer-

tain value and then remains almost constant, while the net GHG emissions mit-

igated daily increases with increasing productivity. The SEC for a solar still is

typically around 500 to 600 kWh/m3 for a productivity greater than 3 m3/day,

which is approximately close to the calculated daily average. The daily CO2−eq

mitigation avoided follows a direct linear trend since the solar still directly absorbs

and converts the solar energy into desalination energy. On the other hand, for

FPC-HDH, lower productivity is not feasible due to very high conversion losses.

It is observed that, despite the low solar irradiance, FPC’s can reach a thermal

efficiency of about 40% or more, but the productivity is low, due to low temper-

atures resulting in a high SEC. The GHG emissions avoided also follow the same

trend as the increasing productivity. PV-SWRO on the other hand has a very

low SEC, with most of the points in the range of 50 to 60 kWh/m3. The daily

emissions mitigation also increases with the productivity, similar to other desali-

nation systems. In the location of Big Sur, it is expected that total annual CO2−eq

mitigation for solar still, FPC-HDH and PV-SWRO are 197.3 tons CO2−eq, 244.1

tons CO2−eq and 48.8 tons CO2−eq, respectively, while the same at Chañaral are

expected to be 227.3 tons CO2−eq, 241.5 tons CO2−eq, and 50.7 tons CO2−eq, re-

91



Chapter 5. Comparison of solar still for community scale freshwater production
with other technologies

spectively. This emissions mitigation results in annual carbon credits, which are

assumed to be $ 65/ ton CO2−eq mitigated [112].

5.5 Cost of freshwater produced

The competitiveness of using a desalination technology is assessed by the cost

of the freshwater produced by it. A levelized cost approach that considers life

time operation and freshwater production is adopted to calculate the unit cost of

freshwater. The levelized cost of water (LCOW) calculation is analogous to that

of levelized cost of electricity/ heat, and is given as [113]:

LCOW =
CAPEX + (OPEX + annualadjustments) ∗ PV F (d, n)

Annual productivity ∗ PV F (d, n)
(5.8)

CAPEX is the overall capital investment in $ and OPEX is the annual op-

erational cost in $/yr. Annual adjustments refer to carbon credits, and salvage

value is not considered. The present value function (PV F ) is the parameter that

gives the present worth of the unit, and is calculated as:

PV F (i, n) =
(1 + d)n − 1

d(1 + d)n
(5.9)

Typically, solar stills are not widely commercialized due to poor productivity

and poor choice of materials. While efficient means of increasing the productivity

have been identified, appropriate materials choice determines the cost of the still,
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and thereby the cost of the freshwater produced. One of the inherent assumptions

is that, the land area is considered to be available at free of cost by BOOT option

(BOOT: build, own, operate, transfer), or from local civic body [108]. A wide

range of materials are usable, and a solar still made of concrete and stainless

steel basin, window glass and silicone sealant showed the cost of the solar still

can be only $ 46/m2. A similar solar still made of concrete by Madani and Zaki

[114] was only $ 19/m2. In this analysis, a typical solar still cost of $ 80 /m2 is

assumed, which is the cost of some of the tested solar stills in U.S.A [114]. For

FPC-HDH, the cost of the solar FPC’s are dominant, and can be divided into

area dependant costs and area independent cost. Area independent cost is the

cost of piping, pump, electrical and other ancillary instruments, and in this case

is assumed to be $ 50000 [115]. Solar FPC cost is considered to be $ 350/m2

based on the applicable correlations [116, 117]. Similarly, for PV-SWRO, recent

estimate of PV system cost of $ 2.25/W is considered [118]. In the decade of 2010-

2020, PV system cost of $ 1.25/W to $ 9/W has been utilized in the literature

[81, 119, 120, 121].

The total direct capital cost associated with the solar still, FPC-HDH and

PV-SWRO is determined to be $ 72,796, $ 444,300, and $ 556,470, respectively.

The corresponding share of different direct capital costs associated with the de-

salination units is shown in Fig. 5.8. Solar components, i.e., solar still, flat
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Figure 5.8: Capital cost share of different solar desalination components

plate collectors and the PV arrays, take up the biggest share of direct capital

costs. The cost of thermal energy storage is considered to be $20/kWh. The

cost of high pressure pump (HPP) can be approximated by the correlation [122]

HPP = 52(Qf,hPf ), where Qf,h is the hourly feed flow rate in m3/h and Pf is the

feed pressure in bar.

The indirect costs associated are assumed to be 10% of direct capital for con-

tingency and 5% of direct capital cost for freight and insurance [108]. Annual
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operation and maintenance cost is assumed to be 1.5% of total capital cost ex-

cluding annualized replacement of the parts, which are estimated to be 10% for the

thermal energy storage (TES), 10% for the high pressure pump and 20% for RO

membranes. Labor costs differed between the regions due to differences in stan-

dards of payments at contractual basis. The annual labor for Big Sur is considered

as $25,000, while that for Chañaral is $ 15,000. The inexpensive dispersions are

assumed to be replaced every 4 months as a conservative approach, while it is

expected that they can be washed and reused. The discount rate is assumed to

be 5%, with the desalination plant life of 25 years.

5.5.1 LCOW in Big Sur and Chañaral

The unit cost of water, levelized for the plant life time and discount rate

for the three desalination systems is shown in Table. 5.5. The unit LCOW

of conventional solar still with no nano/micro-particle dispersion is shown for

comparison purpose. For the chosen conditions, which is commonly expected

during cost estimations, the solar still system is found to be more economical

than the other two technologies. The cost of water produced in Big Sur is more in

comparison to Chañaral, because of lower annual productivity, and higher labor

costs with regards to all the three systems. In addition, for the PV-SWRO case,

the NSC grid compensation rate in Big Sur is lower than Chañaral. The lowest
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estimates correspond to discount rate of 3% and attractive CAPEX and OPEX

costs, corresponding to the left hand side data lables in Fig. 5.9. Similarly, the

highest estimate correspond to a pessimistic discount rate of 8%, with CAPEX

and OPEX costs corresponding to the right most data labels in Fig. 5.9.

Table 5.5: LCOW estimates for desalination of water

Big Sur Chañaral
LCOW PV-SWRO Solar still CSS FPC-HDH PV-SWRO Solar still CSS FPC-HDH

Typical ($/m3) 33.25 18.99 25.68 41.58 25.57 10.33 12.11 34.6
High ($/m3) 48.67 48.41 77.74 63.03 37.59 49.4 78.33 52.01
Low ($/m3) 23.98 12.92 20.71 31.17 18.3 3.74 5.85 22.87

5.5.2 Sensitivity analysis

The cost of water is expected to be sensitive to the CAPEX, OPEX and

discount rate. In this analysis, one parameter is varied at a time while others are

kept constant. While it is not necessary that the extreme points are the most

optimistic or pessimistic values, but they show a trend that can be extrapolated

for other expected values. Figure 5.9 shows the sensitivity analysis of the three

desalination technologies at both selected locations. In the case of solar stills, if

poor choice of materials leads to a high solar still cost of $ 500/m2, the LCOW

increases significantly to more than $ 40/m3. Likewise, OPEX also influences

the LCOW , but in the actual application, it is anticipated that the operations

and maintenance of the solar stills will be smaller than the other two complex
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Figure 5.9: LCOW sensitivity analysis of solar still system in (a) Big Sur, (b)

Chañaral; FPC-HDH in (c) Big Sur, (d) Chañaral; PV-SWRO in (e) Big Sur, (f)

Chañaral
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technologies. In the case of FPC-HDH system, CAPEX and discount rate have

shown to affect the LCOW of the system, while, around 10-20% change in the

OPEX costs have some small influence in the LCOW . In the case of PV-SWRO

system, interestingly, highest influence is asserted by the discount rate, with a

high discount rate of 8% increasing the LCOW to $ 43.89/m3 in Big Sur and to

$ 33.76/m3 in Chañaral. System CAPEX is found to have some influence in the

LCOW , while, around 20% change in OPEX shows negligible affect.

5.5.3 Parametric influence of solar system area

It can be envisaged that a smaller PV system area might be sufficient to pro-

duce almost the same amount of desalinated water from the SWRO elements as a

lot of excess electricity is being sold at the grid. A brief look at the grid compen-

sation rates and the PV system prices show that the system capital cost can be

brought down significantly for little to no compromise in freshwater production

capacity. On the other hand, in summer, solar flat plate collectors also produce a

small of amount of excess thermal energy, as demonstrated earlier, and possibly,

a smaller solar flat plate collector area might produce freshwater at a cost lower

than that of a 1000 m2 FPC area. A parametric influence of solar collection area

on the freshwater cost (LCOW) for FPC-HDH and PV-SWRO is performed in

this analysis to observe if lower costs are attainable for these systems.
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Figure 5.10: Parametric influence of solar collection area on freshwater LCOW

for FPC-HDH and PV-SWRO

Figure 5.10 shows the influence of solar collection area for FPC-HDH and

PV-SWRO on freshwater LCOW. It is observed that there is some influence on

freshwater productivity at lower solar areas with PV-SWRO, while the influence

is significant with FPC-HDH. It is observed that a minimum 250 m2 area is

needed for producing community scale water greater than 1000 m3/yr. An LCOW

estimation performed on the PV-SWRO system showed that the cost of permeate
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decreased with decreasing the area from 1000 m2 to 250 m2, At which point, the

lowest value of $ 15.92/m3 in Big sur and $ 12.67/m3 in Chañaral are obtained.

Further reducing the area resulted in a much lower distillate production, which

increased the LCOW of freshwater produced.

5.6 Highlights

• For the chosen locations of Big Sur (USA) and Chañaral (Chile), under real

time conditions with 1000 m2 solar collection area, solar stills can produce

freshwater at a rate of 3.42m3/d to 3.85 m3/d.

• Under similar conditions, FPC-HDH system can produce freshwater at a rate

of 4.79 m3/d to 5.24 m3/d and PV-SWRO can production rate of freshwater

is 4.12 m3/d to 5.07 m3/d with over 310 MWH annual excess electricity.

• For a 25 year plant life, the estimated levelized cost of freshwater (LCOW )

produced from the solar still, FPC-HDH and PV-SWRO are $ 18.99/m3,

$ 41.58/m3, $ 33.25/m3 in Big Sur, $ 10.33/m3, $ 34.6/m3, $ 25.57/m3 in

Chañaral for the given range of 1 to 10 m3/d.

• In lieu of excess energy produced by the PV-SWRO system, for an optimal

PV area of 250 m2, the LCOW reduces to $ 15.92/m3 in Big Sur and $

12.67/m3 in Chañaral.
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Environmental impacts and

economic feasibility of solar stills

One of the major barriers for commercialization of solar stills is its low produc-

tivity rate per unit area in comparison to newer thermal desalination technologies

such as MSF or MED. While these are not feasible for smaller community scale

desalination requirements lower than 100 m3/d, solar stills can be independently

installed in suitable locations as stand alone units, especially in poor remote ru-

ral communities. For these small scale freshwater requirements, solar stills are

already found to be competitive compared the other solar powered desalination

systems. Solar still performance is mainly dependent only on solar irradiation,

and almost independent of the solar still materials, as long as the solar still com-
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ponent requirements are satisfied. In this chapter, with the aim of determining

the feasibility of low-cost solar stills as freshwater production systems, solar still

materials combination for lower environmental impact and costs are identified,

and the levelized cost of freshwater (LCOW) produced is calculated for feasibility

analysis. The state of California is chosen as a reference geographical location for

the analysis.

6.1 Solar still components

A solar still consists of a condensing cover, typically made of a high trans-

mitting glass, a basin to hold water, thermal insulation, and an outer still body,

which is usually made of the same material as the basin. Sealants are used to seal

the air gaps. The idea behind solar stills is to construct them from locally avail-

able, durable and inexpensive materials [123]. Each component has a particular

set of requirements to be satisfied for use as solar still materials. The common

requirements are:

1. Withstand high temperatures, at least 80◦C.

2. Resistance to water corrosion, and UV degradation, possibly at least 25

years.
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3. Outside materials should be strong enough to sustain extreme weather con-

ditions such as strong winds.

6.1.1 Condensing cover

The condensing section in a simple solar still involves the condensation of

evaporating water on the transmitting cover, and for that purpose, this compo-

nent should have high high transmissivity to the incoming solar irradiation, high

thermal capacity, and low reflectivity (ρ) and absorptivity (α). These properties

depend on the optical constants i.e., refractive index (n) and absorption coefficient

(k) of the glass (cover) material. The surface reflectivity (ρ) can be estimated as

a function of n as ρ = (n−1
n+1

)2. To limit this to below 5%, the value of n should

be less than 1.6, which is typically satisfied by glass materials. The absorptivity

depends on the absorption coefficient (k) and the depth of light travel, i.e., the

thickness of the cover material. Usually, this value is kept around 3 mm to 4

mm to lower the size of the glass cover. k is usually spectrally dependant on the

incident sun light, and absorptivity is calculated as

α =
4πk

λ
y (6.1)

Where, the term 4πk
λ

is the extinction coefficient of the glass (βext). The spectral

absorption coefficient of glass cover materials is shown in Fig. 6.1.
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Figure 6.1: Absorption coefficient of glass cover materials

The extinction coefficient for a transmitting glass usually falls between 4/m to

32/m [124], shown as dotted lines in Fig. 6.1, and the calculated corresponding

absorptivity is 1.5% and 12%, respectively. The spectral optical constants are

extracted from the web source 1, which contains a collection of optical constants

for many different materials. From the Fig. 6.1, it is observed that these glass

materials have a very low absorption coefficient, mostly below the higher bound

1https://refractiveindex.info/
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of 12% solar absorptivity spectral curve. The solid line represents the spectral

absorption coefficient for extinction coefficient of 25/m, which corresponds to the

average value for most of the commercial transmitting glass materials.

6.1.2 Basin and thermal insulation

The solar still basin holds the saline feed water, and in traditional practice, is

usually painted black or contains low-cost black materials for strong solar absorp-

tion. A thermal insulation is added to restrict heat loss from the bottom, since

the basin is usually around the same temperature as the salt water inside. The

distillate production can be improved by about 30%, by having a good thermal

insulation [125]. The solar still basin and the thermal insulation form a series ther-

mal resistance network, as mathematically represented in the governing equations

Table 5.1 in Chapter 5. The thickness determines the heat transfer loss coefficient

from the bottom of the basin to the ambient through the bottom insulation.

Figure 6.2 shows the influence of bottom heat transfer resistance (inverse of

bottom heat transfer coefficient), and the thickness dependency of the solar still

basin and the thermal insulation. Figure 6.2(a) shows the variation of solar

still performance with the bottom heat transfer resistance, which is calculated

as R = 1
δb
kb

+
δins
kins

, for 3 cm, 6 cm and 9 cm depth of water in the basin. The daily

solar still efficiency is calculated as ηday = Qevap
I

, where Qevap is the evaporation
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Figure 6.2: Variation of solar still performance with (a) bottom heat transfer

resistnc for basin water depth of 3 cm, 6 cm and 9 cm; (b) Corresponding variation

of insulation thickness with basin thickness for (R = 1.5 m2-K/W)

heat transfer rate. It is observed that an optimum bottom heat transfer resistance

(R) of 1.5 m2-K/W is desirable for high solar still performance. The correspond-

ing inter-dependency of the solar still basin thickness and solar still insulation is

shown in Fig. 6.2(b). A thermal conductivity for the insulation of 0.05 w/m-K is

considered here, while the basin conductivity can be anywhere from 0.3 W/m-K to

400 W/m-K based on the material considered [126]. Interestingly, it is observed

that increasing the basin thickness from 1 mm to 5 mm does not change the

required insulation thickness by much, even for low basin thermal conductivity,

indicating the influence of the basin is less on the bottom heat transfer coefficient.

For 0.05 W/m-k, a thermal insulation thickness of 3” (7.5 cm) is desirable. If
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a more practical value of 0.038 W/m-K is used, the required thermal insulation

thickness must be at least 2” (≈5 cm).

6.2 Candidate solar still materials

Based on the above mentioned conditions and the relevant literature, the fol-

lowing materials are considered to be suitable for the components of the solar

still.

1. Cover (4 mm thick): Borosilicate glass, sodalime glass, silica glass.

2. Basin (gauge 26): stainless steel (SS), galvanized steel (GS), brass, copper,

granite (8 mm tile), sand stone (10 mm tile), and glass FRP (GFRP) 4 mm

thick (these are some of the smallest commercially available sizes).

3. Thermal insulation (R=1.5 m2-K/W): Expanded polystyrene (EPS), ex-

truded polystyrene (PS), polyurethane foam (pUF), glass wool (GW), rock

wool (RW), fiber glass (FG), wood fiber (WF), sheep wool (SW), and cork.

4. Body : Concrete, granite, sandstone, limestone, wood, and GFRP.

5. Sealant: silicone epoxy (0.5 kg/m2), glass putty (1 kg/m2), and EPDM

gasket (4 m/m2).
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Figure 6.3: Embodied energy and cost of candidate (a) cover, (b) Basin and body,

(c) thermal insulation and (d) sealant materials for constructing a 1 m2 solar still

Embodied energy (EE) is the energy consumed to produce a unit component,

and here it is scaled for a 1 m2 solar still. The embodied energy of the material,

and its corresponding cost for making a 1 m2 solar still is shown in Fig. 6.3.

It is expected that the total solar still embodied energy and the cost linearly

increase with the solar still area due to the increase in the system weight. The

material properties for the cover, basin and body, and sealants are taken from
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[126, 127, 128]. The corresponding embodied energy and cost of the thermal

insulation material are considered from [129, 130, 131, 132, 133, 134, 135, 136]. It

is observed that glass fiber reinforced plastic is commonly used in the literature,

despite being more energy intensive compared to other alternatives for basin and

solar still body materials.

6.2.1 Life cycle energy conversion

The net annual energy for desalination (Eout) is the product of total annual

distillate produced and the latent heat of energy. The life time energy conversion

of the system is thus the ratio of net life time energy output and the solar energy

input, as:

LCEC =
Eout ∗ n− EE
Qsolar ∗ n

(6.2)

where, n is the solar still life in years. The net CO2−eq emission mitigation (φCO2)

can be calculated as:

φCO2 = (Eout ∗ n− EE) ∗ EF (6.3)

Where, EF is the emission factor of natural gas mix, which is 0.0694 kg CO2−eq/MJ

[130]. An annual CO2 mitigation credit of $ 15/ton can be applied as emission

mitigation which is multiplied with φCO2 . This carbon credits cost is applied

only in the optimistic case, which will be discussed in the following sections. The
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energy payback time of the solar still can be calculated as:

EPBT =
Eout
EE

(6.4)

6.2.2 Results: Low-cost materials combination

All possible combinations from the candidate materials are investigated to

yield a low cost solar still and faster energy payback time where the results are

shown in Table 6.1.

Table 6.1: Resulting prices and EPBT for different solar still material combina-

tions

Cover Basin Thermal insulation Body/ frame Sealant Solar still cost ($/m2) EPBT (years)
Sodalime glass GS RW Concrete Silicone 32.55 0.25
Sodalime glass GS pUR Concrete Silicone 34.22 0.33
Sodalime glass GS RW Concrete putty 35.25 0.25
Sodalime glass GS EPS Concrete Silicone 36.01 0.31

Avoid combination below
Silica glass Granite tile Cork Granite Gasket 731.16 1.11

Borosilicate glass Granite tile FG Granite Gasket 742.18 1.01
Silica glass Granite tile FG Granite Gasket 762.36 1.05

It is observed that, with careful selection of materials, a solar still costing less

than $ 35/m2 can be deployed as a stand alone desalination unit, with an EPBT

of only 0.25 to 0.3 years. The cost of dispersions at 0.1% concentration with

biochar are expected to be inconsequential at around only $ 0.05-0.1/m2. The

reason is, commercial biochar could be purchased at only $ 150/ton. Even at a

high conservative cost of $ 1000/ton of crushed biochar, the amount of biochar

needed for 1 m2 solar still for the said concentration is only about 40 grams for
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40 liters of water (at 1 g/L concentration, as the biochar density is between 1500

kg/m3 to 2000 kg/m3), indicating the cost of biochar used in the solar still to

be only $ 0.04/m2. For the lowest annual freshwater productivity scenario, the

computed annual carbon credits for a system generating only 700 L/m2-yr (≈2

L/m2-day) is approximately $ 7.8/m2-yr. The last three rows shows possible

material combinations that result in a high system CAPEX, and thus must be

avoided.

6.3 Distillate production in California

Solar still distillate production is calculated from the theoretical heat and mass

transfer equations mentioned earlier in Chapter 5. The solar irradiation, ambient

temperature and wind velocity data are obtained from the Cooperative Institute

for Meteorological Satellite Studies (CMISS) public repository 2. These data are

derived from GOES-West satellite imagery using the Daytime Cloud Optical and

Microphysical Properties Algorithm (DCOMP) [137]. The annual mean daily

global irradiance in kW/m2/day, mean ambient temperature, and mean wind

velocity are shown in Fig. 6.4.

Figure 6.5(a) shows the estimated annual freshwater productivity rate in Cal-

ifornia for 96% plant availability. The productivity varies between 974.1 and

2ftp://ftp.ssec.wisc.edu/clavr/
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Figure 6.4: Annual mean (a) daily global irradiance, (b) ambient temperature and

(c) wind velocity in the state of California

1080.3 L/m2-year with a median productivity of 1012.5 L/m2-year (2.9 L/m2-

day). While, the freshwater productivity rate is predominantly dependant on the

incident solar irradiation, it can be observed from the Fig. 6.4 that the ambient

temperature and wind velocity influence the freshwater productivity rate, as also

noted by [138]. For example, in the south Californian region where the estimated

solar irradiation and ambient temperature are high, the low wind velocity in most

of the region does not cool the cover compared to the small region where the
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Figure 6.5: (a) Annual solar still productivity in California (b) Parametric sensi-

tivity of variables influencing solar still productivity

wind velocity is high, thereby, the freshwater productivity is most of the region is

low. Likewise, same inference can be drawn from the mountainous region (Eastern

side) of the state. The moderate temperatures and global irradiation along the

coastal regions of the state and wind speeds higher than 2 m/s could give rise to

a high temperature difference between the evaporating pool and the condensing

cover, thereby increasing the productivity. However, the total variation in an-

nual freshwater productivity is only 106.2 L/m2-year, hence, it can be estimated

that the freshwater production through the state is almost uniform. The mass of

water evaporating from the water pool is about 0.7%, with some seasonal varia-

tion. The parametric sensitivity influence of solar still productivity is analyzed for

several parameters. The solar still productivity is independent of material prop-
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erties except for cover absorptivity and reflectivity which seem to influence the

productivity the most. For 10% cover abosrptivity and reflectivity, the median

solar still productivity is estimated at around 950 L/m2-year, which is 6.2% lower

than the base case median estimate. A value of 3% increases freshwater median

productivity to 1038 L/m2-year, which is a gain of 2.1%. Smaller insulation thick-

ness of 3 cm increases heat losses, therefore the productivity drops to about 954

L/m2-year (by 5.77%), and since 6 cm thickness is about optimal, increasing the

insulation thickness to 9 cm has less influence on productivity gain, which is es-

timated to be 1035.3 L/m2-year (by 2.2% only). Depth has some small influence,

where increasing the depth to 45 mm reduces the productivity by only 1.03% to

1002 L/m2-year, and reducing the depth to 36 mm increases the productivity by

only 1.01% to 1022.8 L/m2-year. Feed water salinity has negligible influence in

solar still productivity.

6.4 Economic feasibility

Solar still freshwater production rate is a linear function of the basin area.

Among cost components, some vary linearly with area, but several cost variables

vary non-linearly with area or productivity.
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Figure 6.6: Solar still system configuration

The solar still desalination system configuration considered is shown in Fig.

6.6. The cost items are shown in Table 6.2. Cost variations of commercial items

of storage tanks and excavation cost vary with productivity, and so power law-

relationships are developed as a function of productivity (mannual). As a conser-

vative approach, a solar still cost of $ 40/m2 is considered.

Figure 6.7 shows the variation of LCOW with solar still size and productivity.

As expected, the LCOW decreases with increasing size, with a small 10 m2 solar

still yielding an LCOW of $ 59.47/m3 (for 900 L/m2-year) and $ 49.11 /m3 (for

1100 L/m2-year), decreasing to $ 7.71 /m3 (for 900 L/m2-year) and $ 6.36/m3 (for

1100 L/m2-year) for a 10000 m2 solar still. For a given area, the LCOW is low
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Table 6.2: System cost for solar still desalination plant for the chosen configuration

Cost element Cost Comments Reference
Saline feed pump $ 750 72 m3/h pumping rate, 1 year warranty [139]
Fresh water pump $ 150 3.6 m3/h pumping rate, 1 year warranty [140]
Feed storage tank $ 1610.1 ∗m0.6373

annual Power law as function of volume > 50 m3 [141] [142]
Distillate storage tank $ 1680.8 ∗m0.6085

annual Power law as function of volume < 50 m3 [141] [142]
Underground storage tank $ 411.78 ∗m0.8693

annual Power law as function of volume [141] [143]
Excavation $ 646.33 ∗m0.624

annual Power law as function of volume [141] [144]
Piping $ 1500 $ 1.5/ foot for CPVC pipe [145]

Labor maintenance $ 0.5/m2 value between $ 0.1-0.6/m2 [146]
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Figure 6.7: (a) Variation of LCOW with solar still size, (b) Variation of LCOW

and with annual productivity for 10000 m2 solar still

with higher productivity as shown in Fig. 6.7 (b). For a closer inspection, the cost

components are divided into average fixed cost (AFC) and average variable cost

(AVC). While it is expected that the average fixed cost remains constant, here the

value changes with productivity since some capital cost components do not linearly

vary with the solar still size but vary according to the cost correlation mentioned

above. For the nominal cost parameters of 5% discount rate and 25 years plant
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life, the LCOW is found to be higher than the marginal cost of water supplied

at 1.5% of mean household income (MHI) [147], but still within acceptable limit

reported by [146].

6.4.1 Parametric sensitivity of cost components

It has been previously shown that the cost of water produced by a solar still

is highly sensitive towards the capital cost, hence the need to verify the sensi-

tivity of cost variation of solar stills. In addition, discount rate, labor costs and

ancillary components are other cost components that feature in the cost of water

calculation, and so their influence must also be verified.

Figure 6.8 shows parametric sensitivity of cost components on the LCOW . As

noted, capital cost has the highest influence on the LCOW , with the cost of water

being as high as $ 13.06/m3 for a solar still costing $ 100/m2. The next highest

influence is from discount rate, which at a high value of 8%, the LCOW increases

from the base line value of $6.89/m3 to $ 8.47/m3. Availing carbon credits at $

15/ton of CO2-eq emissions abated, the LCOW in fact decreases to $ 5.21/m3.

The labor cost, ancillary components such as tanks and excavation, salvage value

have been found to have some influence on the cost of water.
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Figure 6.8: Parametric sensitivity analysis on cost of water

6.4.2 Results: cost of water produced

The feasibility of solar still is evaluated by determining the cost of water pro-

duced from the solar still system, for three cases. The optimistic case refers to

a feasible operational conditions with discount and other cost components men-

tioned in the left side values in Fig. 6.8, and a condition where the low-cost solar

absorber particles are replaced once every 10 years. This is a feasible option since
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these particles can be washed and reused. Similarly, the pessimistic scenario refers

to the condition with the values in the right side box in Fig. 6.8.

Figure 6.9: LCOW distribution map in California for (a) optimistic case; (b)

baseline case; and (c) pessimistic case

Figure 6.9 shows the map of LCOW distribution of solar still from the pro-

duction perspective for the three cases (a) optimistic, (b) baseline case and (c)

pessimistic case. In the base case, the LCOW varies between $ 6.47/m3 and

7.14/m3 with a median of $ 6.88/m3. In the optimistic case, which incorporates

realistic elements, the LCOW varies between $ 1.58/m3 and 1.74/m3, which is
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lower than the marginal cost of water supplied at 1.5% MHI, which is $ 1.98/m3.

The estimated median of cost of water produced is $ 1.68/m3. It is to be noted

that the LCOW presented here is for the desalination process only, and that the

other cost elements of feed water intake, pre-treatment and post-treatment are

not included. One advantage here is that there is no requirement for continuous

brine disposal since the solar still basin and the feed water storage tanks can hold

water for a long time until the plant maintenance. In the pessimistic scenario, the

LCOW varies between $ 22.62/m3 and 24.62/m3. This is still acceptable given

the size of freshwater production, while comparing with the other alternative de-

salination technologies.

6.4.3 Comparison to alternative PV-RO technology

In Chapter 5, it is shown that a solar still can produce water at costs lower than

or comparable to widely used photovoltaic-reverse osmosis (PV-RO) technology.

Similar comparison is performed here to assess the scope of using solar stills over

PV-RO, since a recent report suggests that PV-RO is the most preferable option

for desalination [148]. For this purpose, 1000 m2 solar PV area is considered

to produce freshwater at similar rates of production. In the cost assessment,

feed water storage tank, excavation and underground storage tank costs are not

considered.

120



Chapter 6. Environmental impacts and economic feasibility of solar stills

Figure 6.10: (a)Annual distillate productivity of a PV-RO system, (b) correspond-

ing LCOW from the PV-RO system

It is observed that, from the PV-RO system, annual distillate productivity has

a wide range from 578.53 to 1739.7 m3/year with a median of 1264.3 m3/year.

The reason for this wide range could be due to the PV performance being suscep-

tible to the ambient conditions, while another assumption is that the feed water

temperature is the same as that of the ambient temperature. If RO membrane

pressure does not reach the minimum threshold of 40 bar, permeate is not pro-

duced. It is observed that PV-RO has less productivity in northern Californian

region, but high productivity for the same size in southern Californian region.

Based on this productivity, the estimated LCOW for the PV-RO technology is

between $ 7.7/m3 and 23.1/m3 with a median value of $ 10.6/m3.

Figure 6.11 shows the direct cost of water produced from the solar still and the

PV-RO system. It is observed that the cost of water produced from the solar stills
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Figure 6.11: Comparison of cost of water between solar still and PVRO

is lower than the PV-RO system, while also being more uniform in comparison

the the PV-RO system. Along with the system capital cost that is significantly

different between the solar stills and the PV-RO system, the anticipated opera-

tional cost in the case of solar stills is only around $ 34,229/year as compared

to $ 95,642/year with PV-RO system. The main reasons for differences in the

operational costs is because of the expert operational supervision required by the

PV-RO as opposed to less maintenance oversight in the solar still system, and the
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annualized high replacement costs for the PV-RO system as already discussed in

Chapter 5. In addition to the cost of water produced, other cost elements such

as brine intake, brine and freshwater treatment costs, and brine disposal costs

are considered while calculating the final cost of water supplied. PV-RO system

requires continuous brine disposal which could potentially increase the final cost

of water supplied [149], while the solar still basin water replacement rate is sig-

nificantly lower until it’s salinity reaches a higher value of around 8%, at which

point, it was observed by Hoque et. al [5] that the solar still performance drops

by 7.28% at salinity higher than this.

6.5 Brine management strategy and cost

With make up water from the feed water tank compensating the evaporated

mass in the solar still, using salt concentration balance equations, it is estimated

that the solar still system takes about 2 weeks to reach a salinity levels close to

7.9% in the basin. As salt concentration approaches 8% in the solar still, the

saline water in the basin can be disposed of using brine management techniques.

With this limitation, the brine disposal for solar stills is expected to be carried

out for 25 times in a year, while for the PV-RO system, the brine disposal occurs

continuously.
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Several disposal methods have been identified in literature such as deep well

injection, sewer disposal, surface water disposal, evaporation pond or zero liquid

discharge [150]. Evaporation ponds and deep-well injection, and surface water

discharge might be economical methods for brine management, especially for small

plants [151]. Evaporation ponds are easy to construct and maintain, but they

require large areas, which might not be available at the plant locations.

Cost of brine management for both systems is determined using the appropri-

ate cost models proposed by Mickley [152]:

CAPep,unit = 5406 + 465tl + 1.07Cl + 0.931Cc + 217.5dh (6.5a)

CAPEXdw,inj = 1000(−288 + 145.9dt + 0.754D) (6.5b)

Where, CAPep,unit and CAPEXdw,inj are capital cost of setting of the evapora-

tion pond per unit area (in acres) and total capital cost of deep well injection.

tl, Cl, Cc and dh are the thickness of the clay liner, land cost, land clearing cost

and the dike height in the evaporation pond. While it is assumed that the land

is already available, the corresponding values for other parameters are: 50 mils (1

mils = 1/1000 of an inch) clay liner, land clearing cost of $ 1000/acre [153] and

dike height of 10 ft [152]. In the case of the deep well injection system, dt and D

are the diameter of the tube and well depth. It is recommended by Mickley [152]

that the recommended brine injection velocity be 3 m/s. A well depth of 1000
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ft was assumed here as a nominal value presented by [152]. Based on the above

equations, in the case of PV-RO system, if an evaporating pond is constructed to

accommodate brine for at least 1 year, then for a 10 ft dike height, total capital

costs are around $ 323,972 with only 0.5% of this cost required for operational

management. Likewise, for the solar still, the expected cost to setup the evapo-

ration pond is $ 257,272. The cost of brine disposal with this method is expected

to be around $ 1.44/m3 for both the systems. Literature shows the typical cost

of disposal observed with this practise is between $ 1.18and 10.04/m3 [150, 154].

On the other hand, in the case of deep-well injection, the calculated cost is $

9.1/m3 for solar stills and $ 7.2/m3 for PV-RO system. This is higher than what

is observed by [150]. While it is observed that the cost of disposal by evaporation

pond is significantly lower than the deep-well injection, it must be emphasized

that the land area required to have evaporation ponds is in the order of 8 to 10

acres (32000 to 40000 m2), thereby consuming significant land area. In the case

of brine disposal to the nearby water source, if a 12” pipe is used to transport

brine and operated by a pump of 75% efficiency, the disposal cost assuming $

0.15/kWh for electricity is expected to be $ 0.14/m3/km of brine transport dis-

tance for PV-RO system. In the case of a solar still, the same is expected to

be $ 0.1/m3/km of brine transport, excluding the piping costs. Ziolkowska and

Reyes noted that the cost of brine disposal could be between $ 0.33-0.66/m3 [150].
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The possibility of disposal to the open water sources and sewers could potentially

displace the natural eco-habitat of the accepting water source, hence, appropriate

permissions and licenses must be taken from the local water management body.

Zero liquid discharge with brine concentrator and crystallizer integrated with the

PV-RO system results in brine disposal cost of $ 14/m3 with the system costs

mentioned in [155]. In crystallizers, the brine is supersaturated with respect to

all salts, thereby the byproduct is only commercial grade salts [155]. From the

literature, cost of brine disposal for liquid discharge between $ 0.66 and 26.41/m3

is observed [150, 154].

With the analysis performed, it is seen that the cost of water produced from

the solar still is lower than that of the PV-RO system, while the cost brine dis-

posal for both the systems could be comparable to one another. Since the solar

still is a simple mechanical structure compared to the PV-RO system which has

complex parts, maintenance of the solar stills relatively much simpler than the

PV-RO system as they require continuous supervision. In an actual application

standpoint, with regards to the rural regions, it is easier to install, operate and

maintain a solar still system, while also being able to produce water at lower costs

for the community, thereby increasing access to freshwater in the rural regions.
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6.6 Highlights

• Solar still can be constructed from easily available materials such as soda-

lime glass, galvanized steel sheet, concrete at costs lower than $ 35/m2 with

thermal insulation such as rock wool, polyurethane foam, and expanded

polystyrene.

• Sensitivity analysis of operational parameters showed that cover absorptivity

and reflectivity assert the most influence on freshwater production rate at

around 6%.

• Uniform cost of freshwater production can be obtained from solar stills at a

nominal cost of $ 6.47/m3 to $ 7.14/m3, and with favorable incentives, the

cost of freshwater production can be only $ 1.58/m3 to 1.74/m3.

• In the context of actual application in the rural regions, it is much simpler

to install, operate and maintain the solar still, compared to the complex

PV-RO system which requires continuous expert supervision.
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Conclusions and

Recommendations

7.1 Conclusions

The photo-thermal effect of carbon dispersions such as biochar and activated

carbon in water is investigated with the purpose of enhancing water evaporation.

This effect can be utilized in solar stills used for increasing access to clean water

for small low-income communities.

Enhancement in photo-thermal conversion is analyzed according to Rayleigh

scattering, Mie scattering and geometric optics for the respective size of the par-

ticle dispersion. For small particles, optical constants have a significant influence
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on this phenomenon, and parameters such as particle size and dispersion concen-

tration can be chosen in order to maximize the performance. In most cases where

the refractive index (n) of carbon is around 1.5, and the absorption coefficient

(k) is between 0.01 and 0.1, the optimal dispersion concentration is around 0.1%

for full solar absorption, and high heat localization. When the volumetric heat

source term resulting from this photo-thermal conversion is included, water evap-

oration enhancement rate is observed. While, the evaporation efficiency of water

is nominally only around 10%, the evaporation efficiency increases to almost 43%

by adding these dispersion particles.

This increase in evaporation rate of water by particles is experimentally ob-

served by using two biochar particles, ponderosa pine (PP) and walnut shell (WS).

They are physico-chemically and optically characterized showing high carbon con-

tent forming stable dispersions in water and high solar absorptivity. Outdoor

experiments indicate that the total evaporation rate of water can be more than

1 kg/m2−h by using these particles, while, that for pure water, it is only 0.55

kg/m2−h.

Thermal performance and economic assessment of using these low-cost carbon

dispersions in solar stills for small scale community desalination is performed.

Two coastal locations were selected, Big sur (U.S.A) in northern hemisphere and

Chañaral (Chile) in southern hemisphere. The productivity, annual greenhouse
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gas emissions abated and cost of water produced for a 1000 m2 solar area is com-

puted and compared against photovoltaic seawater reverse osmosis (PV-SWRO)

and solar flat plate collector integrated humidification dehumidificaion (FPC-

HDH) system. It is observed that the productivity of the solar still is around

3.5 m3/day, while that of the other two systems is around 4.5-5 m3/day. How-

ever, the cost of water produced from the solar still is found to be lower than the

other two systems, since the capital investment (CAPEX) and the operational

expenditure (OPEX) incurred from the solar still is far lower than the other two

systems.

The analysis of solar stills has weak dependence on the materials as long as

suitable insulation and high cover transmittance are provided. Several materials

combination are investigated to yield a low-cost solar still such that the capital

cost of the system is very low, while also having faster payback time (low embod-

ied energy of the system). It is identified that several combinations of materials

can be used to yield a solar still costing < $ 35/m2 with almost no compromise

in productivity. The feasibility of producing a low-cost community scale freshwa-

ter (for about 100 households) is investigated by using a new solar still system,

including tanks and excavation for a 25 year plant life with a low-cost solar still.

A conservative estimate showed that the cost of water produced can be expected

to be between $ 6.47/m3 and 7.14/m3 in California, while, with feasible invest-
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ment options, the cost of water produced can be as low as $ 1.58/m3 to 1.74/m3.

It is expected that the total cost of water supplied is around the marginal cost

of water at 1.5% mean household income, which is around $ 1.98/m3 in Califor-

nia. Likewise, solar stills being simple to install, operate and maintain makes it

more advantageous over other competing desalination technologies for producing

low-cost freshwater in the rural regions. An overall life cycle greenhouse gas as-

sessment (LCA) for a particular low-cost system discussed in Appendix B showed

that the emissions for producing 1 m3 of water is only 1.33 kg CO2-eq/m
3, and is

competitive with a more matured PV-RO system, whose life cycle emissions are

around 1.53 kg CO2-eq/m
3.

With this analysis, it is suggested that solar stills, incorporating low-cost car-

bon dispersion particles as solar absorbers, can enhance the solar still productivity

and at a low cost.

7.2 Future recommendations

Several potential research gaps were identified during the course of this disser-

tation.

Under 1 sun (1000 W/m2) condition, the maximum theoretical evaporation

rate of water is around 1.4 kg/m2-h. Several researchers have developed efficient
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solar absorber materials with high absorptivity, and have reported evaporation

rates in the range of 1.1-1.3 kg/m2-h. Since this is almost the upper limit, the

focus should be on the cost of the solar absorber material, which is one of key

aspects of this work. The term low-cost black carbon is broadly used with some

references to locally available activated carbon, and biochar materials. These black

carbon materials are pyrolyzed biomass, and so the solar absorptivity depends on

the processing conditions. In addition to increasing the solar absorptivity content,

the hydrophilic and hydrophobic character must be suitably modified. When used

as floating strucutres, careful analysis should be performed with regards to the

water affinity and pore sizes, since some discrepancy is observed in the literature

with regards to whether hydrophilic character or hydrophobic character is better.

In dispersion form, which is the focus of this dissertation, appropriate pyrolysis

condition must be identified. It is observed that a very high temperature results

in a less stable carbon, but high temperature is needed for high solar absorptivity.

It is imperative to identify the optimal pyrolysis conditions for a given biomass

composition.

While analyzing the performance of a solar still, several assumptions were

made. One such aspect is with regards to treating the basin fluid as having

uniform temperature, rather than identifying temperature distribution along the

column for a given dispersion concentration. This assumption might be justified
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for shallow basins, but as water depth increases in the basin, temperature distribu-

tion exists due to heat conduction and so, a distinction in the governing equation

between the evaporating surface and the water mass must be applied. Further re-

search could be directed towards identifying appropriate convective heat and mass

transfer correlations. While several correlations exits, most of them are limited

by their zone of applicability such as temperature limits or dimensionless group

limitations. A general convective heat and mass transfer correlation accounting

for thermo-physical-optical properties of the solar still, geometrical configuration

and operational parameters must be developed.

The cost analysis in this work refers to the cost of water desalinated only

following the procedural guidelines laid by several researchers. However, the result

will underestimate the cost of actual system deployed, since water intake costs,

treatment costs and brine disposal costs must be included. Appropriate size and

cost correlations must be developed in that regard for different scales of water

productivity from liters per day (LPD) to million liters per day (MLD) and to

million cubic meters per day (MMD), and for different technologies like membrane

system or thermal system.

Along with the cost scenario, one of the important aspects of renewable inte-

grated desalination is that the system is environmentally friendly. Although the

process of desalination is greenhouse gas emissions free, it is important that the
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system has low overall emissions impact during its life cycle from cradle-to-grave.

Some preliminary results are presented in Appendix B, but a more concrete anal-

ysis must be carried out. Also, it is identified that the discussion is limited to

greenhouse gas emissions abatement at this point. However, considering the de-

salination system produces freshwater, it is important to account for the water

footprint also.

Similar to the black absorbers increasing the distillate productivity by 66% for

just 10 to 15% increase in system capital cost, if another improvement is identified,

the possible integration must be investigated for furthering the scope of solar stills

as low-cost desalination option.
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Appendix A

Convective heat and mass
transfer correlations of a solar
still

Several correlations have been proposed in the literature for predicting the
convective heat transfer rate and evaporation rate between the evaporating water
and the condensing cover, and thereby, the distillate production rate in a solar
still. Some of these correlations were empirically obtained, while some of them are
curve fitted from experiments or computational fluid dynamics (CFD) simulations.
Twelve convective heat transfer correlations, and twelve mass transfer correlations
were selected, and all possible combinations were investigated to determine the
best possible set of correlations to predict the data. Several experimental data
from different sources in the depth range of 1-10 cm were selected and compared.

A.1 Modeling criteria

For estimating distillate productivity of a solar still, several geometrical, am-
bient and operational inputs are to be provided. A representation of these inputs,
and the measured outputs is shown in Fig. A.1.

The inputs given to the solar still model are:

1. Geometrical information: solar still basin size (l, w), tilt (θ) of the cover,
distance between cover and basin (height of the solar still) (h) or aspect
ratio (AR = w

h
).

2. Ambient data: Solar irradiation (hourly average) (I), ambient temperature
(Tamb), wind velocity (u).
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Figure A.1: Representation of input data and measurable outputs for estimating
the distillate productivity of a solar still

3. Optical properties: Reflectivity (ρ) and absorptivity (α) of the cover (sub-
script: g) and basin (subscript: b).

4. Insulation: thickness (δins) and thermal conductivity (kins) if applicable.

The measurable outputs are the basin fluid temperature (Tw), cover temper-
ature (Tg), and distillate production rate (m). Distillate production rate is a
function of temperature difference between the basin fluid and the cover temper-
ature: as

m = f(∆T )n (A.1)

Where, n is typically close of 0.25 for low temperatures and n = 1/3 for higher
temperatures. For the experimental data chosen for comparing the correlations,
major emphasis is placed on the availability of above mentioned input parameters.
It can also be mentioned that, even if basin absorptivity is not mentioned, the
values are usually around 0.8-0.95. Also, the glass cover thickness is about 3-4 mm
and the cover absorptivity and reflectivity are assumed to be 5% each, as is widely
found in the literature [156, 157, 104, 158, 159]. Uniform cover temperature is
assumed in modeling because the contribution of the glass thermal conductivity
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in the overall heat transfer process is very low. For example, if a 4 mm glass with
a thermal conductivity of 0.8 W/m-K is used in the solar still, and at any given
time and a maximum of 10% of the solar energy at 1 sun (1 kW/m2) condition
is used in conducting heat through the glass, then the temperature difference
calculated between the outer glass surface and the inner glass surface is only
0.5◦C. The temperature difference between inner glass cover and the outer glass
cover observed in these studies typically vary between 0.2-1 ◦C. The governing
equations solved are already mentioned in Chapter 5.

A.2 Convective heat and mass transfer correla-

tions

Twelve convective heat transfer and twelve mass transfer correlations are cho-
sen. To reduce complexity and confusion, the nomenclature is assigned to each of
these correlations.

A.2.1 Convective heat transfer correlations

The methodology followed in convection heat transfer is by recognizing the use
of dimensionless numbers such as Rayleighs number (Ra), Grashoff number (Gr),
Prandtl number (Pr), and Nusselt number (Nu). The definitions and significance
of these dimensionless numbers is well reported in the literature. The convective
heat transfer coefficient is a direct function of Nusselt number, as hconv = Nukv

h
.

A modified temperature difference between the evaporating water pool and con-
densing cover is used to account for the influence of vapor difference concentration
[125], and is given as:

∆T ′ = (Tw − Tg) +
(Pw − Pg)TwK
MaPtot
Ma−Mw

− Pw
(A.2)

Where, P is the vapor pressure, Ma is the molar mass of dry air, and Mw is the
molar mass of water. Some of these correlations approximate the term MaPtot

Ma−Mw
to

268900 Pa. It is noted that the modified temperature is difference is dominated
by this vapor difference gradient term, especially at high temperature differences.
Often the Nusselt number is given as:

Ra = Gr ∗ Pr (A.3a)

Nu = C(Ra)n (A.3b)
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Where, C, n are constants, typically derived by experimental regression analysis.
The convective heat transfer correlations and their corresponding nomenclature
in this work is shown in Table A.1.

Table A.1: Convection heat transfer (hcwg) correlations

Nomenclature Correlation Source

C1 Nu = 0.075(Ra)1/3 ∗ [160]
C2 if 104 < Gr < 3.2 ∗ 105, then, C = 0.21, n = 0.25 [161]

else if 3.2 ∗ 105 < Gr < 107, then, C = 0.075, n = 1/3

C3 Nu = 0.26(Ra)(0.26) [162]
C4 if 104 < Gr < 2.51 ∗ 105, then, C = 0.21, n = 0.25 [163]

else if 2.51 ∗ 105 < Gr < 107, then, C = 0.1255, n = 1/3

C5 Nu = 1 + 1.44

[
1− 1708sin(1.8β)1.6

Racos(β)

][
1− 1708

Racos(β)

]+

+

[
(Racos(β)

5830
)1/3 − 1

]+

[164, 165]

C6 if 1.794 ∗ 106 < Gr < 5.724 ∗ 106, then, C = 0.0322, n = 0.414 [166]
C7 if 0.66 < AR < 8, & if 103 < Ra < 106, then,

Nu = 0.21AR0.09Ra0.25 [167]
C8 if 2.5 < AR < 5.5, & if 5 ∗ 106 < Ra < 5 ∗ 107, then,

Nu = 0.28AR−0.16Ra0.25 [168]

C9 hcwg = Ckm( gρmβ
µmαm

)

[
(Tw − Tg) + TwK(Pw−Pg)(Ma−Mw)

MaPtot−Pw(Ma−Mw)

]1/3

[169]

C10 C = 2.054, n = 0.166 [170]
C11 if 2 < AR < 10, & Ra > 3 ∗ 105, then, [171]

Nu = 0.075

[
Ra(1+cos(θ))

2

]1/3

C12 if 1.94 < AR < 2.67, & 107 < Ra < 1011, then,
Nu = 0.0462AR0.15Ra0.34 [172]

* Dry air properties
If the conditions are not satisfied, then default C1 correlation is adopted due to its wide usage.

A.2.2 Evaporation mass transfer coefficient

Evaporation mass transfer coefficient is estimated with an approach similar to
the convective heat transfer coefficient, by making use of mass transfer dimension-
less numbers, such as Grashoff number (Gr), Schmidt number (Sc) and Serwood
number (Sh). A similarity concept between the two can be applied as [173]:

Nu

Pr
=
Sh

Sc
(A.4)

The evaporation heat transfer coefficient considered here, and their respective
nomenclature is shown in Table A.2.
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Table A.2: Evaporation heat transfer (hcwg) correlations

Nomenclature Correlation Source

E1 hewg = 0.0163hcwg
Pw−Pg
Tw−Tg [160]

E2 hewg = 0.013hcwg
Pw−Pg
Tw−Tg [161]

E3 hewg = 0.008hcwg
Pw−Pg
Tw−Tg [103]

E4 hewg = hcwg
Mwhfg

2Ma,vCpv

[
1

Paw
+ 1

Pag

]
[174]

E5 hewg = hcwg
Mwhfg

MmixCp,mix

[
1

PLMTD

]
Le−2/3 [174]

E6 hewg = hfgα∆T ′ Pw−Pg
Tw−Tg [163]

E7 if 103 < Ra < 106, & 35◦C < Tw < 86◦C, then, [175]
hewg = hcwg

1
ρvCp,vLe−0.74

E8 hewg = hcwg
hfg
Cpa

Ra
Rv

Ptot
(Ptot−Pw)(Ptot−Pg)

[169]

E9 if 70◦C < Tw < 95◦C, then [176]
Sh = 0.2017Gr0.1072Sc4.9736

E10 Sh = 0.15

([
Gr +Grm

]
Sc

)1/3

[177]

E11 Sh = 0.26Ra0.306 [178]

E12 hewg = hcwg

(
4.23 ∗ 10−5 ∗ T 3

i + 2.5 ∗ 10−4 ∗ T 2
i + 0.058 ∗ Ti + 0.035

)
[168]

The basin fluid absorptivity depends on the depth of solar light penetration.
The attenuation estimated for 2cm, 4 cm, 6 cm, 8 cm and 10 cm is 0.3244, 0.3815,
0.4145, 0.4352 and 0.4508, respectively, based on the absorption coefficient of
water. The experimental data selected for the water depth between 1 cm and 10
cm used for validation of these correlations are shown in Table A.3.

Table A.3: Experimental data selected for validating correlations

depth (cm) source
1 [20, 179]
2 [157, 180]
4 [104, 181]
5 [182]
6 [104]
8 [104]
10 [104, 182]
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The comparative plots of experimental measurements (Expt) and their corre-
sponding predicted results (Pred) for the best correlations with the lowest mean

absolute error (MAE = |Pred−Expt|
Expt

× 100%) is shown in Table A.4.

Table A.4: Experimental vs predicted output measurements

Mass evaporation rate
(kg/m2-h)

Water temperature
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Glass temperature (Tg)
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Appendix B

Life cycle assessment of a
low-cost solar still

One of the key aspects of a solar stills is that they are environmentally friendly.
However, the production and end-of-life processing of a solar still systems have
associated environmental impacts. A cradle-to-grave life cycle assessment is car-
ried out for the solar still system, for the configuration shown in Fig. 6.6. The
low-cost solar still materials are: sodalime glass as condensing cover, galvanized
iron (steel) sheet (GS/GI sheet) as the basin, rock wool insulation and concrete
as the solar still body. It is shown in Table 6.1 that this combination yields a
low-cost solar still with energy payback time of only 0.25 years. Energy payback
time includes only the embodied energy of the solar still materials.

B.1 System boundary and methods

Figure B.1 shows the system boundary for the cradle-to-grave assessment of
the solar still desalination system. Along with solar still materials, impacts of
production of plywood overhead tank, polyethylene underground storage tank,
transportation impacts, and end-of-life impacts of components are included. In
addition, impacts of electricity consumption for water pumping and excavation
are considered, while pumps and piping are excluded with the assumption that
they are part of city water supply line and provided by the local administra-
tion. Greenhouse gas emissions (climate change) impacts measured in terms of
kg CO2-eq (indicator units) for these processes are characterized by EPA TRACI
2.1 methods and extracted from SimaPro software. The chosen functional unit
for normalizing the impacts is 1 m3 of freshwater produced.
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Figure B.1: Cradle-to-grave system boundary of solar still desalination system

B.2 Results and discussions

Figure B.2 shows the baseline life cycle impacts of the solar still system for
water productivity rate of 28.9 m3/day, which is the estimated median for the state
of California shown in Fig. 6.5 (a). It is observed that the total life cycle climate
change impacts are 1.33 kg CO2-eq/m

3 of freshwater produced. Manufacturing
of the glass and the basin contribute to almost 59% of the total impacts, and
the share of concrete transportation is 10% for both manufacturing to installation
site and installation site to end of life management combined. The other processes
contribute to the rest 31% of the impacts.

Parametric sensitivity analysis and Monte-Carlo uncertainty analysis are per-
formed and are shown in Fig. B.3. It is observed that plant life has the highest
influence in the total life cycle greenhouse gas emissions impacts from the system.
These solar still materials can be expected to last at least 40 years, and it is as-
sumed that the tanks can also last the said time. Since the process of desalination
is emission free, for a 40 year solar still system life, more aggregate freshwater is
produced, and thus, the life cycle greenhouse gas impacts are lower. The corre-
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Figure B.2: Baseline Life cycle impacts of solar still system
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Figure B.3: (a) Sensitivity analysis of parametric variation of the solar still system,
(b) Monte-Carlo uncertainty analysis of the solar still system
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sponding life cycle impacts are only 0.84 kg CO2-eq/m
3 of freshwater produced.

The highest impacts are associated with a plant life of 15 years, and is 2.20 kg
CO2-eq/m

3. The cumulative probability that the emissions are lower than 1 kg
CO2-eq/m

3 is 16.2%. Very few published works exist on life cycle impacts of desali-
nation for small scale productivity. A highly mature PV-RO system has impacts
of 1.53 kg CO2-eq/m

3 (0.9 kg CO2/m
3 + 2.10 g NOx/m

3, without accounting for
VOC’s and SOx emissions), and a solar thermal powered multi stage flash system
producing 45550 m3/day freshwater has total life cycle greenhouse gas emissions
impact of 13.84 kg CO2-eq/m

3 (10.91 kg CO2/m
3 + 9.82 g NOx/m

3) [183].
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