

  engproc-47-00021




engproc-47-00021







Eng. Proc. 2023, 47(1), 21; doi:10.3390/engproc2023047021




Proceeding paper



Advancing the Industrial Sector Energy Transition with Hybrid Solar Systems: Evaluation of Small Winemaking in Ecuador †



Andrés Villarruel-Jaramillo 1,*, Josué F. Rosales-Pérez 1, Manuel Pérez-García 2, José M. Cardemil 1,3 and Rodrigo Escobar 1,3





1



Departamento de Ingeniería Mecánica y Metalúrgica, Escuela de Ingeniería, Pontificia Universidad Católica de Chile, Vicuña Mackenna 4860, Santiago 7820436, Chile






2



CIESOL Research Center on Solar Energy, Joint Center UAL-CIEMAT, University of Almería, Ctra. Sacramento s/n, 04120 Almería, Spain






3



Centro del Desierto de Atacama, Pontificia Universidad Católica de Chile, Vicuña Mackenna 4860, Santiago 7820436, Chile









*



Correspondence: afvillarruel@uc.cl






†



Presented at the XXXI Conference on Electrical and Electronic Engineering, Quito, Ecuador, 29 November–1 December 2023.









Citation: Villarruel-Jaramillo, A.; Rosales-Pérez, J.F.; Pérez-García, M.; Cardemil, J.M.; Escobar, R. Advancing the Industrial Sector Energy Transition with Hybrid Solar Systems: Evaluation of Small Winemaking in Ecuador †. Eng. Proc. 2023, 47, 21. https://doi.org/10.3390/engproc2023047021



Academic Editor: Jaime Cepeda



Published: 7 December 2023



Abstract


Ecuador may face an accelerated energy transition in the next 15 years due to the reduction of its oil reserves, affecting industries that require oil derivatives. To achieve a transition toward renewable energy without affecting the industry, this research proposed a technoeconomic evaluation of a hybrid system with solar flat plate collectors and photovoltaic modules that drive an absorption chiller and a compression chiller. The system supplies heat, cooling, and electricity to the winemaking industry in Ecuador. The best results for the hybrid systems reached a levelized cost of energy (LCOEn) of 0.171 USD/kWh and 0.157 USD/kWh in Guayaquil and Quito, respectively. For both locations, the LCOEn for the hybrid systems represents a decrease of the LCOEn of 53% and 32% concerning the individual solar photovoltaic and solar thermal systems, respectively. Therefore, the proposed hybrid system has a significant potential to integrate solar energy into the industry sector.
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1. Introduction


The worldwide main goals for energetic transition are focused on achieving energy decarbonization by 2050 and, thus, on reducing the gas emissions responsible for global warming [1]. Therefore, it is necessary to attenuate the growing energy demand since developing countries will project the most significant increase in energy consumption in 2050, and currently, the industry represents 30% of energy consumption, being the most critical sector in carbon emissions [2]. According to Sikder et al. [3], in developing countries, the industrial sector tends to grow together with population and economy. In the case of Ecuador, although the industry represents 17% of the total energy consumption, it is expected that energy consumption in the industry will continue growing in the future [4]. In addition, it is relevant to consider that Ecuador is an oil-producing country in which 76% of its energy demand comes from oil derivatives, concentrating maximum demand on fuels with a high carbon footprint [4]. According to Espinoza et al. [5], it is expected that between 2035 and 2045, oil production will cease due to the end of the useful life of oil wells and commercial shortage produced by changes in the energy matrix worldwide. Consequently, Ecuador faces a potential deterioration of economic activity in sectors with high oil dependence such as the industrial and transport sectors. Therefore, establishing technological options to cover energy consumption in the industrial sector is essential to guarantee economic growth during the period of energy transition.



The exploration of nonconventional renewable energy for industrial and residential processes has been extensively detailed for heat processes, and solar energy is the most accessible technology for micro and medium plants in comparison to geothermal or wind energy due to its worldwide availability [6]. Solar energy stands out for being available anywhere in the world, with ease of installation; additionally, technology such as photovoltaics has maintained a sustained decrease in costs compared to other renewables [7,8]. However, solar energy requires detailed analysis to determine its potential application due to the high variability in terms of location, weather, and efficiency. Regarding the industrial sector, industrial processes require a supply of heat and cooling to manufacture the product; for example, the automotive industry or materials industry (bricks and blocks or woods) requires temperatures over 160 °C and the food industry requires heat and cooling processes between −15 °C to 220 °C [9]. In most cases, the main source of energy in small and medium industries tends to be electricity to drive chillers and liquefied petroleum gas (GLP) to supply heat.



Solar energy has been evaluated for heat supply in the mining sector for processes that need low and medium temperatures using flat plate solar collectors (FPCs) [10]. Applications in northern Chile with high solar availability and solar fields between 10,000 to 170,000 m2 have achieved a levelized cost of heat (LCOH) between 62 at 103 USD/MWh [11]. Furthermore, the integration of solar energy in cooling processes has been highly detailed for the residential sector, in which projects such as IEA-Task-53 have developed guides for its application to building air conditioning processes [12,13,14]. In this sense, Cabrera et al. evaluated FPC solar fields with absorption chillers (ABCHs), finding that the levelized cost of energy in different European cities varies between 0.06 to 1.6 EUR/kWh [15]. However, integrating solar photovoltaic (PV) fields with solar-assisted heat pumps to provide heat, cooling, and the use of excess electricity for self-consumption (  s f c  ) in the residential sector has reduced the levelized energy cost to 0.04 EUR/kWh [16]. The cost reduction comes mainly from eliminating the battery pack from the photovoltaic system and replacing it with thermal storage [17]. Additionally, one of the advantages of air conditioning systems in the residential sector is that the demand for cooling tends to concentrate during summer, which is a substantial difference compared to the demand profile of the industrial sector [18]. In this sense, the industry during the manufacturing process requires temperature controls throughout the year, requiring a cooling supply even during winter months [19]. In this aspect, Pino et al. [20] evaluated a PV system integrating an air-to-water chiller (AWCH) for cooling and thermal resistance in a hot thermal energy storage tank (  h t e s  ) for beer production in Spain, achieving a levelized cost of cooling and heating (LCOCH) between 0.2 to 0.22 EUR/kWh [20]. The use of solar thermal (ST) systems with ABS for milk production in a small industry in India was also evaluated, reaching a levelized cost of energy (LCOEn) of 0.177 USD/kWh [21].



The industry requires cooling, heat, and electricity supply (trigeneration). However, the integration of trigeneration solar systems at medium and small scales has focused on the residential sector [22]. Solar hybrid (HYB) systems integrated with ST and PV to drive an ABCH and AWCH have been evaluated energetically, comprising individual ST and PV solar fields to drive an ABCH and AWCH. In this sense, the HYB systems to supply cooling, heat, and electricity have been evaluated for greenhouse crops production in Spain, achieving a solar fraction (SF) of 0.85, which represents a reduction of 27% compared to an individual ST-ABCH system and a fractional energy saving (    f   s a v    ) of 83% [23]. The HYB systems have an important potential to be applied in the industrial sector for heat and cooling processes with FPC and PV technologies. However, the studies mentioned above lack a technoeconomical comparison between individual ST, PV, and HYB systems to define the most appropriate technological selection based on the efficiency and economic assumptions of the systems. In the case of Ecuador, despite the energy problem that the country is facing, little exploration exists of the behavior of solar systems integrated into industrial processes that detail the feasibility of these technologies considering the economic parameters, which vary greatly depending on the location. Therefore, the objective of the research is to evaluate the technoeconomic behavior of HYB systems combined with PV–ST and AWCH–ABCH to supply heat, cooling, and electricity for industrial applications. The selected industrial sector is the wine industry located in the rural area of Quito and Guayaquil.




2. Methodology


2.1. System Description


The hybrid system comprises an FPC and PV solar field that produces heat and electricity. In the heat circuit, the FPC system is predesigned to reach a maximum of 95 °C and a minimum of 75 °C to charge the   h t e s  . The state of charge (SOC) of the   h t e s   is controlled based on the average temperature (    T   a v g , h t e s    ) and the outlet temperature (    T   o u t , h t e s    ) of the htes toward the divergent valve. The main objective of the useful heat from the FPC system (    q   u s , s t    ) is to supply heat to the generator (    q   g    ) in the ABS chiller through the heat exchanger 1 (  h   x   1    ) and when the SOC of the   h t e s   reaches a value of zero, the heat flow of the gas boiler 1 (    q   a u x 1    ) will be activated. In contrast, in periods where the ABS is deactivated, heat is delivered through heat exchanger 2 (  h   x   2    ). The   h   x   2     receives water at ambient temperature, which will be heated to a set temperature (    T   s e t , h p    ) of 60 °C. If the temperature is less than 60 °C, it will be heated by gas boiler 2 to supply the heat flow required by the production processes (    q   h p    ). The electricity circuit supplies electric power from the PV system (    p   u s , P V    ) for self-consumption (    p   P V , s f c    ) and the consumption of the AWCH (    p   A W C H    ), the pumps of the HYB system (    p   p u m p s    ), the cooling tower fan (    p   c w t    ), and the panel control of the ABCH system (    p   A B C H    ). If the     p   p v , u s     exceeds the     p   p v , s f c     and     p   A W C H     then the electricity excess is sold to the electrical grid (    p   g r i d    ), which is considered as a revenue (    p   P V , r v    ) in the calculation of the LCOCH. Furthermore, the cold circuit comprises the ABCH with a cooling tower (cwt), the AWCH chiller, and two cold storage tanks (  c t e s  ) that extract heat from the production process. The chillers alternate their activation depending on the SOC of   c t e   s   1     and   c t e   s   2    . If the SOC of   c t e   s   1     and   c t e   s   2     is near zero, the ABCH will activate the direct flow to supply the cooling demand (    q   c p    ). Figure 1 shows the scheme of the HYB system that will be compared with the individual ST–ABCH and PV–AWCH.



The solar radiation on an inclined plane (    I   T    ) is calculated using the HDKR method, and the effective absorbed solar radiation (  S  ) is calculated assuming that the diffuse and ground-reflected radiation are isotropic [24]. The PV field was simulated with MATLAB R2021a using the five-parameter diode method to estimate the PV current (    I   P V    ) and voltage (    V   P V    ) [25], as shown in Equation (1), and the SANDIA temperature method to estimate the cell temperature (    T   c e    ) of the PV module [26],


    I   P V   =   I   L   −   I   o   ·     e       V + I ·   R   s     n d ·     N   c e l l s , P V   · k ·   T   c e     q         − 1   −   V + I ·   R   s       R   s h      



(1)




where     I   L     is the light current,     I   o     is the diode reverse saturation current,     R   s     is the serial resistance,   n d   is the diode ideality factor,   k   is the Boltzmann constant,     N   c e l l s , P V     is the number of PV cells in series,     R   s h     is the shunt resistance, and   V   is voltage. To model the inverter, the SANDIA methodology is used, which estimates the production of alternating current power (      p  ˙    u s , P V    ) converted from the direct current power (      p  ˙    P V , d c    ) provided by the PV field [26]. The inverter is selected according to the maximum voltage of the PV array and the maximum power of the system for the day with the highest radiation from the available library of NREL [27]. The main characteristics in state test conditions (stc) of the selected PV module are shown in Table 1; these are efficiency (    η   P V    ), module area (    A   P V    ), maximum power (    p   m p    ), maximum power current (    I   m p , s t c    ), and maximum power voltage (    V   m p , s t c    ). The results of the PV system simulation are loaded onto TRNSYS with TYPE-9.



The ST system with FPCs is simulated on TRNSYS using TYPE-1289 which is based on the EN12975-2 Dynamic Efficiency Approach (ASHRAE IAMs) to predict the energy behavior of the solar collector (  s c  ) [28]. The method consists of resolving Equation (2) from coefficients obtained in a test performance of solar collectors,


        q  ˙    u s , s c       A   s c     =   η   o   ·   K   θ b     θ   ·   I   b   +   η   o   ·   K   θ b     θ   ·   I   d   −   c   1   ·     T   s c   −   T   a     −   c   2   ·       T   s c   −   T   a       2   −   c   3   ·   d   T   s c     d t    



(2)




where     A   s c     is the area of the   s c  ,     η   o     is the zero-loss efficiency,     c   1     is the linear thermal loss coefficient,     c   2     is the quadratic thermal loss coefficient,     c   3     is the wind speed dependence of the heat loss coefficient, and     K   θ b     and     K   θ d     are the incidence angle modifiers for beam and diffuse radiation, respectively. The FPC selected is the HEATboost 35/10 collector whose main characteristics are detailed in Table 2 [28].



The htes and ctes are stratified storage tanks that are simulated with TYPE-158. The auxiliary gas boiler is simulated using TYPE-1222, which is a simplified model to predict the       q  ˙    a u x     required to cover the heat demand and considers a constant boiler efficiency (    η   g b   = 0.8  ) to calculate the gas energy input needed for the boiler (      q  ˙    g b    ). The simulation of the chillers necessitates the application of a polynomial regression based on the data reported in the catalog of the manufacturer. In the case of the AWCH, York chillers are used, with a nominal capacity ranging from 44.7 to 111 kW [29]. The simulation is carried out with TYPE-118 to predict the       q  ˙    e , A W C H     and       p  ˙    c , A W C H     according to the     T   a    , the input temperature of the evaporator (    T   i n , A W C H    ), and     T   s e t , A W C H    . The single-effect water/lithium bromide ABCH requires applying the SEABC method using MATLAB to predict the high nonlinear performance of the     q   c w t    ,     q   g   ,   a n d     q   e , A B C H     that is based on input temperatures of the generator (    T   i n , g    ), cooling water tower (    T   i n , c w t    ), evaporator (    T   e , i n    ), and the     T   s e t , A B C H    . The ABCH is simulated in TRNSYS using TYPE-117, considering equipment with a nominal capacity ranging from 17.7 kW to 105 kW of the YAZAKI catalog [30]. The detailed methodology of the validation of each component in the systems is described in [23].



The balance energy to supply the demand with the HYB system is shown in Equations (3)–(5), where       q  ˙    l o s s     is the heat losses,       p  ˙    l o s s     is the electric power losses, and       p  ˙    e l     is the total electric power demand of the industry.


      q  ˙    c p   ≅     q  ˙    A W C H   +     q  ˙    A B C H   −     q  ˙    l o s s , c t e s 1   −     q  ˙    l o s s , c t e s 2    



(3)






      q  ˙    h p   ≅     q  ˙    u s , S T   +     q  ˙    q u x 1   +     q  ˙    a u x 2   −     q  ˙    l o s s , h t e s   −     q  ˙    l o s s , h x 1   −     q  ˙    l o s s , h x 2   −     q  ˙    g    



(4)






      p  ˙    e l   ≅     p  ˙    u s , P V   +     p  ˙    g r i d   −     p  ˙    A W C H   −     p  ˙    A B C H   −     p  ˙    l o s s , i n v   −     p  ˙    s f c   −     p  ˙    P V , r v   −     p  ˙    p u m p s    



(5)








2.2. Key Performance Indicators


The energy evaluation is carried out based on the total annual thermal energy (  Q  ) and electric energy (  P  ) of the systems. Equations (6) and (7) show the SF and the fractional savings of CO2 (    f   s a v , C O 2    ):


  S F =    ∑    Q   g , S T     +  ∑    Q   h p , S T     +  ∑    P   p r , P V        ∑    Q   g , S T   +  ∑    Q   g , a u x 1       +  ∑    Q   h p , S T     +  ∑    Q   h p , S T     +  ∑    P   p r        



(6)






    f   s a v , C O 2   =   1 −     e   r n       e   c o       · 100  



(7)




where   e   is the annual emissions for the renewable system (  r n  ) and the conventional system (  c o  ).     Q   c p     is prioritized to reduce electricity consumption. When the CTES is fully charged, the ST system uses its energy production to cover     Q   h p    , while the     P   u s , P V     uses energy for     P   P V , s f c     and     P   P V , p r    . The     P   P V , r v     is considered a positive revenue in the calculation of the LCOEn, which is calculated with Equation (8), where CAPEX is capital expenditures, O&M is operation and maintenance (2% of CAPEX),   r   is discount rate (  r = 9 %  ), and n is the project duration in years (25 years).


  L C O E n =   C A P E X +   ∑  t = 1   n    ( C o s   t   O & M   + C o s   t   G L P   + C o s   t   e l   − C o s   t   P V ,   r v   ) ·     1 + r     − n           ∑  t = 1   n      ( Q   c p   +   Q   h p   +   P   P V , p r   +   P   P V , s f c   ) ·     1 + r     − n          



(8)








2.3. Study Case


The wine industry was evaluated due to its characteristic heating and cooling demands. The evaluation focused on two wine industries located in Guayaquil (Morro) and Quito (Tababela). The       q  ˙    c p     for fermentation (  f r  ), aging (  a g  ), and storage (  s t g  ) were calculated from the energy balance of Equations (9)–(10) [31]:


      q  ˙    f r   =   ±   U   s t l   ·   A   s t l   ·     T   r o o m   −   T   f r     +     v   m   · s w · (   C p   f r   −   C p   C O 2   − h   f   H 2 O   ·   C p   H 2 O   − h   f   e t   ·   C p   e t   )     T i m e   f r       ·   N   s t l    



(9)






      q  ˙    i   = (     m  ˙    c j , i   · C   p   r f , i   · (   T   f r   −   T   s e t   ) ·   N   s t l , i    



(10)




where     U   s t l     is overall heat transfer coefficient of steel,     A   s t l     is area of contact with the external medium,     T   r o o m     is internal temperature of the industrial shed,     T   w y     is fermentation control temperature,     T i m e   f r     is the fermentation time,   i   represents   a g   or   s t  ,       m  ˙    c j     is refrigerant mass flow in the cooling jacket,     C p   r f     is refrigerant specific heat (glycol 20%),     N   s t l     is number of steel tanks,     v   m     is must volume (200 hl) reported by Catrini et al. [19],   s w   is sugar concentration (238 g),     T   f r     is fermentation time (144 h),   C p   is specific heat for fermentation (    C p   f e r   = 0.59 ( k J / k g ) )  , water (    C p   H 2 O   = 0.031 ( k J / k g )  ), carbon dioxide (    C p   C O 2   = 0.011 ( k J / k g )  ), ethanol (    C p   e t   = 0.0135 ( k J / k g )  ), and   h f   is latent heat of water evaporation (  h   f   H 2 O   = 2437.6 k J / k g ; h   f   e t   = 840.18 k J / k g  ) [31]. To solve the equations, the data reported by Catrini et al. [19] were taken as input parameters. It was assumed that the production volume as a function of     N   s t l     and     T   r o o m     is constant, varying only when changing months. Therefore,       q  ˙    c p     was corrected using the radiant time series (RTMS) methodology, which is based on generating a representative load for a typical day, selecting roof and walls material coefficients for hourly load distribution [32].



The       p  ˙    s f c     was calculated considering that the electric power of the cooling process (      p  ˙    c p    ) represents 46% of the total electric consumption (      p  ˙    e l    ), assuming a COP of 2,       p  ˙    s f c   = (   q   c p   / C O P ) ·   0.46   − 1   − (   q   c p   / C O P )  , while     q   h p   =   C   p   w   ·   m  ˙    h p   · (   T   s e t , h p   −   T   a   )   where   C   p   w     is the specific heat of water and       m  ˙    h p     is the mass flow of bottles obtained from the volume of     N   s t l    . The meteorological data were obtained from the National Solar Radiation Database (NSRBD) [33] (Table 3 and Figure 2): latitude (Lat), longitude (Long), direct normal irradiation (DNI), yearly cooling load (    Q   c p    ), yearly heat load (    Q   h p    ), and yearly electricity consumption (    P   e l    .) The materials are concrete block walls (type 21) and metal deck roof (type 13) according to base data for the periodic response factor method [32].



According to regulations issued by the Energy Ministry of Ecuador [34], the cost of electricity sold to the distributor was established with Equation (11), and the economic assumptions are shown in Table 4. Finally, the systems were evaluated based on the area fraction (FA) that compares the FPC area (    A   F P C    ) and total solar field area (    A   s f    ), where   F A = 100 ·   A   F P C   /   A   s f    .


  C o s   t   P V , r v   m o n t h   =     C A P E   X   P V     12   ·   r       1 − r     − n     + C o s   t   O & M , m o n t h       P   P V , r v   m o n t h      



(11)









3. Results and Discussion


This section describes the yearly results of the PV–AWCH, ST–ABCH and HYB systems with solar field areas from 14     m   2     to 1700     m   2    . Figure 3 shows the SF on the y-axis and the total area on the x-axis, and the colors of the scatter points represent the percentage of the     f   s a v , C O 2     for each system. Additionally, the     A   F P C     is fixed at   24     m   2   ,   41   m   2   ,   and   109     m   2     to show the performance of the HYB system for Guayaquil (Figure 3a) and Quito (Figure 3b). In the case of Guayaquil, the ST system presents a maximum SF of 0.74, the HYB system reaches an SF of 0.69, and the PV system has an SF of 0.3. Comparatively, in Quito, the ST system has the maximum SF of 0.87, while the HYB system reaches an SF of 0.77, and the PV system presents the lowest SF of 0.17. The low SF of the PV systems in Quito and Guayaquil results from the system only covering the     Q   c p     with the AWCH, while the gas boiler supplies the heat for the     Q   h p    . Quito has the maximum     Q   h p     and the lowest     Q   c p     as compared to Guayaquil; as a consequence, the efficiency of the PV–AWCH system is highly affected, reaching a low SF. However, the SF of the ST system in Quito is beneficial due to having a low demand of     Q   c p    , which, added to high solar radiation, achieves a 15% increase in SF as compared to Guayaquil. The HYB system reached the maximum SF with an area of 109     m   2     in Guayaquil and 420     m   2     in Quito. From the energy point of view, the HYB system presents an increase in the SF of 56% and 78% as compared to the PV system for Guayaquil and Quito, respectively. However, in both Guayaquil and Quito, the HYB system presents a minor SF as compared to the ST. It is important to notice that in Guayaquil the HYB system tends to slightly overcome the SF of the ST with 109 m2 of FPC and an FA of 40%. Regarding the emissions savings, the ST systems in Guayaquil and Quito reached     f   s a v , C O 2     close to 83%, and the PV system tends to have a     f   s a v , C O 2     lower than 30%, while for the HYB systems, the maximum     f   s a v , C O 2     is 59% and 73% for Guayaquil and Quito.



The energy results obtained under the weather conditions and demand profile in Quito and Guayaquil show that the ST system is the best technological solution compared to the HYB and PV systems. However, to define a selection criterion from a technoeconomic perspective, it is necessary to compare the system performance with the cost of energy production. In this sense, Figure 4 shows the area of solar systems on the x-axis, and the y-axis shows the LCOEn. At the same time, the color bar indicates the percentage of FA, where 0% is the field area of the individual PV system, and 100% is the field area of the individual ST system. In the case of Guayaquil, the minimum LCOEn for the ST system is 0.37 USD/kWh and 0.25 USD/kWh for the PV system. In contrast, the HYB system reaches a minimum LCOEn of 0.171 USD/kWh, which is a better performance concerning individual technologies. This trend is repeated in Quito, where the minimum LCOEn is 0.34 USD/kWh for the ST systems, 0.23 USD/kWh for the PV system, and 0.157 USD/kWh for the HYB systems. The high LCOEn for the ST systems results from the higher CAPEX related to the cost of the solar field, the ABCH, the increase of the     Q   g b    , and the inability to supply the     P   e l     and sell electricity in relation to the PV system. In addition, to explain the economic performance, it is necessary to observe the economic assumptions related to energy cost. For both locations, electricity cost is higher than the GLP by about 30%. In that sense, the ST system only covers part of the       q  ˙    c p    , and the electric grid covers the total electric consumption. Additionally, the       q  ˙    g     to drive the ABCH increases the GLP consumption, increasing the LCOEn. In contrast, the PV system presents a significant decrease in the LCOEn concerning the ST system, due to covering the power electric demand related to the       p  ˙    p u m p s    ,       q  ˙    c p    , and       p  ˙    s f c    . Despite the increase in       p  ˙    e l     for the AWCH, the amount of energy is low due to the high COP of the AWCH, and together with the low cost of the GLP to supply heat to the bottling process, the PV systems reach a 32% reduction in the LCOEn compared to the ST system.



To understand the technoeconomic performance of the HYB systems, Figure 5 shows the results of the HYB systems that have lower LCOEn than the PV systems, where the x-axis is the LCOEn, the y-axis is the SF and the color bar represents the percentage of FA for Guayaquil (Figure 5a) and Quito (Figure 5b). The results show that the best performance in Guayaquil is 0.171 USD/kWh with an SF of 0.67, while in Quito, the best result for the HYB systems is a 0.64 SF with an LCOEn of 0.57 USD/kWh. In both locations, the reduction of the LCOEn for the HYB systems with respect to the best result of the PV system is close to 30% and 54% for the ST systems. However, in both cases, the SF for the HYB systems is lower than that in the ST systems. The main limit of both individual systems is related to the capacity to cover the cooling demand with solar energy. In that sense, the HYB system has a significant advantage because using two small chillers instead of a big one to cover the cooling demand allows for the deactivation of one chiller in periods of low cooling demand, thus increasing the possibility of leveraging the solar energy for       p  ˙    e l     and       q  ˙    h p    . Compared with studies that integrated solar energy to supply cooling and heating for industrial processes, in the case of milk production in India, the ST-ABCH reached an LCOEn of 0.177 USD/kWh with an off-grid configuration [21]. In contrast, the PV-AWCH systems for microbreweries in Spain reached an LCOEn between 0.2 and 0.22. At the same time, the HYB system reached LCOEn values of 0.171 USD/kWh in Guayaquil and 0.157 USD/kWh in Quito. Therefore, it is shown that the hybrid system has a high application potential for small industries that need to cover cooling, heat, and electricity demands during the manufacturing process.




4. Conclusions


The findings of this research show significant potential for integrating solar systems within the industry. Although the individual FPC system reached the highest SF with respect to the PV systems, the best economical solution is the PV system due to the capability of selling the energy excess produced by the system. However, the use of HYB systems focused on cooling loads, plus the coverage of heat and electricity consumption, can reduce the LCOEn by 30% when compared to the PV systems, with the advantage that they increase the SF by over 0.6 with solar field areas less than 600     m   2    . Consequently, the HYB system is presented as an alternative that allows the reduction in fossil energy consumption and CO2 emissions with a significant improvement with respect to individual solar technologies. However, it is necessary to research the performance based on the available solar radiation and the effects produced by the variability under different weather zones to determine the possible technoeconomical limits. At the same time, the evaluation of the HYB system proposed, which includes a solar-assisted heat pump, could contribute to leveraging the PV system for heat processes and clarify the potential to integrate this technology in the industry. Although the HYB system was proposed to evaluate the winemaking process, the HYB system could be applied to the dairy, beverages, soap and detergents industries, etc., or any others that require cooling for the manufacturing process. Therefore, the HYB system is a potential technology to be integrated into the industrial sector to ensure energy availability during the transition from a fossil to a renewable energy matrix.
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	Abbreviations
	



	ABCH
	Absorption chiller



	AWCH
	Air-to-water chiller



	CAPEX
	Capital expenditures



	COP
	Coefficient of performance



	DNI
	Direct normal irradiation (W/m2)



	FPC
	Flat plate solar collectors



	GLP
	Liquefied petroleum gas



	HYB
	Solar hybrid



	LCOCH
	Levelized cost of cooling and heating



	LCOEn
	Levelized cost of energy



	LCOH
	Levelized cost of heat



	NSRBD
	National Solar Radiation Database



	O&M
	Operation and maintenance



	PV
	Photovoltaic



	SF
	Solar fraction



	SOC
	State of charge



	ST
	Solar thermal



	Latin Symbols
	



	   A   
	Area   (   m   2    )



	     c   1     
	Linear thermal loss coefficient (  W /   m   2   K  )



	     c   2     
	Quadratic thermal loss coefficient (  W /   m   2     K   2    )



	     c   3     
	Wind speed dependence of the heat loss coefficient (  k g /   m   2   K  )



	   C p   
	Specific heat (kJ/kg)



	   c t e s   
	Cold thermal energy storage tank



	   e   
	Annual emissions (CO2 ton eq.)



	   η   
	Efficiency



	     f   s a v     
	Fractional energy saving



	   F A   
	Area fraction



	   h f   
	Latent heat of evaporation (kJ/kg)



	   h t e s   
	Hot thermal energy storage tank



	   h x   
	Heat exchanger



	   I   
	Irradiation (  W /   m   2    ) | current (A)



	     I   L     
	Light current (A)



	     I   o     
	Diode reverse saturation current (A)



	   k   
	Boltzmann constant (J/K)



	   K   
	Incidence angle modifiers



	     m  ˙    
	Mass flow rate (kg/h)



	   N   
	Number



	   n   
	Project duration in years



	   n d   
	Diode ideality factor



	     p  ˙    
	Electric power (kW)



	   P   
	Monthly or yearly electric energy (kWh)



	   Q   
	Monthly or yearly energy (kWh)



	     q  ˙    
	Heat flow rate (kW)



	   r   
	Discount rate (%)



	   R s   
	Serial resistance   ( Ω  )



	   R s h   
	Shunt resistance   ( Ω  )



	   s w   
	Sugar concentration (g)



	   T   
	Temperature (°C)



	     T   s e t     
	Set temperature objective (°C)



	   U   
	Overall heat transfer coefficient   ( W /   m   2     K   − 1    )



	   V   
	Voltage (V)



	   v   
	Volume   (   m   3    )



	   t e t h a   
	Incidence angle (°)



	Subscripts
	



	   a   
	Ambient



	   a g   
	Aging



	   a u x   
	Auxiliar



	   a v g   
	Average



	   b   
	Beam



	   c e l l s   
	Photovoltaic cells



	   c o   
	Conventional system



	   C O 2   
	Carbon dioxide



	   c p   
	Cooling process



	   c w t   
	Cooling water tower



	   d   
	Diffuse



	   e   
	Evaporator



	   e l   
	Electric



	   e t   
	Ethanol



	   f r   
	Fermentation



	   g   
	Generator



	   g b   
	Gas boiler



	   g r i d   
	Electric grid



	   H 2 O   
	Water



	   h p   
	Heat process



	   i n   
	Inlet



	   l o s s   
	Losses



	   m p   
	Maximum power



	   o u t   
	Outlet



	   p r   
	Process



	   p u m p s   
	Pumps of the heat and cooling circuit



	   r n   
	Renewable system



	   r o o m   
	Workspace of the manufacturing plant



	   r v   
	Revenue



	   s c   
	Solar collector



	   s f   
	Solar field area



	   s f c   
	Self-consumption



	   s t   
	Solar thermal



	   s t c   
	State test conditions



	   s t g   
	Storage



	   s t l   
	Steel



	   u s   
	Useful



	   w y   
	Wine
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Figure 1. Hybrid solar cooling system scheme to supply heat, electricity, and cooling coverage for the manufacturing process. 
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Figure 2. Meteorological data and energy demand for Guayaquil (a) and Quito (b): (a1) daily DNI and temperature for Guayaquil; (a2) daily electric consumption, daily cooling load, and heat load for Guayaquil; (b1) daily DNI and temperature for Quito; and (b2) daily electric consumption, daily cooling load, and heat load for Quito. 
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Figure 3. Annual SF of PV, ST, and HYB systems as a function of total area and     f   s a v , e ( C O 2 )     evaluated in two locations of Ecuador: (a) Guayaquil and (b) Quito. 
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Figure 4. Annual LCOEn of PV, ST, and HYB systems as a function of total area and   F A :   (a) Guayaquil and (b) Quito. 
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Figure 5. Annual SF of HYB system as a function of LCOEn and   F A  : (a) Guayaquil and (b) Quito. 
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Table 1. Main characteristics of the mono-c-Si PV module obtained from the SAM library [27].
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	Material
	      η   P V     ( % )    
	      A   P V     (   m   2   )    
	      p   m p     ( W )    
	      I   m p , s t c     ( A )    
	      V   m p , s t c     ( V )    





	Mono-c-Si
	23.8
	1.87
	445
	10.7
	41.6










 





Table 2. Main characteristics of the HEATboost 35/10 collector [27].
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	     A   s c     (   m   2     )
	     η   o     ( −   )
	     c   1     ( W /   m   2   K   )
	      c   2     ( W /   m   2     K   2   )    
	      c   3     ( k g /   m   2   K )    
	      K   d      





	13.57
	0.779
	2.41
	0.015
	6.798
	0.98










 





Table 3. Summary of the annual energy demand and location of the small wine industries.
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	Location
	Latitude

(°)
	Longitude

(°)
	DNI

(kWh-y)
	     Q   c p     

(MWh-y)
	     Q   h p     

(MWh-y)
	     P   e l     

(MWh-y)





	Guayaquil (Morro)
	−2.51
	−80.3
	1152
	125
	50
	125



	Quito (Tababela)
	−0.15
	−78.3
	1697
	45
	62
	64










 





Table 4. Summary of economic assumptions and equipment cost.
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Description

	
Guayaquil

	
Quito

	
Unit

	
Ref.






	
Electric cost

	
0.100

	
0.094

	
(  U S D / k W h  )

	
[35]




	
GLP cost

	
0.067

	
(  U S D / k W h  )

	
[36]




	
kgCO2(GLP)

	
0.200

	
(  k g C O 2 / k W h  )

	
[37]




	
kgCO2(El.)

	
0.270

	
(  k g C O 2 / W h  )

	
[37]




	
PV cost

	
200

	
(  U S D / k   W   p e a k    )

	
[7]




	
Inverter cost

	
40

	
(  U S D / k   W   N C    )

	
[7]




	
Boiler cost

	
45

	
(  U S D / B o i l e   r   N C    )

	
[38]




	
   F P C   c o s t     

	
   815 ∗   (   A   F P C   )   − 0.355     

	
(  U S D /   m   2    )

	
[38]




	
ABCH cost

	
   6240 + ( 292 · A B   C H   N C   ) − ( 0.121 · A B   C H   N C   2   )   

	
(  U S D  )

	
[38]




	
cwt cost

	
   10000 + 20 · ( c w   t   N C   − 233 )   

	
(  U S D  )

	
[38]
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