Experimental investigation and thermo-economic performance analysis of silver energized Phase change material integrated solar still system

Supplementary File
Nomenclature
	Abbreviations
	

	A
	Absorber area

	Ag
	Silver

	AgePCM
	Silver-enhanced phase change materials

	BIS
	Bureau of Indian Standards

	CNT
	Carbon nanotubes

	CPL
	Cost per liter

	CuO
	Copper oxide

	DSC
	Differential scanning calorimetry

	EDX
	Energy dispersive X-ray

	FOM
	Figure of merit

	FTIR
	Fourier transform infrared

	HT
	Heat transfer

	Lh
	Latent heat of vaporization of water

	NePCM
	Nano-enhanced phase change materials

	PBP
	Payback period

	PCM
	Phase change materials

	Ph
	Distillate yield

	SEM
	Scanning electron microscope

	SS
	Solar still

	SS-C
	Conventional solar still

	SS-AgePCM
	Silver-enhanced phase change material integrated solar still

	Ta
	Ambient temperature

	Tw
	Water temperature

	TES
	Thermal energy storage

	TDS
	Total dissolved solids

	TEMPOS
	Thermal properties analyzer

	TGA
	Thermogravimetric analyzer

	TiO2
	Titanium dioxide

	UV-Vis
	Ultraviolet visible spectrum

	η
	Efficiency 

	₹
	Indian rupee

	α
	Optical absorbance

	k
	Thermal conductivity

	Composite codes
	

	AgePCM-1
	0.2 wt% Ag dispersed phase change material

	AgePCM-2
	0.4 wt% Ag dispersed phase change material

	AgePCM-3
	0.6 wt% Ag dispersed phase change material

	AgePCM-4
	0.8 wt% Ag dispersed phase change material

	AgePCM-5
	1.0 wt% Ag dispersed phase change material





Appendix 1 Properties of materials used in experiment
	Properties
	Unit
	PCM
	Nanoparticle

	
	
	Paraffin (A49)
	Silver

	Thermal conductivity
	W m-1K-1
	0.22
	429

	Latent heat
	J g-1
	155
	-

	Melting temperature
	°C
	46
	960

	Density
	Kg m-3
	910
	10500

	Particle size
	nm
	
	20

	color
	-
	white
	black

	Purity
	%
	>98
	>98




Appendix 2 Instruments used for Characterization
[bookmark: _Hlk178292818]Various sensitive instruments were employed to characterize the synthesized low-temperature binary nanoparticle-dispersed phase change materials. The morphology of the nanoparticle, PCM and its Ag dispersed composites was examined with a Scanning Electron Microscope (Hitachi SU3800) equipped with a Deben Cool stage. Additionally, the EDX equipment (Oxford Instrument EDX) was attached with the SEM instrument to analyze the elemental analysis of PCM and Ag dispersed PCM. To identify the specific chemical functional groups present in the PCM and composite PCM, an Fourier Transform Infrared Spectroscopy (FT-IR) was performed using a Perkin Elmer instrument, USA. The FT-IR analysis was conducted over a wavenumber range of 400 cm⁻¹ to 4000 cm⁻¹, corresponding to the mid-infrared spectrum wavelength range of 2.5 μm to 25 μm, with a precision and spectral resolution of 0.01 cm⁻¹. The optical absorbance and transmittance of the prepared samples within the solar spectrum were analyzed using UV-Vis spectroscopy (Model: LAMBDA 750, Perkin Elmer, USA). Measurements were carried out across a wavelength range of 200 nm to 1400 nm under normal room temperature conditions. The melting temperature and latent heat characteristics of the PCM composite were evaluated using Differential Scanning Calorimetry (DSC) with the DSC 3500 Sirius instrument from NETZSCH. The DSC analysis included melting and cooling curves within a temperature range of 10°C to 75°C under a nitrogen environment, with a heating rate of 5°C/min. This analysis aimed to determine the enthalpy changes during heating and cooling, the phase transition temperatures, and the degree of supercooling. The measurement of thermal conductivity is conducted using a thermal properties analyzer (TEMPOS) instrument equipped with a twin needle SH-3 probe, at a standard room temperature of 25°C. Additionally, a commercially fabricated thermal cycler was used to evaluate the thermal resistance of the composite PCMs. The thermal cycler maintained precise temperature control cycles within a range of 30°C to 70°C, ensuring a stable environment. The system's controller employs sensors to regulate both the heating and cooling cycles. When the system reaches the desired temperature, it automatically shuts off the heating unit and activates the cooling unit, maintaining the temperature within the specified range. The Peltier cooling system, equipped with sensors, ensures that the sample temperature remains above 30°C and below 70°C. Temperature data is effortlessly acquired by a PicoLog device, which the software then converts into numerical values, simplifying the measurement process.

Appendix 3 Uncertainty analysis
The thermophysical characteristics of NePCM were determined using various analytical techniques, including TEMPOS, DSC, TGA, UV-Vis, DSC, among others. The reliability of the measurements performed was characterized by uncertainty analysis. Table summarises the uncertainty of the instruments used. Uncertainty analysis also reflects the dispersion and accuracy of values measured. The uncertainties involved in direct measurement fall under random errors, named Class A errors, and measured by statistical methods. System errors are handled by non-statistical methods and are grouped as Class B errors. The uncertainty associated with the measurements can be estimated by the following equations and the associated terms. The standard uncertainty of measured results is calculated according to specific rules for the A and B uncertainty of a particular measured value, which is commonly referred to as the combined uncertainty.
The mathematical expression gives class A uncertainty
[bookmark: _Hlk53852994][image: A picture containing text, clock
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n = total number of readings,  [image: ] = average value of the measurement
Under the same conditions, when x is measured multiple times, the standard uncertainty u(x) of x to be measured is obtained by combining the class A uncertainty uA(x) and the instrument uncertainty uB2(x).

                                                                
When a single measurement is performed on a physical quantity, the type B uncertainty is composed of the measurement uncertainty uB1(x) and the instrument uncertainty uB2(x). The measurement uncertainty uB1(x) is caused by estimation, generally 1/10 or 1/5 of the scale value of the instrument. Instrument uncertainty uB2(x) is determined by the characteristics of the instrument itself and is defined as:


where the confidence factor c can generally be processed with a uniform distribution, is the value assigned for c is[image: ]. For a single measurement x, the standard uncertainty u(x) of x to be measured is obtained by combining the class A uncertainty uB1(x) and the instrument uncertainty uB2(x).


Table T1: The uncertainty associated with measuring devices
	Equipment
	Parameter measured
	Uncertainty

	TEMPOS
	Thermal conductivity
	10%

	TGA
	Thermal stability
	2%

	Digital scanning calorimetry
	Latent heat
	2%

	Digital scanning calorimetry
	Melting point
	0.2°C

	Thermogravimetric Analyzer
	Decomposition Temperature
	1°C

	UV-Vis
	Absorptivity/ Transmissivity
	0.1%

	Microbalance
	Mass of nano fillers
	0.0001 g

	Weighing Balance
	Mass of PCM
	0.001 g

	Thermocouple
	Temperature
	± 0.3 °C

	Pyranometer
	Solar irradiation
	± 3-5 W m-2




Appendix 4 Functional group and vibrational mode of A49 PCM and AgePCM composite
	Wavenumber
	Functional group
	Vibration mode
	Intensity

	720 cm-1
	-(CH2)n- -HC=CH-
	Rocking deformation bending
	Weak

	1378 cm-1
	 -CH3
	Symmetric bending
	Weak

	1464 cm-1
	-CH2 and -CH3
	Deformation bending
	Medium

	2850 cm-1
	-CH2
	Symmetric stretching
	Small

	2914 cm-1
	-CH3
	Symmetric stretching
	Strong




Appendix 5 Heat storage and release of PCM and AgePCM
	Sample name
	Heat storage
	Heat release

	
	Tmo (°C) (Onset)
	∆Hm Latent heat (J g-1)
	Tm (°C) Melting temperature
	Tfo (°C) (Onset)
	∆Hf Latent heat (J g-1)
	Tf  (°C) Freezing temperature

	PCM
	12.83
	156.1
	49.89
	47.93
	153.5
	43.68

	AgePCM-1
	12.82
	164.0
	49.82
	47.43
	159.5
	43.18

	AgePCM-2
	12.14
	176.4
	49.32
	47.93
	173.2
	43.93

	AgePCM-3
	14.0
	170.0
	49.83
	47.63
	158.1
	44.18

	AgePCM-4
	12.32
	165.5
	49.83
	47.69
	162.2
	43.68

	AgePCM-5
	12.57
	164.7
	50.0
	47.43
	162.8
	43.18
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Appendix 6 Heat storage and release of PCM and AgePCM after 500 cycles
	Sample name
	Heat storage
	Heat release

	
	Tmo (°C) (Onset)
	∆Hm Latent heat (J g-1)
	Tm (°C) Melting temperature
	Tfo (°C) (Onset)
	∆Hf 
Latent heat (J g-1)
	Tf  (°C) Solidification temperature

	PCM-0 cy
	12.83
	156.1
	49.89
	47.93
	153.5
	43.68

	AgePCM-0 cy
	12.32
	165.5
	49.83
	47.69
	162.2
	43.68

	PCM-500 cy
	12.1
	155
	49.89
	47.74
	153.4
	43.24

	AgePCM-500 cy
	14.92
	165.1
	49.42
	47.68
	162.2
	44.18
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