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Abstract

:

Exergy analysis is one of the useful decision-support tools in assessing the environmental impact related to waste emissions from fossil fuel. This paper proposes a thermodynamic-based design to estimate the exergy quantity and losses during the recycling of copper and other valuable metals out of electronic waste (e-waste) through a secondary copper recycling process. The losses related to recycling, as well as the quality losses linked to metal and oxide dust, can be used as an index of the resource loss and the effectiveness of the selected recycling route. Process-based results are presented for the emission exergy of the major equipment used, which are namely a reduction furnace, an oxidation furnace, and fire-refining, electrorefining, and precious metal-refining (PMR) processes for two scenarios (secondary copper recycling with 50% and 30% waste printed circuit boards in the feed). The results of the work reveal that increasing the percentage of waste printed circuit boards (PCBs) in the feed will lead to an increase in the exergy emission of CO2. The variation of the exergy loss for all of the process units involved in the e-waste treatment process illustrated that the oxidation stage is the key contributor to exergy loss, followed by reduction and fire refining. The results also suggest that a fundamental variation of the emission refining through a secondary copper recycling process is necessary for e-waste treatment.
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1. Introduction


According to Rosen and Dincer [1], “exergy is an ultimate extent of work that can be generated by a flow of heat or work when it reaches an equilibrium state with an environment chosen as a reference”. The exergy value is able to disclose the possibility of designing more efficient processes as well as identifying the threshold by which we can achieve these designs. The design process mainly consists of identifying and decreasing the sources of inefficiency in existing systems. The most systematic approach as recommended by many researchers (e.g., Szargut et al. [2]; Edgerton [3]) is to relate the second thermodynamic law and the impact on the environment by means of an exergy analysis. Several researchers used exergy as a thermodynamic-based index to describe the environmental impact assessment [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19]. In 1997, Rosen and Dincer indicated that the concept of exergy could be reflected as a gauge for measuring the possible environmental impact of waste emissions [1], and the same researchers further emphasized that exergy characterized in the emission of the waste specifies how far the emissions and the considered reference environment are from each other. This also signifies the possible environmental variation as stated by Rosen and Dincer [20].



Other researchers such as Ji et al. [18] carried out a comprehensive comparison between standard chemical exergy and the environmental pollutant cost for contaminants that affect the atmosphere. Based on their research, the emitted exergy to the environment is considered to be an unrestrained dynamic likelihood for environmental destruction. Daniel and Rosen [9] studied the emissions generated in the lifespans of 13 automobile fuels and mapped the significance of the waste emissions exergy, which signified their imbalance with the environment.



Considering the greenhouse gas emissions as an environmental impact indicator, Rosen et al. indicated that exergy incorporated in emissions has a relatively high effect on the availability of the net exergy in the ecological community that corresponded to earth solar radiation [7,8]. In the meantime, Ayres et al. [4] and Ayres et al. [21] recognized that exergy might be utilized to combine waste, and waste exergy is a delegation for their possible damage to the ecosystem. These researchers recommended that the ratio between the exergy embedded in the waste outputs and that contained in the input is the most relevant benchmark for quantifying pollution.



There have also been various assessments regarding exergy losses throughout recycling that suggest improving the resource efficiency of several production processes. For example, Amini et al. [22] carried out an exergy analysis to quantify the material quality loss and efficiency of the resources in some recycling streams. They demonstrated the influence of contaminations on the amount of exergy of recovered materials. A light passenger car was chosen, and the weights of the various materials dropped in a crusher, which then went through the recycling steps and to the landfill, were calculated. The results of their study demonstrated that the amount of chemical exergy drops during various recycling steps. Some other researchers such as Ignatenko et al. [23] evaluated the efficiency of recycling systems with the aid of exergy. The same authors, Castro et al. [24] and Ignatenko et al. [23], assessed a number of automobile recycling schemes using their proposed optimization methods for recycling. Their results illustrated the ability of exergy analysis to support the evaluation of recycling systems. Castro et al. [24] proposed a technique to measure the amount of exergy and exergy losses of metal solutions through the process of recovery and recycling. They showed that the losses coming from recycling can be utilized as a key to the material quality loss and the effectiveness of the recovery system. The copper smelting industry has unique features that make the pyrometallurgical process of electronic wastes feasible [25], as it is categorized by a high consumption of thermal energy largely due to the high temperatures needed to produce cathode copper (99% pure copper) and precious metals, which are the main purpose of the electronic waste (e-waste) treatment process. The use of electronic wastes, especially waste printed circuit boards (PCBs), in the copper smelting industry has a drawback. Their disadvantage relates to containing a big amount of plastic and polymer parts; burning them releases a considerable amount of off-gas to the environment. The current work offers an exergy-based inclusive analysis of the waste gas, metal, and oxide dusts emissions from non-renewable fuel e-waste and metal scrape consumption in a proposed e-waste treatment through a pyrometallurgical process, which is the black copper smelting or secondary copper recycling process. The exergy balance of the proposed metallurgical route has been calculated using the HSC Chemistry Sim 8.0 thermochemical package (HSC and HSC Sim 7.1&8). The element distribution in the different inflow was predicted by the equilibrium calculations implemented by using the Fact-Sage 6.4 thermochemical package [26]. Two metal recovery scenarios (secondary copper recycling with 50% and 30% waste PCBs) have been evaluated using the developed thermodynamic model.




2. Exergy Perception


Measurement of Exergy Losses in Recycling Process


According to research done by Amini et al. [22], throughout the recycling of metallurgic metals, resource depletion is specifically estimated by multiplying the amount of chemical exergy of the depleted materials by the mass of that material. It is well known that the losses that occurred during the smelting process are due to contaminants. These contaminants melt in the liquefied metal and escalate the alloy entropy (i.e., enhancing the system disturbance); therefore, this kind of material or resource depletion is called the quality loss of the process, which is matched to an exergy loss due to the growth of the chaos within the process. Based on work done by Amini et al. [22], the losses happening during the pyrometallurgical process can be estimated by Equation (1):


ΔEchemical = (Echemical)input − (Echemical)output



(1)







In that, input and output denote the state of the process before and after the pyrometallurgical process, respectively. There is another kind of the loss that is linked to the amount of metals that were depleted during slag generation.



The conception of exergetic efficiency is considered as the origin of exergy balance for the input and output streams, in which I is called the irreversibility [27]:


Einput = Eoutput + I



(2)







The effectiveness of exergy is the described as the percentage of the total output exergy to the total input exergy throughout the recovering process [27]:


η = Eoutput/Einput



(3)







Therefore, Eoutput is the amount of chemical exergy of the ultimate product, where Einput is estimated as the summation of the chemical and accumulative exergy of the materials coming into the process. In all real processes, the entropy enhances every time that an actual process happens. This phenomenon could be interpreted as a drop of the obtainable exergy in the process. The preferred condition is that the exergy depletion is as insignificant as possible after each stage of the process.



For assessing the exergy losses during recycling, the focus has been drawn to the metal and oxide dust, as these are the most relevant materials considered in metal recycling out of e-waste, from an environmental point of view. When metals recycling is carried out, various types of emissions occur. These emissions can be divided into off-gas, exhaust, and metal and oxide dust. The losses during the metal recovery through the pyrometallurgical route can be schematized in Figure 1.



The first set of losses linked to the depleted materials that ended up in the landfill after the precious metal refining stage, and depleted in the slag through the pyrometallurgical process (reduction and oxidation stages). These losses lead to a decline in the amount of exergy in the process that is attributable to the material depletion from the process. The second set of losses arises during the refining stage (fire refining and electrorefining). When pollutants exist, they melt in the liquid metal that causes the disorder of the process to grow. Thus, the second sets of losses occur as the quality losses of the process and are correlated with an exergy loss caused by the rise of the disorder within the process. It is worthwhile to mention that this kind of loss is not related to the loss of mass. The procedure that has been considered in this study is based on the modeled process, and cannot be considered a common procedure. It is of interest to note that the exergies that are measured for a particular process-dependent model are applicable merely to that specific method. They cannot logically be correlated with exergies obtained from other process-dependent models. Finding the exergy of emitted wastes is the main focus of this paper; hence, the analysis employed here can detect the phases of the modeled process where the irreversibility or exergy destruction is the highest.





3. Process Description


To assess the influence of waste emission on the exergy content of recycled metals, an electronic waste processing plant set in a secondary copper smelting route has been considered in this study. The overall annual input materials of 110,000 t has been chosen and fed into the plant. Secondary copper is defined as the copper that has not originated from primary sources. So, copper from any sort of metallurgical, industrial, or consumer waste is considered secondary copper. Smelting in a shaft furnace is the most common pyrometallurgical route for refining copper from secondary sources [28,29,30,31]. However, the process has its own issues, such as impurities associated with the secondary materials. Whereas the impurities related to primary smelting are much lower, this leads to different flowsheet design and operating conditions. In fact, the pyrometallurgical process of secondary copper requires a higher level of impurity removal, together with special operations for gas cleaning in order to snatch toxic emissions such as dioxins, halogens, NOx, etc.



The first stage of e-waste treatment using the secondary copper route is smelting the feed materials under reducing conditions. This usually happens in a reduction furnace, and the product is called black copper. Black copper is a middle product that then can be further purified by oxidizing to get a clean copper product. A mixture of copper scrap, electronic waste, slag, and coke is injected into the reduction furnace. Then, air is blown through the top nozzles, which causes the coke to burn and hence the smelting of other feed materials under reducing conditions.



The black copper that is generated during the reduction process has a large amount of impurities. Throughout the reduction stage, most of the impurities are separated from the liquid copper, while some of them are cut apart in the vapor phase (dust of metals and their oxides).



In the course of the oxidation of black copper, which could be conducted in the same furnace or in a separate oxidation furnace, some impurities such as Zn, Sn, and Pb are taken out in the form of their oxides into the slag phase. Some other impurities such as lead and tin are separated into the gas phase and go through the filtering plant [25,32].



In the fire-refining stage, air and a reducing agent such as hydrocarbon are added to remove any existing oxides. Air is blown through molten metals, which oxidizes the existing impurities and removes sulfur. In the fourth stage, which is the electrorefining stage, an electrolytic cell is employed to separate copper and other metals. Copper in the impure anode is dissolved into an electrolyte to be coated onto a copper cathode. Insoluble impurities such as precious metals (Ag and Au), platinum group metals, Sn, and some minor amount of Pb in the electrolyte dropped to the bottom of the cell as anode slimes. The rest of the impure elements such as As, Bi, Ni, Sb, and Fe are partly or completely solvable in the electrolyte. The main reason for that is that the electrochemical properties of these elements are much lower than those of the electrorefining cell voltage; hence, they are not able to plate onto the cell.



The next stage of the process is electrowinning. In the electrowinning process, impure copper is leached in a copper sulfate solution and pure copper is recovered as a result. Lead or titanium acts as an insoluble anode, and steel or copper sheets act as cathodes in the process. The removal of copper from the solution and its deposition on the cathode happens in a similar way as in the electrorefining process. In the precious metal refining stage, valuable metals (mainly Au and Ag) are separated into the slime or sludge and deposited on the electrolytic cell. Then, the sludge goes through additional processing to recover Ag and Au. The flow sheet of the selected e-waste processing route is shown in Figure 2.




4. Methodology


The exergy balance of the proposed e-waste treatment process via secondary copper smelting has been developed using the HSC Chemistry thermochemical package (HSC and HSC Sim 7.1&8). This includes the modeling of black copper smelting process while adding 50% and 30% electronic waste of the total feed throughput into the feed.



The Fact-Sage 6.4 thermochemical package [26] is employed to calculate different element distribution in various flow streams (off gas, slag, and molten metal). The thermodynamic databases that exist in Fact-Sage include two main types, namely the compound database and the solution database. The compound database is employed for pure substance, and the solution database covered the adjusted parameters for solutions such as molten metals, liquid, or solid oxide solutions.



The Equilib module of Fact-Sage, which uses the Gibbs free-energy minimization algorithm, is used in this study. The Gibbs energy minimization mode calculates all of the equilibrium phase transitions by employing the user-defined compound and solution data. This module is basically utilized to predict the thermodynamically stable phases under assumed settings.



Databases


FactSage contains various optimized databanks for alloys solutions, slags, and liquid and solid oxides. In this study, optimized databases for copper-rich multicomponent systems and their correlated slags are adopted. “FactPS” and “FToxid” are used for the pure substances and liquid/solid oxide solutions, respectively. The FScopp database is used for copper alloy, and the SGnobl database used for evaluating the thermodynamic parameters of noble metals and their alloys.



The multicomponent structures consist of Cao, SiO2, Fe2O3, FeO, and Al2O3 modified and used for the entire collection of compounds between 300–1700 °C. The liquid state oxides such as slag are analyzed by means of an amended quasichemical model that resolves the short-range ordering of compounds [25]. Cu2O is assumed to an ideal solution and act as an elemental component of the slag. The behavior of liquid phase such as copper solution is signified by simplified polynomial expressions that are usable for a copper-rich liquid domain in temperature range of 300 to 1700 °C [25]. The equilibrium calculations are carried out for temperatures extending from 1100 to 1600 °C with partial pressures of oxygen changing from 10−7 to 10−10 atm [25]. For modeling purposes, difference oxygen partial pressures are set manually, and carbon is included respectively to reach the essential reducing condition objective.



For the oxidation stage of the process, the thermodynamic analysis is performed using multi-phase equilibrium calculations. This is done by including oxygen cumulatively (250 kg of oxygen added at each stage). This enables the tracing of slag formation, enhancing the purity of liquid copper, and carrying copper to the slag during the process’s progression. The analysis of the oxidation stage happened at temperatures between 1000–1600 °C and pressure of 1 atm. Then, copper rich in a liquid state is separated and carried to the next stage of the process, which is fire refining. The equilibrium in the fire-refining phase of the process is calculated between the Cu-rich loquacious phase, the gashouse phase (air), and the reducing agents (hydrocarbon), which ended up becoming anode grade copper. The copper amount produced at the end of this stage of the process contained some degree of impurities such as Sn, Ni, Ag, and Au, which are separated in the electrorefining process. The analysis of this stage is conducted using the data from the literature.



Regarding the precious metal refining stage, which is the final stage of the process, the databases have not yet been optimized. For this reason, modeling the comportment of precious metals and aspects such as the partition ratio of precious metals in the slag and in the final product are carried out by gathering information from industry and available information in the literature.



The outcomes of the present analysis reported in this study merely rely on the thermodynamic calculations, and hence do not include the kinetics parameters that can have a significant influence on the total metal recovery in the actual process.



Through the thermodynamic analysis, it is estimated that temperatures of more than 1300 °C and an oxygen fractional pressure of 10−8 are needed for the proposed e-waste processing route [25]. Carbon that exists in the e-waste provides supplementary heat and reductant (such as CO) throughout the reduction phase of the process, and therefore can replace a proportion of the coke that is used as an input material. In this study, exergy analysis is conducted for two scenarios. In the “50% e-waste in the feed” scenario, 12 t/h of input material consisting of 5.94 t of e-waste (waste PCBs), 6 t of copper scrap, 0.08 tof coal, and 0.42 t of slag is fed into the reduction furnace.



The main feed materials composition that is employed in this study is presented in Table 1 and Table 2. The compositions of these feed materials were given before in the work of Ghodrat et al. [25].



In “30% e-waste in the feed” scenario, 12 t/h input material consisting of 3.7 t of electronic waste (waste PCBs), 8.25 t of copper scrap, 0.08 t of coal, and 0.42 t of slag is fed into the reduction furnace. An overview of the entire modeling approach has been shown in Figure 3. In this gate-to-gate analysis, an exergy investigation has been conducted to assess the broadly used secondary copper recycling process by replacing part of the copper scrap with waste PCBs. The variable was the different percentage of e-waste in the feed material. A proposed flow sheet for the exergy balance of valuable metals recycling from waste printed circuit boards through secondary copper smelting is developed for two scenarios (50 wt% and 30 wt% e-waste in the feed) using HSC Chemistry and shown in Figure 4 and Figure 5, respectively.





5. Results and Discussion


The element distribution in the output and input flows was estimated using a mixture of equilibrium modeling and data gathered from the relevant industries and the literature. As mentioned earlier, in this study, the Equilib module of Factsage using the Gibbs free-energy minimization mode and thermodynamic function of HSC chemistry is used for exergy calculation.



Specified compounds of chemical elements react to attain an equilibrium state. First, the reactants are defined; then, the compound and solution products are specified, and at the end, the final operational conditions of the process are set.



Based on the HSC Chemistry thermochemical database, the identified products in different phases include pure solids substance in the gas phase, spinel in the slag phase, and matte in the copper alloy solution phase. The distribution of elements in different phases was calculated by the “Dist” function of HSC Chemistry Sim 8 software and presented in Table 3.



Aluminum is a part of e-waste that is casted off to slag; however, this can lead to a higher slag viscosity and loss of the copper. About 50% of cobalt and a relatively high percentage of Ni are disseminated into copper phases.



In the fourth stage, which is electrorefining, Ni dissolves and is discarded in the electrolyte refinement route, although some proportion of the nickel concludes in the anode slime. Pb, Zn, and Sn are dropped in slag or off-gas, particularly in smelting and converting; a low percentage of these turn out to be in the blister copper. Pb may also be separated in the anode furnace using substances such as silica flux [30]. Pb, Zn, and Sn may also cut off in anode slime through electrorefining [30].



For the duration of smelting, Bi and As are scattered in the metal dusts phase, and can be recuperated via hydrometallurgical routes. The concentration of Sb and Bi needed to be controlled carefully in the electrolyte. The main reason is the presence of a high proportion of As to Sb and Bi; the molar ratio blocks the formation of floating slimes in the electrolyte.



The results of the thermodynamic equilibrium calculations can help us understand on a chemical level the influence of different parameters such as the composition of materials, reducing agents, the oxidation process, pressure, or temperature on the composition of the resultant materials and the properties such as exergy quantity and losses during the studied process. Equilibrium calculations are employed to compute the steady phase accumulations based on the different solution composition as well as simulate the stable phase assembly, and hence evaluate the effect of the chemical composition on our recycling system. This thermodynamic calculation can also, in combination with an HSC model, be used to follow the changes (including changes in the chemical and total exergy) during different stages of the process. However, as many of the kinetic data regarding exergy calculation are not (yet) available, it is essential to comprehend the importance of conducting such studies. Thus far, thermodynamic equilibrium calculations have been applied mainly to mass and energy balance calculations, and not exergy evaluation. However, the approach is equally valid for primary copper smelting systems based on the primary input materials, and is expected to further the development of new waste materials and blends.



The values of the incoming and outgoing exergies of five process units involved in the e-waste treatment through the secondary copper smelting process are compared for the two considered scenarios (50% and 30% e-waste in the feed material) in Table 4. The exergy values of materials going into the reduction, oxidation, fire-refining, and electrorefining processes are shown in Table 5, Table 6, Table 7 and Table 8, respectively.



The exergy values of molten copper, dust, slag, copper, and precious metal in sludge, off gases, impure electrolyte, and gangue are shown in Table 8 on a chemical element basis coming out of the reduction, oxidation, fire refining, electrorefining, and precious metal refining processes.



5.1. Effect of Metal and Oxide Dust


For the two proposed scenarios (30 wt% and 50 wt% e-waste in the feed material), the chemical exergy of waste emissions (metal and oxide dust and exhaust gas) and solid waste such as those in slag and solid monoxide are compared in Table 9. As can be seen from the data presented in Table 9, during the smelting of copper scrap and electronic waste in the reduction furnace, the chemical exergy of 822 MJ for metal and oxide dust is calculated for 5.03 t of produced copper, and 10 kg of gold and silver (for 50% e-waste in the feed scenario). The quality of the copper scrap melted in the reduction furnace mainly controls the produced dust composition. Common compositional ranges for metal and oxide dust obtained from thermodynamic modeling are presented in Table 9. Table 9 indicates that all of the process units considered in the proposed flowsheet follow a similar trend when the percentage of electronic waste in the feed is decreased.



Comparing the exergy going into the process units and exergy going out of the process unit’s values presented in Table 5, Table 6, Table 7, Table 8 and Table 9, the total loss in exergy during the process is revealed to be 45.5%. The exergy losses in the reduction, oxidation, and fire-refining furnaces are caused by chemical reactions and heat transfer. It is of great interest to note that controlling the outlet temperature of liquid copper, slims, and impure electrolyte is of significant importance. The main reason is that the cathode copper contains an exergy value of 10,490 MJ as shown in Table 9.




5.2. Effect of Off-Gas Emission


Figure 6 shows the emission exergy based on the waste gas types for the e-waste processing through copper recycling with 50% and 30% e-waste (waste PCBs) in the feed during the period of one hour. As can be perceived from Figure 6, the values of emission exergy for exhaust gas (CO, NOx, and SO2) enhanced by 1.94 and 5.64 times in the oxidation and fire-refining stages in comparison to the reduction stage, respectively in a 50% e-waste scenario and by 3.13 and 5.66 times in a 30% e-waste scenario.



The rate of the waste gas emission of each process unit is depicted in Figure 7. CO2 has the foremost contribution with a rate enlarged from approximately 18% to more than 69% from the reduction to the oxidation stage in the 30% e-waste in the feed scenario, and from 21% to 63% in the 50% e-waste scenario, respectively.



Figure 8 made a comparison between the solid and gas waste emission generated by the two major process units (reduction and oxidation furnace) in e-waste treatment.



As can be seen from Figure 8, it is estimated that almost 2200 t of solid spinel oxide dust, 41,000 t of slag, and 3600 t of metal and oxide dust was generated annually in the reduction furnace when the percentage of e-waste in the feed is 50 wt%.



From this, 3000 t was further recycled to recover Ni, Sn, etc., and slag was partially reused in a closed loop back to the reduction and oxidation furnaces, with the rest being landfilled.



The variation of the exergy loss for all of the process units involved in e-waste treatment through secondary copper smelting is presented in Figure 9. The oxidation stage is the key contributor for exergy loss followed by reduction and fire refining. As depicted in Figure 9, the exergy losses dropped down sharply from the reduction to oxidation furnaces, and then escalated and slowed down during the precious metal-refining stage.



The exergy efficiency of the five process units involved in the e-waste treatment through the secondary copper recycling process is shown in Figure 10. As can be seen from this figure, the precious metal refining (PMR) has the largest exergy efficiency followed by electrorefining and fire refining.




5.3. Effect of Solid Waste in Slag


The exergy content of the two process streams was estimated and shown in Figure 11. As can be seen from this figure, the chemical exergy of the solid waste elements in slag has decreased noticeably by decreasing the e-waste percentage in the feed in the reduction process; however, the decrease is negligible in the oxidation process.



In order to understand the losses and performance of the proposed process for the two scenarios investigated in this study, a comparison has been made based on the environmental footprint and exergy losses of the flowsheets. The emphasis is more on the quantity of exhaust gas emitted from the process. From the results, it is evident that the “30% e-waste in-feed” scenario is superior to the “50% e-waste in-feed”, as the amount of exhaust gas is about 34% less. On the other hand, as higher exergy loss is corresponded to a higher usage of coke and hence a higher environmental burden, once again, the 30% e-waste in the feed scenario is considered as a preferable option.





6. Conclusions


An exergy analysis for electronic waste treatment through a secondary copper-smelting route is thermodynamically modeled using HSC chemistry. The suggested technique has been employed to estimate the loss of exergy within the proposed precious metal recovery system, and helps calculate and assess the exergy efficiency for a different percentage of e-waste in the feed material. The results of the two case studies assessed here indicated that the value of emission exergy for exhaust gas (CO, NOx, and SO2) is enhanced in the oxidation and fire-refining stages in comparison to the reduction stage for both scenarios (50% and 30% e-waste in the feed). Moreover, by comparing the rate of the waste gas emission of each process unit, it has been revealed that CO2 is the main contributor, with a sharp increasing rate from the reduction stage to the oxidation stage for both 30 wt% and 50 wt% e-waste in the material throughput. The variation of the exergy loss for all of the process units involved in e-waste treatment through secondary copper smelting has illustrated that the oxidation stage is the key contributor for exergy loss, followed by reduction and fire refining. In terms of exergy efficiency, precious metal refining (PMR) was found to have the highest exergy efficiency, followed by electrorefining and fire refining.



Further research has to be done to highlight the link between exergy analysis and economics of the metal recovery from waste PCB through the black copper smelting process. That makes the proposed recovery process more widely applicable for the recycling industry. Developing design tools to conduct a systematic study on the relations between exergy, material consumption, and life cycle assessment indicators is a second major area that needs further investigation. Understanding the human footprint and challenges of reaching a circular economy system is a topic of great interest. Further work has to be done to link the proposed recovery process to platinum group metal recovery using black copper smelting. This will allow an accurate assessment of the exergy destruction of compound product designs, including primary production, and hence accommodates the broad circular economy system.
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Figure 1. Exergy depletion through metal recycling out of electronic waste. 
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Figure 2. Flowsheet of the chosen process. 
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Figure 3. Flow chart of the procedure performing the exergy analysis. 






Figure 3. Flow chart of the procedure performing the exergy analysis.



[image: Energies 12 01313 g003]







[image: Energies 12 01313 g004 550]





Figure 4. Total exergy balance (kWh), 50% e-waste in the throughput. 
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Figure 5. Total exergy balance (kWh), 30% e-waste in the throughput. 
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Figure 6. Emission exergy based on waste gas (50% and 30% e-waste in the feed). 






Figure 6. Emission exergy based on waste gas (50% and 30% e-waste in the feed).



[image: Energies 12 01313 g006]







[image: Energies 12 01313 g007 550]





Figure 7. Waste gas emission rate (t/h). 
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Figure 8. Solid waste generation rate (t/h). 
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Figure 9. Exergy losses for different percentages of e-waste in the feed material. 
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Figure 10. Exergy efficiency for different percentage of e-waste in the feed material. 
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Figure 11. Effect of solid waste in slag on chemical exergy for two scenarios. 
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Table 1. Metal oxides, metallurgical coke, and slag composition utilized in the input, as publihsed by Ghodrat et al. [25].
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	Metal Oxide
	Cu
	Cu2O
	SnO2
	PbO
	ZnO
	NiO





	wt%
	70
	7
	5
	8
	5
	5



	Metallurgical coke elements
	C
	H2O
	S
	Al2O3
	FeO
	



	wt%
	90
	5
	0.8
	2
	2.2
	



	slag
	FeO
	CaO
	SiO2
	
	
	



	wt%
	45
	17
	38
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Table 2. Chosen compositions of PCB employed in the input, as published by Ghodrat et al. [25].
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	Element
	Cu
	Ag
	Au
	Al
	Zn
	Pb
	Fe
	Sn
	Ni
	Br
	N
	C
	Al2O3
	SiO2





	wt%
	20.6
	0.2
	0.1
	5
	4
	6
	8.6
	4
	2
	4
	5
	10
	6
	23.5
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Table 3. Distribution of elements between different phases.
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Reduction




	
Solid/Gas

	
Gaseous

	
Solid

	
Liquid




	
Metal and Oxide dust

	
Exhaust Gas

	
Slag

	
Black Copper




	
Zn, Pb, CuBr, PbBr(g)

	
CO2(g), N2(g)

	
Al2O3(l), SiO2, CaO, FeO

	
Ni, Pb, Cu(l)




	
PbO, SnO, HBr(g), PbS

	
CO(g), H2O(g)

	
Fe2O3, PbO, ZnO, NiO, SnO(l), Cu2O(l), FeS, PbS

	
Sn, Zn, Fe




	
Au, NiBr(g), NiBr2, AgBr

	
SO2(g), H2(g)

	
Au, Ag, In




	
FeBr2, InBr, GeO, SnS, Br

	
SO(g)

	
ZnS, NiS, Cu2S, SnS, GeO2

	
Ge, Pd




	
ZnBr2, PbBr2, SnBr2

	
AgO, Ta




	

	

	
Solid Spinel Oxide

	




	

	

	
NiO, ZnO, Fe3O4

	




	
Al2O3




	
Oxidation




	
Solid/Gas

	
Gaseous

	
Solid

	
Liquid




	
Metal and Oxide Dust

	
Exhaust Gas

	
Slag

	
Anode Copper to Fire Refining




	
Zn, Pb, PbO, SnO, PbS, Au, GeO, SnS

	
CO2(g), N2(g)

	
FeO, CaO, SiO2, Fe2O3

	
Ni, Pb, Cu(l), Sn, Zn




	
CO(g), H2O(g)

	
PbO, ZnO, NiO(l), SnO(l)

	
Fe, Au, Ag, In, Ge, Pd




	
SO2(g), H2(g)

	
Cu2O(l), GeO2, AgO




	
SO(g), O2(g)




	

	

	
Solid Monoxide

	




	

	

	
Fe3O4, CaO




	
ZnO, NiO




	
SnO2




	
Fire Refining




	
Solid/Gas

	
Gaseous

	
Solid

	
Liquid




	

	
Off Gas

	

	
Anode Cu to Electro Refining




	

	
H2(g), Co(g), H2O(g)

	

	
Ag, Au, C




	
Cu(l), Fe, Ge




	
CO2(g), Pb, Cu, Ag, Zn

	
In, Ni, Pb, Pd




	
CH4(g), SnO(g), GeO(g), Ni, Fe, N2(g)

	
Sn, Zn




	
Electrorefining




	
Solid/Gas

	
Gaseous

	
Solid

	
Liquid




	

	

	
Impure Electrolyte

	
Cathode Cu 99.9%




	

	

	
H2O, H2SO4, Ni, As

Ag, Au, C, Cu, Fe, Ge

In, Pb, Pd, Sn, Zn

	
Ag, Au, C, Cu(l), Fe, Ge,

In, Ni, Pb, Pd, Sn, Zn, S




	

	

	

	
Slimes




	

	

	

	
Ag, Au, C




	
Cu, Fe, Ge, In




	
Ni, Pb, Pd, Sn




	
Zn, As




	
Precious Metal Refining




	
Solid/Gas

	
Gaseous

	
Solid

	
Liquid




	

	

	
Gangue

	
Precious Metals




	

	

	
Ag, Au, C, Cu, Fe, Ge, In, Ni, Pb, Pd, Sn, Zn, As

	
Ag, Au
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Table 4. Values of exergies of process units involved in electronic waste (e-waste) treatment through the copper recycling process.
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Inlet Exergies

	

	
Outlet Exergies

	




	

	
Source

	
Exergy (Total) (kWh)-50%

	
Exergy (Total) (kWh)-30%

	
Source

	
Exergy (Total) (kWh)-50%

	
Total Exergy (kWh)-30%






	
Reduction

	
E-waste

	
13,902

	
8776

	
Metal and oxide dust

	
228.33

	
129




	
Copper scrape

	
2655

	
3651

	
Exhaust gas

	
791.40

	
529




	
FCS (ferrous-calcia-silica) Slag

	
143

	
143

	
Slag

	
1135.29

	
716




	
Coal

	
688

	
688

	
Solid spinel oxide

	
35.96

	
51




	
O2

	
79

	
46

	

	

	




	
Oxidation

	
Carbon

	
17,078

	
17,078

	
Slag

	
542.83

	
610




	
O2 enriched air

	
196

	
197

	
Solid monoxide

	
12.91

	
12




	
Flux (FCS)

	
163

	
164

	
Exhaust

	
958.36

	
958




	

	

	

	
Metal and oxide dust

	
14.92

	
16




	
Fire refining

	
Hydrocarbon

	
14,701.78

	
11,523

	
Off gas

	
3956.67

	
3881




	
Air

	
128.27

	
128

	

	

	




	
Electrorefining

	
Electrolyte

	
360.23

	
482

	
Impure electrolyte

	
545.72

	
833




	

	

	

	
Cathode Cu 99.9%

	
2914.09

	
3825




	
Precious metal refining

	
Slimes

	
58.27

	
31.60

	
Ag, Au

	
1.67

	
1.2




	

	

	

	
Gangue

	
56.61

	
30.52
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Table 5. Exergy values of materials injected into the reduction furnace.
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	Chemical Component
	Chemical Exergy (kWh)-50%
	Chemical Exergy (kWh)-30%
	Chemical Component
	Chemical Exergy (kWh)-50%
	Chemical Exergy (kWh)-30%





	Cu (E-waste stream)
	722.49
	456.12
	Cu2O
	97.14
	133.57



	Cu (copper scarp stream)
	2432.62
	3344.85
	SnO2
	22.29
	30.65



	Ag
	1.52
	0.96
	PbO
	37.42
	51.45



	Au
	0.21
	0.13
	ZnO
	29.22
	40.18



	Al
	2715.80
	1714.52
	NiO
	36.71
	50.47



	Zn
	347.97
	219.68
	FeO (FCS slag stream)
	96.54
	96.54



	Pb
	119.12
	75.20
	CaO
	45.20
	45.20



	Fe
	977.73
	617.26
	SiO2
	1.79
	1.79



	Sn
	306.84
	193.71
	C
	683.16
	683.16



	Ni
	136.34
	86.08
	H2O
	0.06
	0.06



	Br
	41.80
	26.39
	S
	3.38
	3.38



	C
	5636.05
	3558.11
	Al2O3
	0.87
	0.87



	SiO2
	16.00
	10.10
	FeO (Coal stream)
	0.90
	0.90



	In
	0.13
	0.08
	O2
	69.07
	40.16



	Ge
	0.25
	0.16
	N2
	10.09
	5.87



	Ta
	0.18
	0.11
	
	
	



	Pd
	0.06
	0.04
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Table 6. Exergy values of materials going into the oxidation furnace.
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	Chemical Component
	Chemical Exergy (kWh)-50%
	Chemical Exergy (kWh)-30%
	Chemical Component
	Chemical Exergy (kWh)-50%
	Chemical Exergy (kWh)-30%





	O2(g) (O2 enriched Air stream)
	171.81
	172.05
	Cu(l) (black copper stream)
	3155.42
	4056.26



	N2(g) (O2 enriched Air stream)
	25.09
	24.98
	Sn (black copper stream)
	593.65
	604.12



	FeO
	55.29
	55.29
	Zn (black copper stream)
	23.13
	16.22



	CaO
	104.93
	104.93
	Fe (black copper stream)
	4.39
	5.36



	SiO2
	3.51
	3.51
	Au (black copper stream)
	0.21
	0.13



	C
	17,078.94
	17,078.94
	Ag (black copper stream)
	1.49
	0.96



	Ni (black copper stream)
	378.41
	437.47
	In (black copper stream)
	0.04
	0.04



	Pb (black copper stream)
	64.06
	86.79
	Ge (black copper stream)
	0.15
	0.12



	
	
	
	Pd (black copper stream)
	0.06
	0.04
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Table 7. Exergy values of materials going into the fire-refining stage.
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	Chemical Component
	Chemical Exergy (kWh)-50%
	Chemical Exergy (kWh)-30%
	Chemical Component
	Chemical Exergy (kWh)-50%
	Chemical Exergy (kWh)-30%





	CH4(g)
	11,523.72
	11,523.72
	Zn
	0.23
	0.05



	O2(g)
	76.25
	76.11
	Fe
	0.03
	0.02



	N2(g)
	52.02
	51.93
	Au
	0.21
	0.13



	Ni (Anode copper stream)
	75.68
	170.61
	Ag
	1.46
	0.95



	Pb
	6.41
	12.76
	In
	0.04
	0.04



	Cu(l)
	2887.21
	3731.76
	Ge
	0.09
	0.05



	Sn
	78.36
	44.71
	Pd
	0.06
	0.04










[image: Table]





Table 8. Exergy values of materials going into the electrorefining stage.
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	Chemical Component
	Chemical Exergy (kWh)-50%
	Chemical Exergy (kWh)-30%
	Chemical Component
	Chemical Exergy (kWh)-50%
	Chemical Exergy (kWh)-30%





	H2SO4(l)
	191.04
	242.81
	C
	113.66
	113.66



	CuSO4
	38.83
	57.82
	Cu
	2887.21
	3731.76



	H2O
	30.03
	37.64
	Ge
	0.09
	0.05



	Ni
	48.58
	77.25
	In
	0.04
	0.04



	As
	51.75
	66.36
	Ni
	22.70
	170.61



	Ag
	1.46
	0.95
	Pb
	0.64
	7.58



	Au
	0.21
	0.13
	Pd
	0.06
	0.04



	Zn
	0.02
	0.01
	Sn
	39.18
	44.71
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Table 9. Exergy values of materials going out of reduction (a), oxidation (b), fire refining (c), and electrorefining (d) furnace on a chemical component basis.
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(a)




	
Output Streams

	
Chemical Ex (kWh)




	
Metal and Oxide Dust

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
228.33

	
129.82




	
Zn(g)

	
162.99

	
26.03




	
Pb(g)

	
13.09

	
59.61




	
PbBr(g)

	
1.20

	
5.45




	
PbO

	
0.23

	
1.05




	
SnO

	
3.82

	
0.19




	
HBr(g)

	
0.09

	
0.07




	
PbS

	
0.70

	
4.75




	
FeBr2

	
0.40

	
2.27




	
InBr

	
0.06

	
0.03




	
GeO

	
0.03

	
0.01




	
SnS

	
1.87

	
0.13




	
Br

	
40.45

	
16.01




	
ZnBr2

	
0.13

	
0.02




	
PbBr2

	
0.05

	
0.20




	
SnBr2

	
3.22

	
0.14




	
Exhaust Gas

	
Chem Ex kWh-50%

	
Chem Ex (kWh)-30%




	
Total

	
791.40

	
529.56




	
CO2(g)

	
269.28

	
180.73




	
N2(g)

	
12.21

	
7.20




	
CO(g)

	
508.42

	
341.24




	
H2O(g)

	
0.05

	
0.05




	
SO2(g)

	
0.71

	
−0.32




	
H2(g)

	
0.72

	
0.66




	
SO(g)

	
0.01

	
−0.01




	
Slag (Reduction)

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
1135.29

	
716.26




	
Al2O3(l)

	
491.01

	
288.13




	
SiO2(l)

	
17.79

	
11.89




	
CaO(l)

	
45.20

	
45.20




	
FeO(l)

	
402.06

	
284.07




	
Fe2O3(l)

	
0.22

	
0.13




	
PbO(s)

	
47.41

	
30.95




	
ZnO(s)

	
29.24

	
40.85




	
NiO(l)

	
1.32

	
0.87




	
SnO(l)

	
3.35

	
4.70




	
Cu2O(l)

	
96.99

	
9.21




	
FeS(l)

	
0.27

	
0




	
PbS(l)

	
0.06

	
0.04




	
ZnS(l)

	
0.08

	
0.11




	
Cu2S(l)

	
0.06

	
0.01




	
AgO(l)

	
0.04

	
0




	
Ta(s)

	
0.18

	
0.11




	
Black Copper

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
4221.02

	
5207.51




	
Ni

	
378.41

	
437.47




	
Pb

	
64.06

	
86.79




	
Cu(l)

	
3155.42

	
4056.26




	
Sn

	
593.65

	
604.12




	
Zn

	
23.13

	
16.22




	
Fe

	
4.39

	
5.36




	
Au

	
0.21

	
0.13




	
Ag

	
1.49

	
0.96




	
In

	
0.04

	
0.04




	
Ge

	
0.15

	
0.12




	
Pd

	
0.06

	
0.04




	
Solid Spinel Oxide

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
35.96

	
51.91




	
NiO

	
2.54

	
1.86




	
ZnO

	
13.35

	
14.01




	
Fe3O4

	
10.06

	
7.54




	
Al2O3

	
10.02

	
28.50




	
(b)




	
Slag (Oxidation)

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
542.83

	
610.36




	
FeO(l)

	
26.94

	
22.98




	
CaO(l)

	
104.93

	
104.93




	
SiO2(l)

	
3.51

	
3.51




	
Fe2O3(l)

	
1.20

	
1.39




	
PbO(s)

	
7.73

	
13.09




	
ZnO(s)

	
1.78

	
1.27




	
NiO(l)

	
34.14

	
26.41




	
SnO(l)

	
241.99

	
290.88




	
Cu2O(l)

	
120.58

	
145.89




	
AgO(l)

	
0.03

	
0.00




	
Exhaust

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
958.36

	
958.24




	
CO2(g)

	
818.75

	
818.75




	
N2(g)

	
25.09

	
24.98




	
CO(g)

	
114.51

	
114.51




	
Metal and Oxide Dust (Oxidation)

	
Chem Ex (kWh)

	
Chem Ex (kWh)-30%




	
Total

	
14.92

	
16.43




	
Zn

	
1.16

	
0.25




	
Pb

	
6.73

	
4.39




	
PbO

	
5.07

	
4.41




	
SnO

	
1.95

	
7.37




	
GeO

	
0.01

	
0.01




	
Solid Monoxide (oxidation)

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
12.91

	
11.74




	
Fe3O4

	
0.88

	
0.85




	
ZnO

	
0.02

	
0.05




	
NiO

	
6.93

	
9.79




	
SnO2

	
5.07

	
1.05




	
Anode Copper to FR (Fire Refining)

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
3049.79

	
3961.13




	
Ni

	
75.68

	
170.61




	
Pb

	
6.41

	
12.76




	
Cu(l)

	
2887.21

	
3731.76




	
Sn

	
78.36

	
44.71




	
Zn

	
0.23

	
0.05




	
Fe

	
0.03

	
0.02




	
Au

	
0.21

	
0.13




	
Ag

	
1.46

	
0.95




	
In

	
0.04

	
0.04




	
Ge

	
0.09

	
0.05




	
Pd

	
0.06

	
0.04




	
(c)




	
Off Gas

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
3956.67

	
3881.38




	
H2(g)

	
1334.30

	
1334.30




	
Co(g)

	
0.00

	
0.00




	
H2O(g)

	
15.52

	
15.52




	
CO2(g)

	
215.75

	
215.75




	
Pb

	
5.77

	
5.18




	
Zn

	
0.21

	
0.05




	
CH4(g)

	
2258.65

	
2258.65




	
SnO(g)

	
21.44

	
0.00




	
Ni

	
52.98

	
0.00




	
Fe

	
0.03

	
0.00




	
N2(g)

	
52.02

	
51.93




	
Anode Cu to ER (Electro Refining)

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
3065.28

	
4069.55




	
Ag

	
1.46

	
0.95




	
Au

	
0.21

	
0.13




	
C

	
113.66

	
113.66




	
Cu

	
2887.21

	
3731.76




	
Ge

	
0.09

	
0.05




	
In

	
0.04

	
0.04




	
Ni

	
22.70

	
170.61




	
Pb

	
0.64

	
7.58




	
Pd

	
0.06

	
0.04




	
Sn

	
39.18

	
44.71




	
Zn

	
0.02

	
0.01




	
(d)




	
Impure Electrolyte

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
545.72

	
833.19




	
H2O

	
29.62

	
37.02




	
H2SO4

	
263.40

	
350.21




	
Ni

	
69.86

	
242.91




	
As

	
38.81

	
49.77




	
C

	
113.66

	
113.66




	
Cu

	
29.46

	
38.19




	
Pb

	
0.01

	
0.02




	
Zn

	
0.02

	
0.01




	
O2(g)

	
0.88

	
1.32




	
Slimes

	
Chem Ex (kWh)

	




	
Total

	
58.27

	
31.60




	
Ag

	
1.46

	
0.95




	
Au

	
0.21

	
0.13




	
Cu

	
2.95

	
0.00




	
Ge

	
0.09

	
0.05




	
In

	
0.04

	
0.04




	
Ni

	
0.71

	
2.48




	
Pb

	
0.63

	
7.50




	
Pd

	
0.06

	
0.04




	
Sn

	
39.18

	
0.00




	
As

	
12.94

	
16.59




	
Cathode Cu 99.9%

	
Chem Ex (kWh)-50%

	
Chem Ex (kWh)-30%




	
Total

	
2914.09

	
3825.45




	
Cu

	
2913.37

	
3776.96




	
Ni

	
0.71

	
2.48












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
7 Co (30% E-

02 (30% E
Co (50% E-
[ Co2 (50% E-waste)

Reduction Oxidation Fire Refining

Process unit





media/file4.png
Metal and oxide dust

Coal+Slag+02 o— Black Copper
Reduction L
Oxidation =
Ot Fire
S
E-waste+Copper Scrap ag Anode Copper
Solid spinel oxide
Sm Oxidation Solid monoxide
Hydrocarbon+Air

Exhaust gas

E)flaust +Metal and oxide dsi

ust

.

Anode copper to ER|

Ag.Au

Impure electrolyte

Gangue Sn0O2

Cathode Cu 99.99%

Precious Metal Refining





media/file18.png
Exergy loss (kKWh)

2,000

-2,000
-4,000
-6,000
-8,000
-10,000
-12,000
-14,000
-16,000

-18,000

—— 30%
—&— 50%

Reduction

Oxidation  Fire-refining Electro-refining

Process unit

PMR






media/file21.jpg
id waste in slag

Exergy of s

600

500

400

300

200

100

0

30% E-waste

i
Reduction Oxidation

Process unit





media/file3.jpg





media/file22.png
Exergy of solid waste in slag

600

500

400

300

o

00

100

Reduction

Process unit

B 30% E-waste in the feed
BRREl 50% E-waste in the feed

Oxidation





media/file19.jpg
110

" 30%
100} | o Som .

90
80
70 .

60

50 " L
40
30

Exergy efficiency (%)

20
10

Reduction  Oxidation  Fire-refining Electro-refining ~ PMR

Process unit





media/file7.jpg
;‘1 o= Tm{l:m T %...m
o ”lewh e






media/file10.png
Exhaust O2 enriched Air

357535 19702
: e A
Metal and Oxide dust ~ Metal and oxide dust (Oxidation) T o0
159.19 Exhaust gas 2310 17078.94 T Flux (FCS)
& Impure electrolyte
1199.11 163.73 Off Gas oo

E-waste (PCBs) : 6795.16 L

8776.52
Copper scrap Electrolyte

o—s
3651.17 490.08
Black copper
b Cathode Cu 99.9%
Reduction Fumnace Oxidation Fumnace | 2n0de COpper _ Anode Cut0 ER | Eiectro Refining :
14353 Fire Refining
6311.99 417811 4956.00 4045_05‘:’
688.37
Owygen enriched air

O ) Slimes

o0 Alr 31.60

idati " . - 128.04
Slag (Reduction) Solid Spinel Oxide Slag IOH:ETJ Solid Monoxide (Oxidation) yroca
148739 9833 : 27.52 . 1523'““'?2 5
AQ & Au
Precious Metal Refining —>
1.08
Gangue

30.52





media/file14.png
Waste gas emission (t/h)

1

I

B Co (30% E-waste)
B Co2 (30% E-waste)

b B Co (50% E-waste)

I Co2 (50% E-waste)

Reduction

Oxidation

Process unit

Fire Refining






media/file11.jpg
O Metal and oxide dust (50% e waste)
D Bhaust gas (50% e-vaste)

St (50% ewaste)

5ol spine oxide (50% e-vaste)

W Metal and oxide dust (30% e waste)
OBxhaust gas (0% e-waste)

D1Stag (0% waste)

50l spine oxide (0% e waste)

N

\

Nom
A g

Refining





media/file6.png
£ Menu - Equilib: last system LS =
| File Units Parameters Help
D@ TIC) Platm] Energyll) Massig) Vedllitre] m=m™

| Heactants [8)
| [aram] 286281.7 MNi + 4758334 Pb  + 8612587 Cu + 223543 5n + 7095606 Z2n + 5338032 Fe
L)

Products

Detailed el ement 1 Compound species Solubon species Custom Soktions
Thermodynamic e . Cous i wi 0| P Tt || § e smame.
distribution durmg : F . 0 +  FScoppBCC_ BCC_a2 Lot
. pure fiqu FScoppBCT_ BCT _Detais |
modelling Factsage 6.4 ||| pur sk v + FScowOUZl | CUZNEPS Pseudonyms
process (FactSage) | | [ ewwOlZ2 | OEN BAMMA ook L
| aln g FScoppHCP_ HCF_A3  ekede moler vokames
- +  FScopp-HCFZ HCP_2ZN = sy
Tﬁl’?“f :"?:“r:dm 3 P Show (e all  selecled - -
E shimaste Tk 1000 + - gelacted 7 ar 115 Total Species [max 3000]
: & Total Sohutons (mas 40 :
II Masslg ID_ :E::ms 13 m _TI_: s 1 _I:;
E quilibrium
[Product W = GT-JM
T Ie

[T calculation] | © Caleulate >3

[FactSage 6.4

J (

y 1-Mass and energy

Flowsheet of industrial balance (HSC
recycling process using —< Chemistry Sim8)

HSC Chemistry 8.0 2-Exergy Analysis
(HSC Chemistry Sim 8)

.






media/file15.jpg
Waste generation rate (t/h)

Solid spinel oxide

Waste type

Reduction (50%)
Oxidartion (50%)
Reduction (30%)
Oxidation (30%)

Metal and oxide dust






nav.xhtml


  energies-12-01313


  
    		
      energies-12-01313
    


  




  





media/file16.png
Waste generation rate (t/h)

B Reduction (50%)
5F B Oxidartion (50%)
B Reduction (30%)
[ Oxidation (30%)

Solid spinel oxide Slag Metal and oxide dust

Waste type





media/file2.png
Reductmn M>| Fire Refining H Electro refining |—>| Precious metal refining

i l

First set loss First set loss Second set loss Second set loss First set loss





media/file20.png
Exergy efficiency (%)

110

100

60 |
50|
40|
30|
20|

90
80
70

10

m 30% =
® 50%
-
®
&
" 2]
o
=
Reduction Oxidation  Fire-refining Electro-refining PMR

Process unit






media/file5.jpg
Thermodynamic
modelling Factsage 6.4

Flowsheet of industrial

recycling process using
HSC Chemistry 80

Detailed element
distribution during |

process (FactSage) |

1-Mass and erergy
balance (HSC
Chemistry Sims)
2-Exergy Analysis
(HSC Chenisty Sm )






media/file1.jpg
Reduction

f osigsion

Fire Refining

-

Blectorefining

Precious metal refining

!

o

!

Wi

!

Po—

I

‘Sccond set oss

!

Firstsetloss






media/file12.png
12,000

MO Metal and oxide dust (50% e-waste)

B Exhaust gas (50% e-waste)

10,000 -
M Slag (30% e-waste)
8.000 - Solid spmnel oxide (30% e-waste)
B Metal and oxide dust (30% e-waste)
6.000 - . 0 Exhaust gas (30% e-waste)
m Slag (30% e-waste)
4.000 - B Solid spinel oxide (30% e-waste)
2,000 - §
0- N

Eeduction Oxidation Fire Eefining Electro Refining Precious Metal
Refining






media/file9.jpg





media/file0.png





media/file8.png
Metal and Oxide dust

267 67

Exhaust
aust gas,

184015

E-waste (PCBs

o>
13802.01

Copper scrap

N o

265540
FCS Slag
O—

14353
Coal

O

688.37

Choygen enriched air

N o

7916

Reduction Fumace

Black copper

Metal and oxide dust [lIJI;lii(:l:Itit::lﬂl""‘L

21.38

Exhaust

357957
Carbon

17078.

02 enriched Air
1596.90

Flux (FCS)

v

163.73

5090.74

Slag (Reduction)
236939
Vv

76.88

COxidation Fumace

Anode Copper

P

Off Gas
6897 69

3217 .67

Solid Spinel Oxide 120 (Oxidation)

31.19

95864

Solid Monoxide (Oxidation)

Hydrocarbons

Fire Refining

Anode Cu to ER_

Impure electrolyte
54572

Electrofyte

36674

12827
11523.72

Precious Metal Refining

3r4027

Electro Refining

Slimes
5327

Cathode Cu 99.9%
—D,.

2014.09

Ag &
167

Gangue SnO2

56.61





media/file17.jpg
Exergy loss (kWh)

2,000

2,000
4,000
6,000
-8,000

-10,000

-12,000

-14,000

-16,000

-18.000

—a—30%
—e—50%

Reduction

Oxidation

Fire-refining Electro-refining
Process unit

PMR






