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Abstract

Higher demand for refrigeration systems adversely affects power grids, causing blackouts, increased

electricity expenses, and carbon emissions. However, using renewable energy thermally driven

refrigeration absorption systems is a promising alternative. The higher initial cost and dependency

on local weather, large space area for installation, and complex design are hurdles for the widespread

of these systems compared to the conventional vapor compression refrigeration systems. This study

uses response surface methodology to model a real vapor absorption machine (VAM) incorporated
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with the measured data. This VAM is the refrigeration machine of a solar-powered absorption cooling

system (SPACS) integrated with thermal energy storage for milk chilling installed and operated in

Jaipur (India). The weather data for 2022 is used in performance and productivity analysis in this

study. The results show that most of the summer months, the system can produce desired cooling to

take down the 1000 l of milk within 3 h as per standards ISO 5708 – 2 II. Moreover, the solar loop still

has sufficient driving heat to charge the 1000 l cold storage tank/another milk tank. During winter

days, it takes a significant system response time (SRT) to reach the thermal energy storage (TES) up to

95 °C; after that, VAM operates significantly underperforming due to weak solar insolation; even the

system cannot provide cooling to the first milking. The system produces monthly cooling energy of

up to 2356 kWh in summer and is reduced to 620 kWh during monsoon and winter. The maximum

value of the coefficient of performance (COP ) is achieved as 0.55 with an average of 0.41–0.46

during summer months whereas 0.34–0.39 during monsoon and winter days. The system's energy

efficiency ratio (EER) ranges from 2.5 to 6.5, with an overall average of 4.55, which is far better than

the conventional vapor compression refrigeration systems. The LCOE for the SPACS has been

estimated to be 0.177 $/kWh, whereas the simple payback period is 12.4 years, and the discounted

payback period is 19.7 years.
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Nomenclature

CC

construction/installation cost

CF

cash inflows

DPBP

discounted payback period

ET-CPC

evacuated tube with compound parabolic concentrator

LCOE

levelized cost of energy

RTD

resistance temperature detector

SPACS

solar-powered absorption cooling system

VAM
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SPBP

simple payback period

SRT

system response time

TES

thermal energy storage

TLCC

total life cycle cost

VAM

vapor absorption machine

Symbols and notations
A

area (m )

b

thickness (m)

C

specific heat (J/kg.K)

COP

coefficient of performance

D

tube diameter (m)

EER

energy efficiency ratio

f

friction factor

F

heat removal factor

I

solar insolation (W/m2)

L

length (m)

ṁ
mass flow rate (kg/s)

P

pressure (kPa)

2

p

VAM

R

T

f
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Q

useful heat gain (kW)

Q

cooling capacity (kW)

V

fluid velocity (m/s)

U

overall heat coefficient (W/m .K)

Greek letter
α

absorptivity

ρ

density

η

efficiency

µ

kinematic viscosity

k

thermal conductivity

τ

transmissivity

Subscript
amb

ambient

c

collector

CHW

chilled water

CW

cooling water

f

fluid

HW

hot water

in

useful

Cooling

L

2
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inlet

m

mean

N

number of years

n

number of collector in-series

out

outlet

r

discount rate

1. Introduction

Higher demand for refrigeration systems adversely affects power grids, causing blackouts, increased

electricity expenses, and carbon emissions. However, using renewable energy-driven refrigeration

absorption systems (SPACS) is a promising alternative [1]. The higher initial cost and dependency on

local weather, large space area for installation, and complex design are hurdles for the widespread of

these systems compared to the conventional vapor compression refrigeration systems [2]. It is

reported from the previous studies that optimizing the solar collectors, incorporating thermal energy

storage (TES), regular maintenance, and integration with appropriate applications can all help to

enhance the productivity and performance of solar absorption cooling systems [3], [4].

In recent times, substantial progress has been achieved in the technological evolution of SPACS.

Consequently, research emphasis has pivoted towards tackling the system-level complexities

associated with the proficient design and effective operational control of fully integrated setups. The

study on feasibility and viability needs to be done case by case as per the environmental conditions

in which the system is to be installed [5]. Along with this, the scale of operation also plays a decisive

role while examining the viability of SAPCS. It is reported that conventional vapor compression

systems are more likely to be adopted at residential scales (5–15 kW) than solar thermal cooling

systems, as the latter has a significantly higher first cost [6]. However, for large-scale applications

(>50 kW), the economies of scale can make larger solar thermal cooling units economically more

feasible [7].

The estimation of productivity and performance of SPACS are subjected to appropriate modelling of

its components and optimized thermal management practices. It has been noted that most of the

studies are based on the thermodynamic modelling of the absorption system [8], [9]. Khan et al. [10]

modeled the single-effect vapor absorption cooling system with TRNSYS. The thermodynamic

modeling of SPACS is based on the principles of thermodynamics, which are well-established and

have been extensively studied. The models consider the heat transfer mechanisms, mass transfer, and

thermodynamic properties of the working fluids. However, simplified assumptions, uncertainty of

data, and complex interactions are some of the reasons for the increasing gap between the actual and

estimated productivity and performance of SPACS. Solar absorption cooling systems are complex
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systems that involve various interactions between components, such as solar collectors, absorption

chillers, cooling towers, TES, and heat exchangers. These interactions can be challenging to model

accurately.

Furthermore, environmental conditions are dynamic, whereas most research uses nondynamic

operating conditions. Hence, there is a need to investigate the systems' performance and optimize

the SPACS for the subsystems sizing and their interactions using dynamic modelling. Many

researchers [11], [12] have used TRNSYS for the dynamic modelling of the SPACS as it allows to model

complex algorithms. Redpath et al. [13] reported that using TRNSYS is quite effective in analyzing

solar cooling systems for buildings and offices.

Ghaddar et al. [14] presented a a ration of 23.3 m  of solar collector area per ton of refrigeration with

the help of simulation for Beirut. Much research has been conducted to optimize absorption cooling

systems through the collector type and optimum storage tank capacity [15], [16]. Pintaldi et al. [17]

reviewed TES technologies for solar absorption cooling and control approaches. They highlighted the

significant difference in specific storage size when applied in different applications. Raut and

Kalamkar [18] reviewed latent TES and concluded that the integration of latent TES extends the

operation time of SPACS.

Assilzadeh et al. [19] conducted a study involving the modeling and dynamic simulation of a LiBr-H O

solar absorption cooling system employing evacuated tube solar collectors under the climatic

conditions of Malaysia. Their findings underscored the significance of a 0.8 m  hot storage tank

volume, 35 m  of evacuated tube solar collectors, and a 20° collector slope for ensuring continuous

operation and heightened efficiency in a 3.5 kW absorption system. In a different study, Bellos et al.

[20] carried out an exhaustive energy and economic analysis of a solar cooling system intended to

fulfill the cooling demands of a standard 100 m  building across diverse climates. The investigation

encompassed ten distinct locations, with each location undergoing financial optimization of the

system. The outcomes revealed that, among these locations, Abu Dhabi and Phoenix emerged as the

most viable choices due to their lower levelized cost of cooling. Altun and Kilic [21] reported an

economic feasibility analysis of a single-effect absorption cooling system under environmental

conditions in Turkey. They showed a minimum payback period of 10.7 years, whereas the minimum

LCOE was 0.128 €/kWh. Al-Ugla et al. [22] reported from their techno-economic analysis that solar

thermal cooling is more feasible than solar PV cooling, and feasibility further increases with the scale

of operation. They reported a payback period of 18 years for solar thermal cooling compared to

23 years for solar PV cooling. In another study, Sadi et al. [23] reported a payback period of 11 years

for SPACS to preserve agricultural products. Behzadi et al. [23] presented a techno-economic analysis

of a novel hybrid solar-biomass-fired absorption cooling system and reported an LCOE of

0.047$/kWh. Hence, for the system, economic feasibility is a lot on the scale of operation for SPACS,

whereas integration of a type of TES is essential for consistent operation.

Throughout the cited literature, no studies investigated the solar thermal driven vapor absorption

cooling system for milk chilling integrated with sensible thermal energy storage in hot climates.

Therefore, this study investigates the optimization and thermo-economic performance of a solar-

powered vapor absorption cooling system integrated with sensible thermal energy storage for milk

chilling installed and operated in Jaipur (India) through a dynamic model by using response surface

methodology to model a real vapor absorption machine (VAM) incorporated with the experimental
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data. The weather data for 2022 is used in performance and productivity analysis. Further, year-

round system analysis has been reported for the performance and productivity of individual

components and as a whole and the system economic analysis for the system's viability. The novelty

of this research lies in estimating the production and productivity of the solar absorption cooling

system by dynamic modelling using response surface methodology for actual weather year-round

data for Jaipur, India region.

2. System description

The real-size prototype and experimental setup for the solar-powered vapor absorption machine

(VAM) are installed on the front lawn of the Mechanical Engineering Department of MNIT, Jaipur,

India, having coordinates 26.86 N, 75.81 E. As shown in Fig. 1, the setup consists of ET-CPC solar field,

VAM, hot TES, cold TES, a plate heat exchanger, and a milk tank. The solar field has a total of 27 ET-

CPC modules. Each module is of a 3 m  aperture, constituting a total of 81 m  of aperture, which are

arranged in seven rows, each having four ET-CPCs in series except one row with three ET-CPCs. This

solar field is connected to the hot TES and VAM with the help of a piping system, constituting a solar

loop of the whole system. In this setup, a 17.5 kW single-effect LiBr-H O VAM is installed and driven

produced by the collected heat energy from ET-CPC solar field. The VAM rejects the absorption and

condensing heat to the environment through a wet cooling tower of 75 kW capacity. There are two

sensible TES (soft water as a storage medium) integrated with this system; one is hot TES (2.2 m ),

and another is cold TES (1.1 m ). The specifications of various components are detailed in Table 1. The

power consumption of various components has been shown in Table 2. The system was installed in

2018 and has been operating flawlessly ever since.

Download: Download high-res image (���KB)

Download: Download full-size image

Fig. 1. System layout of solar-powered absorption cooling system.
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Table 1. Technical description of the various components in the system.

Solar Collectors (ET-CPC) Model: CPC1518

No. of evacuated tubes nos. 18

Ƞ  as per EN12975 % 64.2

Heat transfer coefficient (a ) (W/m K) 0.89

Temperature-dependent transfer

Coefficient (a )

(W/m K ) 0.001

Grid dimensions m 2.08 × 1.64 × 0.10

Aperture area m 3.41

Max Working pressure bar 10

Max Stagnation temperature °C 250

Glass Tube Material Borosilicate Glass 3.3

Selective Absorber coating material Aluminium Nitride

Glass Tube (Φ /Φ /Wall

Thickness/Tube length)

mm 47/37/1.6/1500

Make Linuo-Ritter

Vapor Absorption Machine (Thermax-5G1AH)

Rated Cooling Capacity kW 17.5

Dimensions m 1.67 × 1.4 × 1.820

CHW

Loop

Inlet Temperature °C 7

Outlet Temperature °C 3.5

Flow rate m /hr 4.3

CW Loop Inlet Temperature °C 32

Outlet Temperature °C 36.2

Flow rate m /hr 10

HW

Loop

Inlet Temperature °C 90

Outlet Temperature °C 85

Flow rate m /hr 5.5

Hot TES Tank

Sr. No. Description Unit Technical Specification

0

1
2

2

2 2

2

Ext Int

3

3
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Diameter m 1

Length m 3.5

Volume m 2.2

Material Mild Steel

Insulation Material Fiberglass of 50 mm thickness cladded with

aluminum sheet

Orientation Horizontal

Cold TES Tank

Diameter m 1

Length m 1.75

Volume m 1.1

Material Mild Steel

Insulation Material Nitrile poly-urethane rubber of 25 mm thickness

Orientation Horizontal

Cooling Tower

Capacity kW 75

Tower Dimensions mm 900 × 900 x 2400

Fan Diameter mm 550

Table 2. Electricity Consumption of the Solar-Powered VAM System.

1 Vapor Absorption Machine 17.5 kW Cooling Capacity 0.4 kW

1 Hot Water Pump Discharge 5.4 m /hr, 25 m head 0.750 kW

2 Cooling Water Pump Discharge10.0 m /hr, 25 m head 0.750 kW

3 Chilled Water Pump Discharge 4.3 m /hr, 25 m head 0.375 kW

4 Cooling Tower 75 kW 0.375 kW

5 Auxiliaries – 0.4 kW

Total Power Consumption 3.05 kW

Sr. No. Description Unit Technical Specification

3

3

Sr. No. Description Technical Specifications Power Consumption
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3
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The uncertainties or errors associated with different measured parameters and computed values fall

within standard limits. When determining useful heat gain, the uncertainty is within ±0.59%, and for

instantaneous energy efficiency, it's within ±1.16%. Additionally, the estimated measurement error for

temperature stands at ±0.3%, while useful heat gain, cooling capacity, COP, and instantaneous energy

efficiency have uncertainties of around ±2.5% to ±2.7%.

3. Methodology

The useful energy and energetic efficiency of ET-CPC have been estimated using Eqs (1), (2), (3), (4),

(5), (6). The detailed analysis, along with validation of the productivity and .performance of ET-CPC

solar field, has already been presented by authors in [24]. Further, the modelling of VAM is done with

the help of RSM using experimental data collected from machine operations under different modes

of operation. The model and its terms have been checked for significance using the analysis of

variance (ANOVA) and p-value. After that, regression equations for COP and cooling capacity were

validated with the help of experimental data. The regression equations are then used along with the

modeled equations of various components. A dynamic approach has been used instead of static

information flow, as weather conditions are more likely to change every moment. In this research, a

time step of 5 min has been used to analyze the weather data and energy measures, refer Fig. 2 for

detailed methodology.

Download: Download high-res image (���KB)

Download: Download full-size image

Fig. 2. Methodology with the flow of information for RSM and techno-economic analysis.

Further, different productivity and performance measures have been estimated on a monthly basis by

recognizing typical days, as discussed earlier. The environment of Jaipur, Rajasthan, is primarily hot,
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and there are nearly 300 to 330 days of clear sunshine in a year. In this study, 320 days have been

recorded as clear sunshine. In the latter section, economic analysis has also been reported using the

expected system life, operation, and maintenance, and the cooling effect produced. The levelized cost

of energy (LCOE) has been identified as an economic parameter along with a simple and discounted

payback period.

4. Analysis of performance and productivity of various components of SPACS

4.1. ET-CPC solar field

a. Useful energy gain

The outlet temperature (T ) from the n  ET-CPCs coupled in series is estimated as presented in

[25]. The values of various parameters have been taken from Table 3.

Where,

Table 3. Design parameters of ET-CPC field.

R 0.0185 m

C 4186 J/kg.K

L 1500 mm

A 0.1734 m

A 0.2215 m

A 81 m

n 12

τ 0.95

α 0.80

ρ 997 kg/m

0.0357 (kg/s)

U 2.1 W/m .K

h 100 W/m .K

out,n
th

(1)

(2)

(3)

Parameter Value

f

r
2

2

c,total
2

f
3

tpa
2

pf
2
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F' 0.986

Useful heat gain for the n-tube connected in series is given as:

Where,

b. Instantaneous energetic efficiency

Instantaneous energetic efficiency (η ) is given as

4.2. Vapor absorption Machine (VAM)

a. Cooling capacity

The cooling capacity of VAM is calculated using the temperature gradient of chilled water using the

following relation:

b. Heat supplied to the generator

The Heat supplied to the generator of VAM is estimated with the help of temperature drop across the

hot water line with the help of the given equation:

c. Thermal coefficient of performance of VAM

The performance of VAM is characterized thermodynamically as the thermal coefficient of

performance (COP) of VAM and calculated as per the given relation:

d. Energy efficiency ratio (EER)

The energy efficiency ratio (EER) is an essential performance measure of cooling systems of this

nature and is calculated as follows

Parameter Value

(4)

(5)

(6)

Instantaneous

(7)

(8)

(9)

(10)
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Where E , E , E  and E  are electricity consumed by VAM, pumps, data loggers, and

compressors for hot water control valve openings and cooling towers, respectively.

4.3. Thermal energy storage

The thermal energy storage (TES) performance is shown as charging/discharging efficiency and

calculated below [26], [27]. A transient heat transfer model has been used in this study [28].

Where

k , the thermal conductivity of insulation is 0.040 W/m-K, and A  is 11.46 m ,

b is the thickness of insulation which is 50 mm,

and

a. Charging efficiency

b. Discharge efficiency

4.4. Economic analysis

a. Levelized cost of energy

The levelized cost of energy (LCOE) is the cost of a unit of energy ($/kWh) produced or saved by the

system over its entire useful life, discounted back to the present value. The LCOE for the system has a

useful life of N years can be calculated using the relation [29]:

The capital cost of the components of SPACS has been shown in Table 11, whereas the operating cost,

as calculated above, comes for the electrical power consumed per year. The system's useful life is

25 years, and a discount rate (r) of 6% has been taken [24].

(11)

VAM Pumps Aux, CT

(12)

insulation TES
2

(13)

(14)

(17)
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b. Payback period

There are two approaches to calculating payback periods: a simple payback period (SPBP) which

takes no account of the discount rate, and a discounted payback period (DPBP). The calculation for

both PBPs has shown here:

5. RSM design for VAM modelling

Response surface methodology (RSM) stands as a extensively employed mathematical and statistical

approach for both modeling and dissecting processes wherein the desired outcome is influenced by

multiple variables. The primary aim of employing this technique revolves around the optimization of

these [30]. In this study, a VAM is modelled to know the effect of hot water (T ), chilled water

(T ), and cooling water (T ) inlet temperatures on the cooling capacity (Q ) and COP.

Therefore, this study uses a central composite design (CCD) to build a second-order model for

response variables. As per the characteristics of the VAM, the range of THW_in is kept between 95

and 70 °C whereas TCHW_in ranges between 4 and 24 °C and TCW_in ranges from 21 to 32 °C.

Furthermore, this will improve the performance of the VAM by controlling these variables at an

optimum level. As can be seen from Table 4, a total of 20 runs have been managed for this RSM

design with three independent variables and two responses, as discussed earlier. These responses

have been achieved from many test runs of VAM under various environmental conditions to nullify

the impact of extraneous variables.

Table 4. Design of response surface methodology.

8 1 90 20 32 17 0.5

6 2 90 8 32 10 0.3

13 3 82.5 14 21 17 0.5

15 4 82.5 14 28 14 0.39

17 5 82.5 14 28 15 0.42

9 6 70 14 28 8 0.25

1 7 75 8 24 10 0.28

2 8 90 8 24 14 0.45

3 9 75 20 24 15 0.4

14 10 82.5 14 35 12 0.38

7 11 75 20 32 13 0.33

(18)

(19)

HW_in

CHW_in CW_in Cooling

Std Run A: THW_in B: TCHW_in C: TCW_in R : Q1 Cooling R : COP2 VAM
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11 12 82.5 4 28 6 0.2

4 13 90 20 24 19 0.55

20 14 82.5 14 28 15 0.43

12 15 82.5 24 28 17 0.5

5 16 75 8 32 8 0.2

16 17 82.5 14 28 14.5 0.41

19 18 82.5 14 28 14 0.38

10 19 95 14 28 18 0.53

18 20 82.5 14 28 15 0.42

This can be noted that the value of R  for the Quadratic model is 0.9664, which shows that data

points are very close to the model, refer to Table 5. The alignment between the Predicted R  of 0.7720

and the Adjusted R  of 0.9361 is notable, given the disparity being below 0.2. Please refer to Table 6

for details. Adequate Precision gauges the signal-to-noise ratio, where a ratio surpassing 4 is

preferable. With a signal-to-noise ratio of 20.74, a satisfactory signal is evident. You can find the

normal plot of residuals for Q  illustrated in Fig. 3.

Table 5. Model selection of Cooling Capacity of VAM.

Linear < 0.0001 0.0105 0.8664 0.8161

2FI 0.8577 0.0063 0.8447 0.7315

Quadratic 0.0074 0.0391 0.9361 0.7720 Suggested

Cubic 0.0256 0.2639 0.9792 0.6439 Aliased

Table 6. Details of Model opted for cooling capacity of VAM.

Mean 13.57 Adjusted R 0.9361

C.V. % 6.64 Predicted R 0.7720

Adeq Precision 20.7413

Std Run A: THW_in B: TCHW_in C: TCW_in R : Q1 Cooling R : COP2 VAM

2

2

2

cooling

Source Sequential p-value Lack of Fit p-value Adjusted R2 Predicted R2

Std. Dev. 0.9017 R2 0.9664

2

2
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Fig. 3. Normal plot of residuals for Q

The model F-value of 31.91, as presented in Table 7, signifies the model's significance. The likelihood

of such a substantial F-value arising solely from noise is a mere 0.01%. However, P-values below

0.0500 indicate the importance of model terms. In this scenario, model terms A, B, C, and B2 are

deemed significant. Conversely, values exceeding 0.1000 suggest insignificance of model terms. If

numerous insignificant model terms are present (excluding those necessary for hierarchy), reducing

the model might enhance its performance. Conversely, a lack of fit F-value of 5.73 highlights the

significance of the lack of fit. The probability of a lack of fit F-value of this magnitude arising from

noise is only 3.91%. Fig. 4 shows the effect of variables on Q .

Table 7. ANOVA for cooling capacity of VAM.

Model 233.51 9 25.95 31.91 < 0.0001 significant

A-T 69.54 1 69.54 85.54 < 0.0001

B-T 120.10 1 120.10 147.73 < 0.0001

cooling.

Cooling

(15)

Source Sum of Squares df Mean Square F-value p-value

HW_in

CHW_in
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C-T 24.81 1 24.81 30.52 0.0003

AB 0.5000 1 0.5000 0.6150 0.4511

AC 0.5000 1 0.5000 0.6150 0.4511

BC 0.5000 1 0.5000 0.6150 0.4511

A 3.41 1 3.41 4.20 0.0676

B 14.91 1 14.91 18.34 0.0016

C 0.0273 1 0.0273 0.0336 0.8581

Residual 8.13 10 0.8130

Lack of Fit 6.92 5 1.38 5.73 0.0391 significant

Pure Error 1.21 5 0.2417

Cor Total 241.64 19
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Fig. 4. Effect of variables T , T  and T  on Q

The value of R  for the Quadratic model of the COP for VAM is 0.9725, which shows the closeness of

the data points to the model. The Predicted R  of 0.8402 shows reasonable concurrence with the

Adjusted R  of 0.9478, given that the disparity is below 0.2 (Table 8, Table 9). With a signal-to-noise

ratio of 23.280, the model displays a satisfactory signal level, surpassing the threshold of 4.

Consequently, this model is suitable for guiding exploration within the design space. The normal plot

for residuals of COP  is shown in Fig. 5.

Table 8. Model selection for COP of VAM.

Linear < 0.0001 0.0674 0.8919 0.8460

2FI 0.6500 0.0493 0.8822 0.7611

Source Sum of Squares df Mean Square F-value p-value

CW_in

2

2

2

HW_in CHW_in CW_in Cooling.

2

2

2

VAM

Source Sequential p-value Lack of Fit p-value Adjusted R2 Predicted R2
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Quadratic 0.0106 0.2342 0.9478 0.8402 Suggested

Cubic 0.2872 0.1966 0.9580 0.0875 Aliased

Table 9. Details of Model selected for COP of VAM.

Mean 0.3910 Adjusted R 0.9478

C.V. % 6.07 Predicted R 0.8402

Adeq Precision 23.2801
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Fig. 5. Normal plot of residuals for COP of VAM.

The Model F-value of 39.30 indicates the significance of the model. The probability of encountering

such a large F-value purely due to noise is only 0.01% (Table 10). However, model terms are

considered significant when their P-values are below 0.0500. In this instance, model terms A, B, C,

and B  demonstrate significance. Conversely, values exceeding 0.1000 suggest insignificance for the

model terms. With a Lack of Fit F-value of 1.99, the insignificance of the lack of fit is evident

compared to the pure error. The occurrence of such a high lack of fit F-value due to noise is

Source Sequential p-value Lack of Fit p-value Adjusted R2 Predicted R2

Std. Dev. 0.0237 R2 0.9725

2

2

2
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approximately 23.42%. A lack of significant lack of fit is favorable. Fig. 6 shows the effect of variables

on output COP .

Table 10. ANOVA for COP of VAM.

Model 0.1991 9 0.0221 39.30 < 0.0001 significant

A-HW_in 0.0824 1 0.0824 146.37 < 0.0001

B-CHW_in 0.0814 1 0.0814 144.62 < 0.0001

C-CW_in 0.0223 1 0.0223 39.60 < 0.0001

AB 0.0003 1 0.0003 0.5550 0.4734

AC 0.0003 1 0.0003 0.5550 0.4734

BC 0.0015 1 0.0015 2.69 0.1323

A 0.0014 1 0.0014 2.51 0.1445

B 0.0083 1 0.0083 14.79 0.0032

C 0.0009 1 0.0009 1.55 0.2415

Residual 0.0056 10 0.0006

Lack of Fit 0.0037 5 0.0007 1.99 0.2342 not significant

Pure Error 0.0019 5 0.0004

Cor Total 0.2048 19
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Fig. 6. Effect of T , T  and T  on COP for VAM.

VAM

(16)

Source Sum of Squares df Mean Square F-value p-value

2

2

2

HW_in CHW_in CW_in
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The model validation is done with the other set of experimental results from VAM, as shown in Fig. 7.

It has been noted that the difference between actual and predicted values of cooling capacity and

COP  are in good agreement as the maximum deviation is 7–8%. Further, the standard error bars

have been used to show the standard deviation and margin errors. Thus, the model can be

recommended for further estimation of the productivity and performance of SPACS.
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Fig. 7. Representation of predicted values through RSM and actual values of cooling capacity and COP.

6. Results and discussions

6.1. Energy analysis of SPACS

The performance and productivity analysis of solar-powered single-effect vapor absorption cooling

systems for milk chilling applications have been reported in this section using RSM. As shown in Fig.

8, solar insolation intensity and ambient temperature are reported for typical days of various months

at Jaipur (India) for the year 2022. The typical days are identified, showing the characteristics data of

solar insolation, ambient temperature, and relative humidity for a month without undesired

disturbances due to any incident. It can be noted from this Figure that winter months from

November to February range between 500 and 650 W/m2 of solar insolation, whereas ambient

temperature is below 25 °C whereas summer months from March to July have maximum solar

insolation up to 900 W/m  along with the extended duration of sunshine hours. The monsoon,

autumn, and pre-winter months have relatively low solar insolation values; monsoon days are

challenging to have sunshine for many weeks. Month-wise analysis has been shown in Fig. 9 for ET-

CPC solar field operation reporting useful energy gain and efficiency when operated on a typical

operational day of the month. As discussed earlier, the first hot TES is charged from 70 °C to 95 °C,

called system response time (SRT), and shown its values for various months in Fig. 10. The SRT is a

direct function of the solar insolation and thermal capacity of TES. Hence, it can be noted that during

summer months with the higher solar insolation, SRT has been much less than in monsoon, winter,

and pre-winter months. The lowest SRT is recorded in May, whereas up to 1.93 times SRT was

reported during winter months.

VAM

2
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Fig. 8. Month-wise variations of solar insolation and ambient temperature.
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Fig. 9. Month-wise useful energy gain and energetic efficiency of ET-CPC solar field.
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Fig. 10. System response time taken to charge hot TES (70 to 95 °C) during a regular operational day.
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The typical operation of SPACS for summer and winter days are reported in Fig. 11, Fig. 12. It can be

reported that there is a sufficient harnessing of solar energy by the ET-CPC solar field, which is

quickly charging the TES, and further, VAM has been started and operated for extended working

hours. The VAM consumes a significant amount of driving heat energy at the beginning due to its

thermal inertia, resulting in a higher temperature drop. Once its generator temperature reaches

around 60 °C, VAM starts producing a cooling effect unless the hot water supply temperature falls

below 70 °C or reaches above 95 °C. As shown in Fig. 11, summer days are capable of producing

desired cooling effect to cool down the 1000 l of milk within 3 h as per standards ISO 5708 – 2 II, and

nevertheless, sufficient heat is still there with the solar loop to charge the 1000 l cold storage

tank/another milk tank. During winter days, it takes a significant SRT to reach the TES up to 95 °C, and

after that, VAM operates significantly underperforming due to weak solar insolation; even the SPACS

cannot provide first milking, as shown in Fig. 12.
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Fig. 11. Operation of solar-powered VAM integrated with hot TES during a typical summer day (May

26, 2022).
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Fig. 12. Performance of solar-powered VAM integrated with Hot TES during a typical winter day (Dec

22, 2022).

The role of TES is significantly dominating here to provide thermal balance to meet the demand for

VAM generator. The TES has two potential roles here in SPACS; one is as a buffer of energy, and

another is to moderate the heat supply between the solar loop and the VAM generator. The TES plays

a critical role in reducing the mismatch between supply and demand to improve consistency in

performance and productivity. The energy share from/to the TES is reported in Fig. 13.
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Fig. 13. Energy share contribution month-wise between hot thermal energy storage and evacuated

tube CPC to operate VAM.
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The performance and productivity of VAM are shown here in Fig. 14. Additionally, electrical power

consumption is reported to distinguish the operational time for VAM while producing a cooling

effect and, at the later stage, estimation of EER. It is clear from the figure that the months Jan, Dec,

and Aug cannot provide the required cooling even the first milking of 1000 l, whereas the rest of the

months are comfortably meeting the first milking cooling requirement and charging the cold TES.

The VAM operates satisfactorily to its cooling capacity ranging between 11 and 19 kW and the COP

ranging maximum up to 0.55. The EER for the VAM operations ranges from 2.5 to 6.5 with an overall

average of 4.55 which is far better than the conventional VCR systems. The temperature variations

inside the hot TES and milk tank have been reported in Fig. 15, showing significantly better

performance for summer months compared to the winter, autumn, and pre-winter months. During

summer months, VAM can further be operated even if no sunshine is there as hot TES is charged

enough at the end of the day to offer sufficient Heat to the generator of VAM to produce more cooling

effect for one more cycle of milk chilling.
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Fig. 14. Month-wise productivity, performance, and electrical power consumption of solar absorption

cooling system for milk chilling application.
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Fig. 15. Month-wise variations of the temperature inside hot thermal energy storage and milk

chilling.

A comparison of monthly useful energy gain from ET-CPC solar field, Heat utilized by the generator of

VAM, produced monthly cooling, and electrical power consumption has been reported in Fig. 16

along with the average monthly COP. It is clear from the comparison that the summer months

(March-July) are excellent in both productivity and performance from SPACS. The maximum cooling
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produced is 2356 kWh during July, with an average COP of 0.41. However, April and May report the

highest average COP of 0.46. Further, a comparison of EER is shown with the COP and cooling

capacity of SPACS in Fig. 17. In this Figure, the bubble's location is shown relative to the COP with a

cooling effect, whereas the bubble size shows the value of EER at the point. It is clear from the Figure

that bubble accumulation ranges between 11 and 19 kW, with COP ranging between 0.3 and 0.55 with

an average EER of 4.55.

Download: Download high-res image (���KB)

Download: Download full-size image

Fig. 16. Monthly energy productivity, performance, and electrical power consumption of solar

absorption cooling system.
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Fig. 17. EER and COP  effect with produced cooling effect.

6.2. Economic analysis

The economic analysis encompasses a range of economic metrics, including metrics like SPBP, DPBP,

and LCOE. This analysis is conducted using the TLCC, which factors in components like initial capital

expenditure, ongoing operational and maintenance costs, interest rates, and projected escalations in

electricity prices over time. The SPBP calculated for SPACS is 12.4 years, whereas DPBP is 19.7 years.

The results shown in Table 11 indicated that the LCOE for the SPACS has been estimated as 0.177

$/kWh, whereas the simple payback period is 12.4 years, and the discounted payback period is

19.7 years. The reference case is taken as decentralized milk bulk coolers (with an average COP

ranging from 2.7 to 3.0) run by diesel generators, which typically operate with a LCOE of 0.3 to

0.5$/kWh [31], [32]. Therefore the cost of milk cooling is taken as 0.19$/kWh. Moreover, the

involvement of latent TES increases the system's first cost but may help lower the LCOE and PBP

further.

Table 11. Capital cost of the system components.

1 Vapor Absorption System 17.5 kW $ 18,692 M/s Thermax Ltd, Pune

2 Solar CPC Collectors 81 m $ 10,000 M/s Linuo Ritter Inc.

3 Hot Storage Tank 2.2 m $ 1538 M/s Pratap Energy, Jaipur

4 Cold Storage Tank 1.1 m $ 1184 M/s Pratap Energy, Jaipur

5 Milk Heat Exchanger 25 plates $ 538 M/s Kelvion, Pune

6 Pumps 4 nos. $ 384 M/s Kirloskar, Pune

7 Cooling Tower 70 kW $ 350 M/s Sumangal, Jaipur

8 Interconnecting Piping & Valves $ 1538 M/s Gupta Pipe, Jaipur

9 Milk Storage Tank 1 m $ 1754 M/s Star Engg., Meerut

Total $ 35,978

7. Conclusions and future scope of work

The dynamic modelling of a solar-powered single-effect LiBr-H O system integrated with sensible

thermal energy storage is reported in this study, in which VAM is modelled using RSM with the help

of experimental data. Further, a year-round month-wise analysis of productivity and performance of

SPACS for milk chilling applications has been reported along with economic analysis. Following

conclusions are drawn from this study.

VAM

S No Component Capacity Unit Cost Remarks

2

3

3

3

2
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a. The model F-value of 31.91 and 39.30 for cooling capacity and COP  respectively,

shows that RSM modelling is significant with an appropriate value of R .

b. The performance of individual components, such as ET-CPC solar field, VAM, etc., have

been investigated, and it was found that individual components are working as per

the specifications as ET-CPC energetic efficiency is recorded with a maximum value of

54%. In contrast, the COP of VAM is recorded as 0.55.

c. The operation of SPACS in summer months is relatively consistent and performed

with high productivity and performance with maximum values of 2356 kWh and 0.55

monthly, respectively, whereas a maximum average monthly COP is recorded as 0.46.

d. The operation of SPACS during pre-winter and monsoon months is inconsistent and

underperforming due to significant variations in weather conditions and low solar

insolation. The cooling produced during these months is as low as 620 kWh monthly,

whereas the maximum average COP recorded is 0.34.

e. The EER for the SPACS operations ranges from 2.5 to 6.5 with an overall average of

4.55 which is far better than the conventional VCR systems.

f. The LCOE for the SPACS has been estimated as 0.177 $/kWh, whereas the simple

payback period is 12.4 years, and the discounted payback period is 19.7 years.

The integration of SPACS with latent TES may be further helpful to increase the operational time of

VAM and reduce the SRT of TES, which may result in better thermal management. However, the

involvement of latent TES contributes to increasing the system's first cost but may be useful in

further lowering the LCOE and PBP. The control strategies are very impactful while operating SPACS;

therefore, optimum control strategies must be studied to improve productivity and performance.
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