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Currently, the spent coffee grounds (SCGs) are considered an agro-industrial waste with a high oil content that can be used as a feedstock in biorefineries. Therefore, the oil extraction from SCGs is considered a main stage, that should be sustainable and low-cost. The aim of this study is to determine and compare the exergetic and economic indicators of two SCGs oil extraction processes: soxhlet extraction (SE) and ultrasound-assisted extraction (UAE). The exergoeconomic balances were performed by using Engineering Equation Solver (ESS). In addition, the effects of the solvent to SCGs ratio on the extraction yield and on the exergoeconomic indicators were studied. The analysis aided by computational tools determined that the exergy destruction rate of the SE process (14.3 kJ/kg) is higher compared with the UAE process (4.50 kJ/kg). Therefore, the oil specific cost is reduced to 86% when using UAE process. Furthermore, in the UAE process, the increase in the hexane to SCGs ratio from 5 mL/g to 20 mL/g, reduces the oil specific cost by 68.5 % and increases the oil extraction yield from 10.5 % to 18.8 %. Future studies should focus on the ultrasound-assisted extraction process scale-up.
Introduction
Nowadays, the SCGs oil is considered a potential feedstock for the production of bioproducts used in health and energy applications (Atabani et al., 2019). Previous studies have found useful chemical compounds, such as fatty acids and caffeine, derived from the SCGs oil. Moreover, the SCGs oil has exhibited antioxidant and enzyme inhibitory properties (Zengin et al., 2020). Given that the oil extraction from SCGs is considered a main stage in a biorefinery for SCGs valorization (Atabani et al., 2019), different aspects of the process should be studied such as oil extraction yield, sustainability and profitability.
The oil extraction processes such as soxhlet, ultrasound-assisted, microwave assisted and maceration that have been experimentally studied at lab scale (Le et al., 2017) highlight the disadvantage of using the maceration process because it is time consuming and has the lowest yield (11 %). In contrast, the soxhlet and microwave assisted process are the highest (between 15 % and 16 %). However, the microwave assisted process has a potential for oxidative damage to valuable lipid products (Mercer and Armenta, 2011), while the UAE method had minimum effects on extractable compounds (Stratakos and Koidis, 2015). Also, UAE method  has advantages over the other methods (Mwaurah et al., 2020), because it is had the lowest energy, water and solvent consumption. Therefore, the SE and the UAE processes are considered the most promising methods to extract oil on an industrial scale.
Furthermore, the experimental oil extraction yield from SCGs had been studied by using different solvents.  (Somnuk et al., 2017) analyzed the effect of using different solvents such as hexane, anhydrous ethanol, hydrous ethanol, and methanol. They concluded the highest oil extraction yield is achieved when using hexane (14.7 %) and the lowest oil yield (7.5 %) was achieved when using methanol. Also, they demonstrated that the recirculation of hexane is technically possible.
Exergy is considered an important indicator of the sustainability of a process (Lucia and Grisolia, 2019). Furthermore, the exergoeconomic analysis have been used for designing, improving and optimizing industrial operations to increase efficiency and reduce operating costs (Bejan and Tsatsaronis, 2021). Although there are some experimental studies of oil extraction from SCGs, these studies do not analyze the exergy destruction rate and the operating cost of the process. Thus, there has been no exergoeconomic analysis of the solvent oil extraction from SCGs or other biomass.

There have only been found exergy analysis performed to mechanical oil extraction processes from other biomasses in different biorefineries. The palm oil extraction by expeller pressing was analyzed by exergy methods (Julio et al., 2021) and it was determined that this stage has a lower exergetic efficiency (49.3 %) compared to other stages of the biorefinery process such as transesterification (89 %), and hydroprocessing (70%). Another study (Khounani et al., 2021) determined that the safflower oil from straw by using a two large oil screw expeller, destroyed the 2.6 % of the overall exergy destruction rate from the biorefinery  
In this context, this study aims to perform an exergoeconomic analysis of the SCGs oil ultrasound-assisted extraction (UAE) and the soxhlet extraction (SE) processes by using hexane as the solvent. In addition, the effect of the solvent to SCGs ratio on the oil UAE yield was studied experimentally. The exergetic, economic, and exergoeconomic balances were performed by using Engineering Equation Solver (ESS) software following the methodology from (Bejan and Tsatsaronis, 2021).

Materials and methods
2.1 Ultrasound-assisted oil extraction 
Spent coffee grounds (SCGs) were obtained from an instant coffee factory located in Guayaquil, Ecuador. SCGs were dried in an oven drying (UNB 500, Memmert, Germany) at 105 °C according to the ASTM E871 method.
Ultrasound-assisted extraction (UAE) was conducted using a 205 W Ultrasound homogenizer (Fisher Scientific) at room temperature (25 °C) according to a previous study (Le et al., 2017). The Hexane to SCGs ratios analyzed were 5:1, 10:1, 15:1 and 20:1. The oil extraction time was set at 30 minutes. At the end of the experimental run, the extract was filtered through 0.45 um membrane filter. The solvent recovery was carried out at 40 rpm, 40°C, and 300 mbar in a rotatory evaporator (BÜCHI 87 Rotavapor R-215). Extracted oil was weighed and oil yield was calculated using Eq. 1.
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2.2 Process description
2.2.1. Ultrasound-assisted oil extraction
The following UAE extraction process is based on the process conducted experimentally (described on section 2.1). Figure 1 a) shows the process flow diagram of the UAE process for the production of SCGs oil. SCGs (stream 1) and hexane (stream 2) enter the ultrasound-assisted extractor (EX-101) which consumes electricity from the national network. A solid-liquid mixture exits the EX-101 and enters the separator (F-101) to separate the defatted SCGs (stream 4) and the liquid mixture (stream 5). The liquid mixture of hexane and oil enters the evaporator (EV-101) which consumes electricity to evaporate hexane and to obtain the purified oil (stream 6). Finally, the solvent (stream 7) is condensed t by using chilled water (stream 8). 

2.2.2. Soxhlet oil extraction
Figure 1 b) shows the process flow diagram of the soxhlet extraction (SE) process for the production of SCGs oil based on the operation conditions of a previous study (Al-Hamamre et al., 2012; Le et al., 2017). SCGs (stream 1) and hexane (stream 2) enter the soxhlet extractor (EX-201) which consume electricity from the national network to reach the operating temperature of 69 ºC (boiling point of the solvent). The retention time in the extractor is 3 hours (Al-Hamamre et al., 2012; Le et al., 2017). From the EX-201 exits a liquid mixture (stream 5) and the defatted SCGs (stream 4). The liquid mixture of hexane and oil enters the evaporator (EV-201) which consumes electricity to evaporate hexane and to obtain the purified oil (stream 6). Finally, the solvent (stream 7) is condensed by using chilled water (stream 8).
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Figure 1: Process flow diagram of a) UAE and b) SE processes (Al-Hamamre et al., 2012; Le et al., 2017).
0. Exergoeconomic Analysis
The exergoeconomic analysis of the UAE and SE processes were developed by using equations Eq. (2) to Eq. (6) ) (Bejan and Tsatsaronis, 2021). Engineering Equations Solver (EES) software was used to determine the thermophysical properties for the calculation of enthalpy and entropy of each state. The enthalpy (h) and entropy (s) of SCGs were determined using the heat capacity taken from literature (Afolabi et al., 2020).
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The economic analysis was carried out following the Total Revenue Requirement method (Bejan and Tsatsaronis, 2021). The purchase equipment cost (PEC) for each component of the process was obtained from vendors based on the required characteristics and they are presented in the results section. The cost of cooling water, n-hexane and electricity are 0.72 $/m3 (International Water Services Interagua C. Ltda., 2019), 0.03 $/kg, and 0.0765 $/kWh (Macías Centeno et al., 2018), respectively. The economic parameters used for the economic analysis and specific cost of biomass were taken from a previous study by authors (Tinoco-Caicedo et al., 2021). 
The total operating cost rate () was determined as is shown in Eq. (7).
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where  and  are the cost rate associated with the capital investment and the cost rate for operation and maintenance, respectively.
Table 1 shows the fuel exergy (), product exergy (), fuel cost (), product cost (and auxiliary equations at component level and for the overall system.
Table 1: Equations used for the exergoeconomic analysis.
	Component 
	
	
	
	
	Auxiliary equation

	EX-101/EX-201
	
	
	
	
	


	EV-101/EV-201
	
	
	
	
	


	Overall system
	



Results and discussion
Experimental studies
Figure 2 a) shows the oil extraction yield for the UAE process at different Hexane to SCGs ratios. It is observed that the increase of the Hexane to SCGs ratio from 5 mL/g to 20 mL/g, increases the oil extraction yield from 10.5 % to 18.8 %. In addition, Figure b) shows the results from literature (Al-Hamamre et al., 2012; Le et al., 2017) for the SE process. It is observed that the highest yield is obtained at 15 mL/g (17 %) and at 20 mL/g the yield decreases, even less than the UAE process. It can be noted that the use of ultrasound waves is more efficient because they produce the destruction of cell membranes of the solid to extract the intracellular oil (Zhang and Wong, 2012). While the Soxhlet process used convection heating for the oil extraction.











Figure 2: The effect of Hexane to SCGs ratio on the oil yield for a) UAE and b) SE processes (Al-Hamamre et al., 2012; Le et al., 2017)
Exergoeconomic analysis
The exergoeconomic indicators for the UAE and SE processes at different Hexane to SCGs ratios were determined. Figure 3 shows the exergy destruction rate at a component level and the overall exergetic efficiency for each process. SE process presents higher exergy destruction rates than UAE process. Also, it is observed that the EV-201 (in the SE process) is the component with the highest exergy destruction rate. This is mainly because the exergy rate of the hexane oil mixture stream in the SE process is higher than in the UAE process, due to the high energy consumption. A previous study (Atabani et al., 2019) observed that the SE process is a time-consuming process with low productivity that requires a higher amount of solvent and energy. 
[bookmark: _GoBack]In addition, the exergetic efficiency tends to decrease when the solvent to SCGs ratio increases for both processes. It is evidenced that the UAE process has a higher exergetic efficiency and a lower exergy destruction rate than the SE process. This behavior could be attributed to the long period of time (2 to 3 hours) that is required for SE. In contrast, UAE process usually requires 30 minutes for the extraction, because longer periods of time could reduce the extraction yield (Mofijur et al., 2020).
   
Figure 3: The effect of Hexane to SCGs ratio on the exergy destruction rate and the exergetic efficiency for a) UAE and b) SE processes (Al-Hamamre et al., 2012; Le et al., 2017).  

Figure 4 shows the total investment cost for the UAE and SE processes. The total investment cost for the SE process is 28.4 % more expensive than the UAE process. This occurs mainly because the purchase equipment costs, and the energy consumption are higher in the SE process. 



Figure 4: The effect of Hexane to SCGs ratio on the total investment cost for the a) UAE and b) SE processes (Al-Hamamre et al., 2012; Le et al., 2017).

Figure 5 shows that, in all cases, the exergy destruction cost rate represents more than 88.5 % of the operating cost rate, this means that the predominant cost in oil extraction processes is related to the exergy destruction rate. Consequently, an increase of the exergetic efficiency of the extraction process would significantly reduce the operating costs. Furthermore, it can be observed that the operating cost rate of the SE process is 78.2 % more expensive than the UAE process. 













Figure 5: The effect of Hexane to SCGs ratio on the operational cost rate for the a) UAE and b) SE processes (Al-Hamamre et al., 2012; Le et al., 2017).

Although the operating costs are increased with the increment of the solvent to SCGs ratio, Table 2 shows that the oil specific cost is reduced up to 68.5% when using 20 mL/g. Furthermore, the oil specific cost is reduced up to 83.5% when UAE process is applied instead of SE process at 20 mL/g. The minimum oil specific cost obtained from SCGs was 0.12 $/kg.
Table 2: Results of the exergoeconomic analysis for UAE and SE processes 
	
	UAE
	SE

	Hexane to SCGs ratio  (mL/g)
	5
	10
	15
	20
	4.17
	10
	15
	20

	PEC ($)
	26000
	27500
	28500
	30000
	29500
	44500
	59500
	74500

	 ($/h)
	20.15
	22.73
	24.50
	28.43
	24.12
	26.00
	27.61
	39.89

	($/h) 
	5.04
	5.47
	5.90
	6.32
	7.17
	7.60
	8.03
	8.45

	Oil cost ($/kg)
	0.38
	0.21
	0.15
	0.12
	2.72
	1.28
	0.91
	0.73


Conclusions
This study aimed to perform an exergoeconomic analysis of two SCGs oil extraction processes: soxhlet extraction (SE) and ultrasound-assisted extraction (UAE) based on literature and experimental results, respectively. This research shows that the exergy destruction rate is reduced up to 79.7 % when UAE process is used instead of SE process. Also, the exergetic efficiency is increased by 5.5 % when the hexane to SCGs ratio increases from 5 mL/g to 20 mL/g in the UAE process. The operating cost can be reduced by 78.2 % when using UAE process. The specific oil cost is reduced from 0.38 $/kg to 0.12 $/kg when the solvent to SCGs ratio is increased and at 20 mL/g, the lowest specific oil cost is reached. Finally, the results suggest that UAE process has more benefits from the exergy and economic viewpoints. Future studies should focus on ultrasound-assisted extraction process scale-up.
Nomenclature
ci – unit exergy cost, $/kJ
 – cost rate associated with exergy, $/h
  – exergy rate, kJ/h
– physical exergy, kJ/kg
 – chemical exergy, kJ/kg
EP – electric power
h – specific enthalpy, kJ/kg
m – mass, kg
PEC – purchased equipment cost, $
R – ideal gas constant (kJ/kmol·K)
s – specific entropy, kJ/kg
To – dead state temperature 
xi – molar composition 
 – investment cost rate, $/h
η – exergetic efficiency, %
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a)

UAE	5	10	15	20	10.47	14.96	15.87	18.77	Hexane to SCGs ratio (mL/g)


Oil yield (%)



b)

SE (from literature)	4.17	10	15	20	15.18	16	17	16.600000000000001	Hexane to SCGs ratio (mL/g)


Oil yield (%)



b)

EV-201	4.17	10	15	20	8.5658555832004097	7.9169172194037509	7.7382794059140858	8.3548970872767576	EX-201	4.17	10	15	20	5.0420950086003398	5.3606877769811918	4.7582900024482138	5.9483303862805119	ɳ 	74.871531346351489	72.314049586776861	71.050359712230218	64.943890274314214	Hexane to SCGs ratio (mL/g)


ED (kJ/kg of product) 


ɳ  (%)




a)

EV-101	5	10	15	20	1.8371631716953907	1.2453809305655048	1.1141995882389881	0.93991520113733396	EX-101	5	10	15	20	1.7729986589442501	2.4105513646392072	3.5076653703819995	3.5566184116800086	ɳ 	78.77995410151037	79.93687445491922	75.978967168262656	74.697858780554157	Hexane to SCGs ratio (mL/g)


ED (kJ/kg of product)


ɳ  (%)




a)

Inversión	5	10	15	20	702744.23385079764	794220.66960166255	856795.46165556414	995974.21447441541	Hexane to SCGs ratio (mL/g)


Total investment cost ($)



b)

Inversión	4.17	10	15	20	821702.95076696621	899015.43506037001	956200.4854846755	1391152.6768661302	Hexane to SCGs ratio (mL/g)


Total investment cost ($)




a)

Zci	5	10	15	20	20.148450584624339	22.730462761143855	24.496701917692992	28.425151814577124	Zom	5	10	15	20	5.0441765229072146	5.4700855911838149	5.8959946594604169	6.3219037277370198	Cd	5	10	15	20	219.55850000000001	216.84299999999999	278.24199999999996	346.71855000000005	Hexane to SCGs ratio (mL/g)


Cost rate ($/h) 




b)

Zci	4.17	10	15	20	24.119000005592117	25.999612769608788	27.613721969393701	39.887726564899907	Zom	4.17	10	15	20	7.1737218642902221	7.5996309325668223	8.0255400008434243	8.4514490691200255	Cd	4.17	10	15	20	753.93000000000006	1003.6560000000001	1132.32	1708.3319999999999	Hexane to SCGs ratio (mL/g)


Cost rate ($/h) 
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