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Abstract

:

Influenza is an acute infection that can cause diabetes and heart and lung disease disorders. This illness affects more than 9 million people around the world. The best way to control the transmission of the virus is vaccination. Studies, performed in Santander, Colombia, have found the existence of this disease. Despite the above, there are no companies dedicated to producing influenza vaccines in Colombia. For the first time, exergetic analysis and technical-economic resilience are being performed as combined decision-making tools for the evaluation of an influenza vaccine production plant. The results of exergetic analysis showed that the global exergy efficiency of the process was estimated at 93%. The exergy of waste that resulted was 61.70 MJ/h. The most critical stage of the process is milling, representing 83% of the total destroyed exergy. On the other hand, the results of technoeconomic resilience showed that the break-even point capacity of the process is 2503.15 t/y, representing only 24% of the installed capacity of the plant. The analysis of the effect of raw materials cost on profits showed that the process only resists a rise of 4% in the cost of raw materials, and higher values show economic losses. A value of 215,500 USD/t establishes a critical point for the normalized variable operating costs because higher values do not provide a return on investment.
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1. Introduction


Vaccines have been used to prevent influenza since the 1940s, and vaccine formulations have been updated with the emergence of new viruses. Currently, trivalent and tetravalent influenza vaccines are being formulated [1]. Influenza is a virus that can affect the respiratory system by direct infection or damage to the immune system [2]. Influenza can also affect other organs such as the heart or the nervous system [3]. This disease has been estimated to infect between 4 and 50 million Europeans annually [4]. This disease is highly contagious, and an outbreak can become an epidemic or pandemic. Vaccination prevented more than 7 million illnesses in the United States in 2018 during the influenza season [5]. Influenza infection increases the risk of cardiovascular accidents and even death. Studies show that influenza vaccination reduces the rate of ischemia-related events. Analysis of several studies reported a 17% reduction in mortality in patients with heart failure [6]. The prevalence of the virus in a small and biodiverse area such as Colombia indicates the need to control the transmission of influenza [7]. A study on 64 children with respiratory infections in the Comunera and Garcia provinces showed that 12% of the children had influenza infections. The vaccine is the most effective means of controlling the spread of the virus [8]. Despite this, in Colombia, there are no companies dedicated to producing influenza vaccines [9].



The exergetic analysis helps to detect points to implement strategies that allow better use of the available resources and improve the thermodynamic efficiency of the processes [10]. It is estimated that each manufacturing pharmaceutical requires 3.34 kWh per gram of vaccine [11]. On the other hand, the technoeconomic resilience allows us to know some critical points of a process and its resistance to changes in the technical and economic environment of the process. An essential aspect to consider in the production of vaccines is to ensure affordable prices that allow global access to the vaccine [12]. For this reason, an exergy analysis of an influenza vaccine production plant is performed in this work. The global exergy efficiency was calculated. Furthermore, the exergy of waste, destroyed exergy, the exergy of utilities, and exergy efficiency were calculated for each stage of the process. This energy consumption is a high operating cost and may cause pollution. Therefore, the vaccine production process must be analyzed in exergetic terms, in this way, improvement points can be found. On the other hand, it is crucial to evaluate the technical and economic flexibility of the processes, as well as to know their economic indicators, because this allows us to make decisions in order to improve them. For this reason, in this work, the technoeconomic resilience analysis of an influenza vaccine production plant was performed to determine its economic flexibility. A study of the break-even point and on-stream efficiency was conducted. The effect of raw material costs on profits was analyzed, and the effect of operating costs on return on investment (ROI). In this work, exergy and techno-economic resilience analyses were combined to evaluate an influenza vaccine production process in a plant located in north-east Colombia.




2. Materials and Methods


2.1. Process Description


The process starts with the inoculum preparation (stage 1); a cultivation medium DMEM, which contains aminoacids and vitamins, is used in this stage [13]. In addition, fetal bovine serum is used to supplement DMEM medium; carbon dioxide is also fed at this stage. The next step is the infection and virus adaptation (stage 2); for this, the stream for the stage one and antibiotics enter. Seventy percent of the cells produced are infected. In the milling stage (stage 3), the virus is released through cell wall disruption. The mixture enters a centrifugation stage (stage 4) to remove cellular debris. The resulting stream is purified by using salts in the washing stage (stage 5), which are further removed in the microfiltration stage (stage 6), where bacteria and suspended solids also leave the process. Finally, in the formulation stage (stage 7), penicillin, salts, and adjuvants are added. The rate of production is 3643 t/y. Figure 1 shows influenza vaccine production.




2.2. Technoeconomic Analysis


A technoeconomic resilience approach was proposed and performed to analyze the influence of certain variables such as the vaccine selling price, production capacity, raw materials cost, normalized variable operating costs on the economic indicators of the process as payback period, return on investment, net present value, and annual income. Table 1 presents the assumptions for performing the analysis. The total capital investment (TCI) was calculated using the values of the price of the equipment, land, piping, electrical installations, instrumentation, buildings, services facilities, yard improvements, engineering and supervision, construction expenses, legal expenses, contractors’ fee, contingency, working capital investment and start-up investment reported by Contreras et al. [9] using the methodology proposed by Peters et al. [14], as well as the total product cost (TPC). Besides, AFC is calculated using Equation (1), in which FCI0 corresponds to the initial value of the depreciable fixed capital investment (FCI), and FCIs to the salvage value of the FCI [15,16]. In Equation (2), represented by    θ i   , it is the ratio between the quantity of product i obtained per unit of raw material. The production capacity at the break-even point was calculated using Equation (3) [17,18], where FCH corresponds to fixed charges. The on-stream efficiency was then calculated using Equation (4) [16].


  A F C =   F C  I 0  − F C  I s   N   



(1)






   θ i  =    m  R M      m i     



(2)






   m  R M − B E P   =   A F C + F C H    (    ∑  i     C i v     θ i     )  − N V O C    
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   η  O n − s t r e a m      B E P   =    m  B E P      m  m a x        



(4)






  D G P =   ∑  i   m i   C i v  − T A C    



(5)






  P A T = D G P  (  1 − i t r  )   



(6)






  C C F =     ∑  i   m i   C i v  − A O C   T C I    



(7)






  P B P =   F C I   P A T    



(8)






  % R O I =   P A T   T C I   × 100  



(9)






  N P V =   ∑  n  A C  F n     (  1 + i  )    − n    



(10)







The economic indicators were estimated: gross profit (depreciation not included) (GP), gross profit (depreciation included) (DGP), profit after taxes (PAT), cumulative cash flow (CCF) (1/year), payback period (PBP), %ROI (return on investment), VPN (net present value) and annual cost/revenue, through Equations (5)–(10) [16,19]. Technoeconomic assumptions for the vaccine production plant show as Table 1.




2.3. Exergy Analysis


Exergy is defined as the maximum amount of work that a flow of energy can produce as it reaches a state of thermodynamic equilibrium with the common substances of the natural environment through reversible processes [20]. In the exergetic balance, the exergy flows leaving the system can be divided into two types: useful exergy flows and residual exergy flows; for this steady-state balance. Equation (11) [21] relates the exergy destroyed to the net exergies by mass, work, and heat transfer. The exergy by work is defined by Equation (12), where W corresponds to the work of the system.


  E  x  d e s t r o y e d   = E  x  M a s s   + E  x  h e a t   + E  x  w o r k    



(11)






  E  x  w o r k   = W  



(12)







Exergy by mass can be calculated through Equation (13) without taking into account electrical, magnetic, nuclear, and surface tension effects. Kinetic and potential energy was also not considered due its the low contribution to exergy. Standard chemical exergy of the substances can be calculated using Equation (14) [22]; however, these can be found in the literature. The chemical and physical exergy of a mixture can be defined by Equations (15) and (16) [23], respectively.


  E  x  m a s s   = E  x  p h y s i c a l   + E  x  c h e m i c a l   + E  x  p o t e n t i a l   + E  x  k i n e t i c      



(13)






  E  x  c h e m i c a l   = Δ  G f °  +   ∑  j   v j  E  x  c h e m i c a l j  °   



(14)






  E  x  c h e m i c a l ,   m i x   =   ∑  i   y i  ∗ E  x  c h e m i c a l i   + R  T o      ∑  i   y i  ∗ ln  (   y i   )   



(15)






  E  x  p h y s i c a l ,   m i x   =  C p   [   (  T −  T 0   )  −  T 0  ln  T   T 0     ]  −  v m   (  P −  P o   )   



(16)




where   Δ  G f °    corresponds to the Gibbs free energy of the formation of a component,    v j    indicates the number of atoms of elements j. The molar fraction is    y i   ,  R  in the universal constant of gases.  T  and  P  represent the temperature and pressure, respectively. Finally,    T 0    and    P o    are the temperature and pressure at the reference state,    v m    corresponds to the molar volume of the stream and    C p    represents the heat capacity at constant pressure. The total input mass exergy, output mass exergy, and destroyed mass exergy are defined by Equations (17)–(19), respectively. The unavoidable exergy losses are defined as the irreversibilities due to the increase in entropy; these can be calculated using Equation (20) [24]. Finally, the exergy efficiency is defined by Equation (21).


  E  x  t o t a l ,   i n   = ∑ E  x  m a s s , i n   + ∑ E  x  u t i l i t i e s      



(17)






  E  x  m a s s ,   o u t   = ∑ E  x  p r o d u c t s   + ∑ E  x  w a s t e    



(18)






  E  x  d e s t r o y e d   = E  x  t o t a l , i n   − ∑ E  x  p r o d u c t s    



(19)






  E  x  u n a v o i d a b l e   = E  x  m a s s ,   i n   − ∑ E  x  m a s s ,   o u t        



(20)






   η  e x e r g y   = 1 −  (    E  x  d e s t r o y e d     E  x  t o t a l ,   i n        )   



(21)







The chemical exergies of the substances were found in the literature reported by [25] and [26]. The chemical and physical exergy associated with the influenza virus were calculated using Equations (14) and (16), respectively, based on the data reported by [27]. The chemical exergies of the streams were calculated using Equation (15).



Figure 2 shows a schematic representation of the methodology developed in this study where it can be seen that the material and energy balances feed both the evaluation of the technical-economic resilience and the exergetic analysis, and these assessments in turn allow us to obtain the evaluation parameters of the vaccine production plant in north-east Colombia.





3. Results and Discussion


The energy and technical-economic resilience assessments were developed taking into account the operating conditions and economic indicators for the year 2021. The exclusive parameters for the technical-economic evaluation and exclusive parameters for the exergy evaluation allowed us to generate technical-economic resilience and exergy evaluation results regardless of their previous exclusivity as independent variables for the studies; for example, the utilities required for the economic evaluation also allow exergy evaluation of the process. The results are shown below.



3.1. Technoeconomic Resilience Evaluation


Table 2 shows the total investment capital of the plant and the contribution of the fixed investment capital, which constitute approximately 53% of the total investment capital. This value is high compared to decentralized biomass processing depots [28] because the cost of the equipment is higher in the vaccine production plant.



Table 3 shows the contribution of each item to the total product cost of the vaccine production, with the cost of raw material being the item that contributes the most (more than 70%).



The economic indicators are shown in Table 4. This is a good indicator because it is possible to recover the investment quickly, reducing the chances that a stoppage of the project will prevent the recovery of the investment.



Figure 3 shows the break-even analysis of the process. Vaccine production shows itself to be feasible for the production capacity chosen, because annual sales are higher than annual operational costs. On the other hand, studies have reported companies to have 800 h per year of unplanned downtime, which can be caused by delaying materials, machine breakdown, or failures [29]. As a consequence, production capacity may be reduced. To guarantee the plant’s profitability when this problem occurs, it is vital to have a production capacity far from production capacity at the break-even point.



The interception between the two lines (red and blue) shows the production capacity at the break-even point of vaccine production. This value is precisely 2503.15 t/y, which only represents 24% of the plant’s production capacity. Figure 4 shows the effect of the selling price of the vaccines on the on-stream efficiency. Three regions can be identified in the figure. The first comprised between USD 0.65/unit and USD 0.7/unit, the second between USD 0.7/unit and USD 0.9/unit, and the third includes a selling price higher than USD 0.9/unit. Minor variations in the selling price cause significant changes in on-stream efficiency in the first region, considerable variations in the selling price generate small changes in on-stream efficiency in the second region, and on-stream efficiency is unaffected by variations in the selling price in the third zone. The set selling price is in the first region that occurs if the selling price decreases, onstream efficiency increases, and approaches 100%, or maximum capacity, which is inconvenient.



Figure 5 shows the resilience of the profitability based on raw material costs. It can be observed that when the cost of raw material increases approximately to 170,000 USD/t, it has negative profits; that is, it generates losses, which allows us to conclude that the process is not very resistant to increases in raw material costs. The process is not very immune to increases in raw material costs, resisting only a 4% rise, compared to the production of agar from red algae, which resists up to a 100% increase in the price of raw material [30].



Figure 6 shows the resilience of return on investment (ROI) based on normalized variable operating costs (NVOC) of the vaccine production process. A critical point can be observed in the normalized variable operational costs when they have a value of approximately 215,500 USD/t since, from this point, there is no return on investment. This value establishes that the maximum elongation that the NVOC could have for the process to have a return on investment must be less than 4%.



The effect of normalized variable operating costs on the payback period is shown in Figure 7. A critical point may be located, which divides the graph into two regions (213,000 USD). Modest variations in the PBP are caused by significant changes in the NVOC at less than the critical point, whereas small rises in NVOC values that are more than the critical point can cause the PBP to rise for years. This process’s normalized variable operating costs could increase to 2% without exceeding the critical threshold.



Figure 8 shows the cash flow diagram of the process. From the first year, positive values are presented, which is beneficial because, from this period, the investment made is recovered, taking into account the value of money over time.




3.2. Exergy Analysis


The components’ flowrates, temperature, pressure, exergy, chemical and physical of some currents of the process are shown in Table 5 and Table 6.



On the other hand, Table 7 shows the chemical exergies of the pure substances, which are used to determine the exergies of the streams and, in turn, allow the exergy analysis of the influenza vaccine production process.



In Figure 9, the overall exergy analysis of the process is shown. The global exergy efficiency of the process reached 93%. The exergy of waste (63.74 MJ/h) represents 4% of irreversibilities since the waste streams are mainly constituted of carbon dioxide and water whose chemical exergies are low compared to other substances involved in the process. In addition, the streams deviate slightly from the standard conditions of pressure and temperature, which indicates low physical exergies. On the other hand, unavoidable exergy contributes 96% to irreversibilities. Finally, to increase global exergy efficiency, it is important to implement strategies for decreasing the energy consumption.



Figure 10 shows the exergy of waste, irreversibilities, and the exergy of utilities per stage. The most critical stage is milling (stage 3) for reaching the highest irreversibility value (1141.46 MJ/h), representing approximately 83% of the total destroyed exergy of the process. This is due to the difference between the exergy input and exergy of products. This phenomenon may also be observed in the infection and virus adaption (stage 2) and centrifugation stages (stage 4) where the second and third highest irreversibilities (132.26 and 64.28 MJ/h, respectively) were obtained. This finding agrees with the research performed by Moreno et al. [31], which found that centrifugation was one of the most critical stages in the production of crude palm kernel oil due to the energy required in the stage. Regarding the exergy of waste, the highest value was obtained in the centrifugation stage (57.27 MJ/h) because cellular debris is removed in this stage. Cellular debris contains lipids whose chemical exergy is high compared to other substances. The highest exergy of utilities corresponds to the milling stage due to the high energy consumption. It is important to choose adequate technology to save energy. According to Rajemi et al. [32], a conventional milling machine consumes 800 times more energy compared to a micro milling machine.



Exergy efficiencies of each stage of the vaccine production are shown in Figure 11. As shown in this figure, the stage with the highest exergy efficiency (100%) is blending or formulation (stage 7), since neither waste is produced in this stage nor is energy consumption required. The stage with the second-highest exergy efficiency is microfiltration (stage 6). Although a waste stream is emitted in this stage, the main constituent of this stream is water, whose chemical exergy is low. On the other hand, the lowest exergy efficiency (1%) was obtained in the inoculum preparation stage 1. In this stage, the destroyed exergy is due to the exergy of waste, which is higher than the exergy of utilities in this stage.



Figure 12 shows the Sankey diagram for the production of influenza vaccines; on the left side the exergy efficiency and on the right side the exergy destroyed by stages. This diagram shows the contribution of each of the stages of the process to the total irreversibilities. The highest contribution corresponds to the milling stage (82.79%), which confirms the results shown above. The lowest contributions correspond to the microfiltration (0.15%) and inoculum preparation (0.18%) stages. It is recommended that the energy consumption in the stages with the higher contributions to irreversibilities be evaluated. On the other hand, the stages with the highest energy efficiency correspond to formulation and microfiltration (100% and 92%, respectively).





4. Conclusions


In this work, the exergy analysis of the influenza vaccine production was performed. Some 3643 t/y are produced in the plant. First, the process was analyzed in a global way to establish its exergetic performance; subsequently, an analysis by stages was carried out. The results showed that the overall exergy efficiency of the vaccine production process is 93%, which is a sustainability indicator that allows us to identify that energy losses are low [33]. The exergy of waste is low compared to the destroyed exergy, which means wastes are not the main sink of energy. In the exergetic analysis by stages, milling obtained the highest destroyed exergy due to the difference between input exergy and product exergy. The stage with the lowest exergy efficiency was inoculum preparation (1%) because the components of the result stream have low exergy. On the other hand, the highest exergy efficiency was obtained in the formulation stage.



A technoeconomic resilience analysis of a vaccine production plant in north-east Colombia was performed in this work. The selling price established for each vaccine was 0.68 USD. The total capital investment and total product cost for the plant were 62,434,950.00 USD and 2,173,802,647.23 USD/y, respectively. The return on investment reached 86% and the payback period for the investment was 0.6 years. This period of return on the investment reduced the possibility of not recovering the investment due to a stoppage of the project. The return on investment of this project is high compared to the palm-based biorefineries process. The production capacity at the break-even point of the plant was 2503.15 t/y, representing 24% of the installed capacity. The studied process begins to have negative profits when the cost of raw materials has risen higher than 4%, which indicates that the project has a low resistance to increases in raw material costs compared to industrial agar production from red algae, which resists a 100% increase in raw material costs [30]. It is not beneficial for normalized variable operating costs to be higher than $215,500/t because higher values do not provide a return on investment.
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Nomenclature




	FCI
	Fixed Capital Investment ($)



	FCI0
	Initial Value of Depreciable Fixed Capital Investment ($)



	FCIs
	Salvage Value of Fixed Capital Investment ($)



	OC
	Operating Costs ($)



	DPC
	Direct Production Costs ($/y)



	POH
	Plant Overhead ($/y)



	GE
	General Expenses ($/y)



	AFC
	Annualized Fixed Costs ($/y)



	ACF
	Net Profit for Year n ($)



	AOC
	Annualized Operating Costs ($/y)



	NVOC
	Normalized Variable Operating Cost ($/t-rm)



	PAT
	Profit after Taxes ($/y)



	CCF
	Cumulative Cash Flow (1/y)



	ACR
	Annual Cost/Benefit Ratio



	ROI
	Return on Investment (%)



	NPV
	Net Present Value (MM$)



	PBP
	Payback Period (y)



	DGP
	Gross Profit (depreciation included) (MM$/y)



	n
	Years



	i
	Inflation Rate (%)



	θi
	Ratio between the quantity of product i obtained per unit of raw material



	itr
	Tax rate set by the government for income derived from the process (%)



	    m  R M     
	Mass flow of raw material (t/y)



	   E  x  m a s s     
	Exergy of mass flow (MJ/h)



	   E  x  h e a t     
	Exergy of heat (MJ/h)



	   E  x  w o r k     
	Exergy of work (MJ/h)



	   E  x  p h y s i c a l     
	Physical Exergy (MJ/h)



	   E  x  c h e m i c a l , m i x     
	Chemical Exergy of the mixture (MJ/h)



	   E  x  c h e m i c a l     
	Chemical Exergy ((MJ/kg)



	   E  x  u t i l i t i e s     
	Exergy of utilities (MJ/h)



	   E  x  p o t e n t i a l     
	Potential Exergy (MJ/h)



	   E  x  k i n e t i c     
	Kinetic Exergy (MJ/h)



	   E  x  p r o d u c t s     
	Exergy of products (MJ/h)



	   E  x  w a s t e     
	Exergy of waste (MJ/h)



	    η  E n e r g y     
	Exergy efficiency (%)



	   Δ  G f    
	Gibbs free energy of formation (MJ/kmol)



	P
	Pressure (atm)



	P0
	Pressure of the reference state (atm)



	T
	Temperature (K)



	T0
	Temperature of the reference state (K)



	    v m    
	Molar volume (m3/mol)



	  R  
	Universal constant of gases (MJ/kmol·K)



	    y i    
	Molar fraction



	    y j    
	Number of atoms of elements j



	    C p    
	Heat capacity at constant pressure (J/kg·K)
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Figure 1. Process diagram of the vaccine production process. 
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Figure 2. Schematic representation of the methodological procedure for the exergy and technical-economic resilience assessment. 






Figure 2. Schematic representation of the methodological procedure for the exergy and technical-economic resilience assessment.



[image: Sustainability 15 00287 g002]







[image: Sustainability 15 00287 g003 550] 





Figure 3. Resilience of the plant to vaccine production capacity. 
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Figure 4. Resilience of the selling price of vaccine production respect to on-stream efficiency at the break-even point. 
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Figure 5. Resilience of the profitability based on raw material costs. 
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Figure 6. Resilience of return on investment (ROI) based on operating costs of vaccine production process. 
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Figure 7. Resilience of the payback period (PBP) with respect to normalized variable operating costs (NVOC). 
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Figure 8. Net present value of vaccine production. 
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Figure 9. Overall exergy analysis for influenza vaccine production. 
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Figure 10. Exergy analysis per stage for influenza vaccine production. 
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Figure 11. Exergy efficiencies per stage for influenza vaccine production. 
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Figure 12. Sankey diagram of irreversibilities and exergy efficiency for influenza vaccine production. 
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Table 1. Technoeconomic assumptions for vaccine production plant.






Table 1. Technoeconomic assumptions for vaccine production plant.





	Parameters
	Value/Description





	Main product flow (t/y)
	3326.4



	Raw materials cost ($/t)
	163,891.7201



	Useful life of the plant (years)
	15



	Salvage value
	10% of depreciable FCI



	Construction time of the plant (years)
	3



	Income tax rate (itr)
	39%



	Interest
	9%



	Type of process
	New and unproven



	Process control
	Digital



	Project type
	Plant on non-built land



	Soil type
	Soft clay



	Selling price per unit (USD)
	0.68
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Table 2. Total capital investment for vaccine production plant.
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	Cost of Capital Investment
	Total (USD)





	Equipment Purchase Cost
	7,755,000.00



	Total direct plant cost (TPDC)
	18,786,000.00



	Contractor’s fee
	1,267,000.00



	Land
	775,500.00



	Contingency
	2,533,000.00



	Total Plant Indirect Cost (TPIC)
	14,074,500.00



	FCI
	32,860,500.00



	Start up (SU)
	3,286,050.00



	WCI
	26,288,400.00



	Total Capital Investment (TCI)
	62,434,950.00
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Table 3. Total product cost for the vaccine production plant.
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	Total Product Cost (TPC)
	Total (USD/y)





	Raw materials
	1,716,852,131.18



	Utilities (U)
	48,445.00



	Maintenance and repairs (MR)
	1,643,025.00



	Operating supplies
	246,453.75



	Operating labor (OL)
	8,537,291.00



	Direct supervision and clerical labor
	1,280,593.65



	Laboratory charges
	853,729.10



	Patents and royalties
	328,605.00



	Direct production cost (DPC)
	1,729,790,273.68



	Depreciation (D)
	2,190,700.00



	Local taxes
	985,815.00



	Insurance
	328,605.00



	Interest/rent
	624,349.50



	Fixed charges (FCH)
	4,129,469.50



	Plant overhead (POH)
	5,122,374.60



	Total Manufacturing Cost (TMC)
	1,739,042,117.78



	General expenses (GE)
	434,760,529.45



	Total product cost (TPC)
	2,173,802,647.23
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Table 4. Economic parameters for vaccine plant production.
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	Economic Parameters of the Base Case
	Value





	Gross Profit (depreciation not included) (GP) (USD/y)
	90,340,052.77



	Gross Profit (depreciation included) (DGP)
	88,149,352.77



	Profit After Taxes (PAT) (USD/y)
	53,771,105.19



	Payback Period (PBP) (years)
	0.61



	%ROI
	86%



	NPV (MM USD)
	388.87



	Annual Cost/Revenue
	48.24
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Table 5. Component flowrates, temperature, pressure, mass flow, chemical and physical exergy of the main stream of the process.
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Stream

	
1

	
4

	
6

	
12

	
13

	
16

	
17

	
18






	
T °C

	
25.00

	
111.00

	
100.00

	
39.64

	
39.62

	
25.00

	
25.00

	
25.00




	
P (atm)

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00




	
Mass flow (kg/h)

	
2.99

	
0.36

	
3.32

	
0.32

	
3.24

	
0.89

	
0.99

	
1.12




	
Exchemical (MJ/h)

	
0.00

	
0.00

	
0.01

	
0.00

	
27.41

	
30.11

	
0.07

	
3.19




	
Exphysical (MJ/h)

	
0.00

	
0.01

	
0.09

	
0.00

	
0.04

	
0.00

	
0.00

	
0.00




	
Components




	
Cholesterol

	
0.000

	
0.000

	
3.1 × 10−6

	
0.000

	
3.3 × 10−5

	
8.4 × 10−5

	
0.000

	
1.2 × 10−5




	
Urea

	
0.000

	
0.000

	
2.3 × 10−6

	
0.000

	
2.5 × 10−5

	
6.4 × 10−5

	
0.000

	
9.3 × 10−6




	
Carbon Dioxide

	
0.000

	
1.000

	
0.963

	
1.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Water

	
0.990

	
0.000

	
0.036

	
0.000

	
0.864

	
0.436

	
0.989

	
0.920




	
Sodium bicarbonate

	
0.004

	
0.000

	
9.9 × 10−5

	
0.000

	
0.001

	
0.007

	
0.000

	
0.000




	
Sodium chloride

	
0.006

	
0.000

	
1.7 × 10−4

	
0.000

	
0.002

	
0.001

	
0.008

	
0.007




	
D-glucose

	
0.000

	
0.000

	
4.9 × 10−6

	
0.000

	
5.4 × 10−5

	
1.4 × 10−4

	
0.001

	
0.001




	
Sodium phosphate

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.001

	
0.001




	
Nitrogen

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Oxygen

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Penicillin

	
0.000

	
0.000

	
0.000

	
0.000

	
0.009

	
0.022

	
0.000

	
0.000




	
Potassium alum

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Organelles

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.089

	
0.000

	
0.071




	
Virus

	
0.000

	
0.000

	
0.000

	
0.000

	
0.123

	
0.449

	
0.000

	
0.000
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Table 6. Component flowrates, temperature, pressure, mass flow, chemical and physical exergy of the main stream of the process. (Continuation).
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Stream

	
19

	
20

	
21

	
22

	
23

	
25

	
26






	
T °C

	
25.00

	
25.00

	
25.00

	
25.00

	
25.00

	
25.00

	
25.00




	
P (atm)

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00




	
Mass flow (kg/h)

	
0.76

	
0.38

	
0.37

	
297.62

	
89.29

	
453.04

	
840.32




	
Exchemical (MJ/h)

	
26.33

	
1.18

	
24.30

	
11,322.53

	
3396.91

	
3401.18

	
18,112.89




	
Exphysical (MJ/h)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Components




	
Cholesterol

	
8.1 × 10−5

	
1.6 × 10−4

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Urea

	
6.2 × 10−5

	
1.2 × 10−4

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Carbon Dioxide

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Water

	
0.458

	
0.916

	
0.000

	
0.000

	
0.000

	
0.522

	
0.281




	
Sodium bicarbonate

	
0.001

	
0.002

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Sodium chloride

	
0.001

	
0.003

	
0.000

	
0.000

	
0.000

	
0.005

	
0.003




	
D-glucose

	
1.3 × 10−4

	
2.6 × 10−4

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Sodium phosphate

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Nitrogen

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Oxygen

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Penicillin

	
0.026

	
0.026

	
0.000

	
1.000

	
1.000

	
0.158

	
0.546




	
Potassium alum

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.316

	
0.170




	
Organelles

	
0.000

	
0.053

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Virus

	
0.513

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
0.000
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Table 7. Chemical exergies of the substances.
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	Component
	Chemical Exergy (MJ/kg)





	Cholesterol
	57.36645078



	Urea
	0.011465201



	Carbon Dioxide
	0.000454545



	Water
	0.05



	Sodium bicarbonate
	0.257142857



	Sodium chloride
	0.244695414



	D-glucose
	15.50434068



	Sodium phosphate
	0.41695122



	Nitrogen
	0.025714286



	Oxygen
	0.1240625



	Penicillin
	38.04359354



	Potassium alum
	4.831223629



	Organelles
	39.20553822



	Virus
	65.68514885
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