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Abstract

:

The paper presents a complete value chain for the use of green hydrogen in a port facility. The main objective was to propose the sizing of the main components that make up green hydrogen to ensure the supply of 1 MWe in replacing the diesel generator. The energy demand required for the port was determined by establishing the leading small and large-scale conventional energy-consuming equipment. Hence, 60 kgH2 was required to ensure the power supply. The total electrical energy to produce all the hydrogen was generated from photovoltaic solar energy, considering three-generation scenarios (minimum, maximum and the annual average). In all cases, the energy supply in the electrolyzer was 3.08 MWe. In addition, the effect of generating in the port facility using a diesel generator and a fuel cell was compared. The cost of 1 kgH2 could be 4.09 times higher than the cost of 1 L of diesel, meaning that the output kWh of each system is economically similar. In addition, the value of electrical energy through a Power Purchase Agreement (PPA) was a maximum of 79.79 times the value of a liter of diesel. Finally, the Levelized Cost of Energy (LCOE) was calculated for two conditions in which the MWe was obtained from the fuel cell without and with the photovoltaic solar plant.
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1. Introduction


The decarbonization of the energy sector requires urgent action on a global scale while a global energy transition is taking place [1]. Therefore, it is crucial to take more actions to reduce carbon emissions and mitigate the effects of climate change. Based on this, renewable energy and energy efficiency measures can potentially achieve 90% of the required carbon reductions [2,3].



One of the global players, the International Renewable Energy Agency (IRENA), has evaluated the decarbonization pathways through REmap [4]. This plan is to determine the potential of countries, regions and the world to expand renewable energy. In addition, it supports and accelerates the energy transition by providing the necessary knowledge, tools and support to member countries as they increase the share of renewables in their energy sectors.



In the specific case of Chile, during the last decade, the energy system has undergone a profound transformation due to the impact of two factors: the increase in energy demand due to rapid economic growth and changes in climatic conditions. It was reflected during 2020 through the gross electricity generation of the National Electric System (SEN), where approximately 35% was produced from coal plants, which, since the 2000s, have substantially increased their participation in the electricity production of Chile [5]. In addition, the irruption of Renewable Energy Systems (RES), mainly solar and wind, which began to be exploited in the 2010s, in 2020 represented more than 20% of the total energy generation of the SEN [6]. Thus, an upward trend that promises to reduce the emission of Greenhouse Gases (GHG) in the energy sector, the emission factor of the SEN was 0.3905 tCO2eq/MWh for the year 2020.



According to the last available energy balance [7], primary and secondary energy carriers consumptions were distributed according to the graph shown in Figure 1. In this, it was observed that the transportation sector and the industrial and mining sector represent 75% of the total energy consumed in the country. In addition, the transportation sector has large consumptions for ground and maritime transport, representing 85% of all consumption. Meanwhile, in the industry and mining sector, more than 50% of the energy consumed in this sector corresponds to copper and pulp-paper. It should be noted that Chile imports almost all of the energy it consumes, where oil accounts for 98%, coal for 91% and natural gas for 81%. These numbers show that Chile is an energy-dependent country and, during the current COVID-19 pandemic, this was reflected more strongly. Therefore, this has prompted the government and business sector of the country to search for new strategies for development and energy future. At that point, the “National Green Hydrogen Strategy in Chile” [8] has come to play a fundamental role.



In this sense, for hydrogen (H2) development as an energy vector, RES resources play a crucial role in the transition towards a clean and sustainable energy system [9,10,11]. The main challenge in the transition to 100% RES is a variable and intermittent nature [12,13,14]. It requires technical adaptation, particularly balancing variable supply and variable demand for energy [15]. The increased penetration of renewable energies in current energy systems raises the need for large-scale energy storage systems to cope with the variability and intermittency of renewable energy sources [16,17].



Based on this, H2 plays an essential role in the future of the energy system worldwide, constituting a pillar of the path towards energy transformation and the decarbonization objectives [18]. The conversion of electricity to H2 represents a viable way to reduce the impacts of so-called renewable electricity in electricity grids [19]. H2 allows the integration of renewable electricity in sectors difficult to electrify, such as heat and industry [20,21,22]. In addition, it provides energy storage capacity, showing competitiveness for other technologies for reliability reasons or large storage volumes [23,24]. It is worth mentioning that this H2 produced from renewable energy sources is called green hydrogen (green H2) [25].



To a large extent, the techno-economic viability of green H2 production depends on the country’s specific resources and the characteristics of the energy market, which play a fundamental role in determining cost competitiveness [26,27]. Therefore, the estimation and projection of costs for the green H2 must be carried out with care to obtain precise values [28,29]. Furthermore, the transport route, mode and carrier significantly affect the overall structure of the supply chain and the levelized cost of hydrogen (LCOH). Each step for the development and future of this technology in the country is highly complex to model [30,31], hence the care that must be taken when offering certain costs and energy indicators associated with green H2 [32,33].



Recently, studies by [23,34,35,36,37] place Chile as one of the largest producers of green H2 worldwide, as well as one of the international strategic routes for the commercialization of H2 together with other producers, such as Argentina, Australia, North Africa (Morocco, Algeria), the Middle East (Saudi Arabia, Iran). Hence, the analysis and evaluation of the green H2 in Chile have gained significant strength in recent times [8]. However, most studies in Chile have focused on the viability of green H2 production [18,30,34,38,39,40]. However, the main problem in this value chain is storage [41,42,43,44,45] since it must be defined very carefully according to the conditions of each application.



Other studies provide detailed information on a step in the supply chain, such as electrolysis [28,29], ammonia conversion [46] or the transport and distribution phases [36,47], emissions of CO2 and other GHGs [48], without considering the complete supply chain or applications from a comprehensive point of view. In the case of the study [49], the authors investigated the complete supply chain of green H2 in the Atacama Desert region, but only based on solar energy for 2018 and the projected scenarios for 2025–2030. This study used hourly electrical profile data from several years of photovoltaic plants in actual operation and simulated concentration solar plants (CSP) with thermal energy storage (TES), as well as the commercial value of electricity. Additionally, analyses have been carried out based on Chile [50,51,52], although most focus on determining the cost of renewable energy production and do not fully evaluate the distribution and transportation phase of storage with LH2 and NH3, the fuel cell technologies to be used and the GHG emissions.



The works of [53,54] have determined the increase in GHG emissions in port facilities, which gives it significant importance within the transport sector, responsible for approximately 37% of the consumption of all the countries energy. The energy demand of international shipping, including seaports, has increased by 1.6% per year between 2000 and 2015 [55]—increasing demand for energy results in higher energy costs, pollutants and GHG emissions. Energy costs can represent a significant overhead for ports and terminals, and reducing these could bring valuable savings to the company [56]. Similarly, reducing emissions contributes directly to the sustainability and ecological perspective of ports [57]. In these studies, the most conflictive areas from the GHG point of view in port operations were also identified, which goes hand in hand with the Terminal Pacífico Sur Valparaíso (TPS) study [58,59,60].



For this reason, the main objective of the article is to propose a complete value chain for the potential use of green H2 produced from renewable energy (solar) in the activities of a port, that is, those that are under control from the port in order to reduce GHG emissions (CO2eq). In addition, a comparison was made of the use of electrical energy demanded in a port facility using a fuel cell concerning that supplied by a diesel generator.



The originality and novelty lie both in the object of study and in the theoretical and methodological frameworks. Unfortunately, studies on a complete value chain proposal for green H2 produced in Chile are scarce. For this reason, this study focuses on evaluating the consequences, effects, and short-term challenges for the final use of green H2 in the country, through a specific application in strategic consumers of port facilities, which contributes to the country energy transition to face climate change.




2. H2 as an Energy Vector


The potential of H2 as a fuel with the highest energy density per unit mass makes it great for application in all sectors that require energy [25]. H2 is produced from a wide range of resources using different raw materials, pathways, and technologies, including fossil fuels and renewable energy [61,62,63,64,65]. The classical method consists of breaking or reforming fossil fuels as a profitable H2 production pathway for industrial use, which was estimated (globally) at 85 million tons in 2016 (more than 600 billion Nm3/year) [66]. Therefore, the energy value of H2 and the clean energy index were not the main factors to consider in its use at an industrial level [67,68]. Industrial H2 was used for the production of fertilizers [69,70], petrochemical refining [71,72], metalworking [73], food processing [74,75,76], cooling of generators of power plant energy and semiconductor manufacturing [67].



Meanwhile, with increasing attention to reducing GHG emissions, renewable energy resources are rapidly beginning to gain potential as a clean source to produce green H2 as a carbon-free energy vector [69]. Green H2 creates the link between RES resources and the modernization of energy supply, transport, industry, and renewable energy export [71,77]. Moreover, a H2-based power system is no less resilient than a conventional fossil fuel-based system, as H2 can be used as a direct fuel (pure H2 or in a mixture of fuels) or converted into other liquid/gaseous fuels [78,79].



The literature review identified that the H2-based energy system mainly comprises four main stages, which are interconnected and interdependent [30,80,81]. These four stages are the production, storage, safety and use of H2, which is seen graphically in the recently presented study [25], which proposed a four-corner model, called H2 Square (HydS), as shown in Figure 2. The proposed innovative HydS model illustrates the interdependence of each stage on the other stages, and was considered in any selection of a pathway or value chain for green H2.



Considering the above, green H2 can play a fundamental role in port operations, not only because of its potential to reduce GHG emissions. Studies in Japan, the United States and Germany [48,82,83] have shown that the adoption of H2 eliminates the need to designate a significant interior space for battery charging and storage rooms, which allows efficient use of space, higher performance and higher productivity. Similarly, H2 fuel cells have been observed to supply constant voltage until the fuel tanks are depleted. It means that fuel cell-driven devices do not experience performance degradation during the shift under normal operating conditions, operate at full speed, and reduce wear on some parts and pieces.




3. Methodology


In this study, the case study was established in the Valparaíso Region to investigate and evaluate a complete green H2 value chain to generate the energy required in port station systems. As described below, the country’s central regions play a fundamental role in the economic sector to import and export goods by sea. A review of standards and regulations around H2 analyzed the scale of the development of this technology in port facilities. In this way, the critical aspects of introducing green H2 as an energy vector within the installation were identified. Another critical aspect of the study is analyzing and identifying the systems or equipment used in port station operations to determine an energy demand that H2 must supply.



Calculating the potential for electricity generation through a renewable energy plant is essential in the green H2 value chain through the calculation tools of the Ministry of Energy for RES sources [84]. In particular, the size of the solar photovoltaic (PV) plant and the required electricity generation are quantified. The plant was located strategically for H2 production. In this sense, the electrolyzer was defined according to the established operating conditions, as shown below. A Proton Exchange Membrane Electrolyzer (PEM) for H2 production (kgH2) was defined due to its operational flexibility and the costs of such technology at the country level [85].



At the same time, the alternatives for the H2 distribution storage system must be considered, which may include a compression system or the alternative of storage in metal hydrides. This last alternative makes it possible to eliminate a compression process. Furthermore, this technology operates only with adequate thermodynamic control of the ponds. Hence, enough H2 will be stored on-site to power the fuel cells for the required days. H2 storage units require high pressure to achieve a short refueling time, and high-pressure refueling requires an on-site compression system.



Notwithstanding the preceding, it is clear that the analysis to be carried out does not consider the storage characteristics at the point of consumption. Because it is necessary to be sure of the operation of each piece of equipment to optimize the amount of H2 to be stored at optimal pressures, for these purposes (300 to 700 bar).



Finally, the proposal for the final use of H2 was made in equipment such as forklifts, cranes, small vehicles, and others, powered by fuel cells and comparing this same electricity supply using a diesel generator. In addition, the complete value chain for green H2 was established, sizing each of the elements that compose it and some costs and the LCOE for implementation are referenced. The latter is relevant for the company because many of the technologies, which have been studied for years, have higher investment costs than conventional ones. In this way, a complete value chain can be established for green H2 in industrial applications in the country. Figure 3 shows the referential scheme of a value chain for the green H2.




4. Results and Discussion: Case Study


4.1. Study Port


This study considers the strategic role that ports play within the economies of the countries [53]. In addition, the development of exports and the final consumption of green H2 in Chile, as shown in the reviewed literature [49,57,86,87]. Therefore, it is attractive to turn these facilities into final consumers of green H2.



Recently, data of the National Port System of Chile [88] have indicated that 77 port terminals exist: 13 state terminals for public use (grouped into ten state-owned port companies), 17 private ones for public use and 47 private ones for private use. In addition, multiple minor terminals are necessarily added for connectivity and fishing activities. Within these facilities, conventional energy-consuming equipment has been identified that can be replaced by energy from H2. Specifically for port activities or those under port control, such as cargo handling equipment and power generation for own consumption. Among the critical energy consumers for green H2 [89,90], the most common in a port are defined in Table 1 along with, in each of these end consumers, the attractive characteristics for the use of green H2.



One of the options for this study lies in the ports of the Central Zone of Chile, specifically in the Valparaíso Region, as two of the leading cargo ports in Chile are located in this region. The data from these facilities show that their participation in trade for exports and imports differentiated by the type of cargo represents 29.7% of the national total, 48.3% general cargo and containers, 32.3% liquid bulk, 14.8% solid bulk and 77.8% in reefers, see References [91,92]. Figure 4 shows the main ports of the country and the main port facilities located in the Valparaíso Region are highlighted in red.



As can be seen in the previous figure, Chile has a strategic and fundamental port infrastructure for economic growth, which includes considerable consumption from an energy point of view [7,93]. Furthermore, as the work of ports is a fundamental activity, the analysis that this article proposes and develops is scalable in many cases. Although it is known that not all ports have the same purpose and the same energy consumers, the proposal results in proposing a value chain for the end-use of green H2 in similar facilities, and that is replicable in others despite these differences.




4.2. Load/Demand Assessment and Resources


The study proposed in this work results from developing a pre-feasibility project to implement green H2 in Chile. In this case, due to a Non-Disclosure Agreement (NDA) signed between the parties that collaborate in said project, it is not possible to specifically mention the installation worked. Hence, this installation is referred to in a generic way as “Case of Study”. Therefore, the load demanded by the total end consumers of the green H2 within the Case of Study was established generically, which can be extended if necessary. The proposal is to determine the dimension of the systems that make up the value chain (electric power supply, electrolyzer, fuel cell) for a green H2 installation necessary to provide a stable amount of electric energy of 1 MWhe (megawatt hour electric) at all times to the Case of Study.



4.2.1. Sizing of H2 Line and Photovoltaic Plant


The photovoltaic generation was calculated using the model proposed by the Solar Explorer of the Ministry of Energy of Chile [94] in a central zone of the Valparaíso Region, supplying the next peak PV generation configured for 1 MWp (megawatt peak). The results consider an inverter power in Direct Current (DC) and a totalized power in photovoltaic panels of 1 MW, with the configuration shown in Table 2.



According to the photovoltaic generation model results, Figure 5 shows said average energy generated throughout the day in the other months of the year. The graph shows the points of maximum and minimum generation. Moreover, the monthly electricity generation in Alternating Current (AC) is shown in Table 3.



Through these values, a total of 1584.69 MWh of electric power generation per year was quantified. Based on 1 MWp, the annualized base indicator was IBA.PV = 1584.69 MWh/MWp. Both this last annualized generation indicator and the months of highest (IBMax.PV) and lowest (IBMin.PV) generation allow the estimation of different configurations of photovoltaic plants addressing the problem of producing 1 MWhe:




	
IBA.PV = 1584.69 MWh/MWp;



	
IBMax.PV = 5.60 MWh/MWp (month December);



	
IBMin.PV = 2.67 MWh/MWp (month June).








This type of indicator (IB: MWh/MWp) is valid to determine different sizes of photovoltaic plants in different scenarios. From this, various solutions have been determined to achieve 1 MWhe from a Fuel Cell (FC) and compare it with the same amount of energy produced from a Diesel Generator (DG). Therefore, it is necessary to set typical operating parameters for these technologies, as shown in Table 4.



Considering that the objective is to generate 1 MWhe from the FC, and using Equation (1), the efficiency of the system is obtained [95]:


   η  F C   =    E  o u t , F C      E  i n ,   F C     =    E  o u t , F C      [  kWh  ]    L H  V  H 2    [    kWh     kg   H 2      ]  ×  m  H 2    [    kg   H 2    ]    ,  



(1)




where Eout,FC is the electrical energy at the outlet of the FC. Therefore, solving the previous equation for the mass of H2 (mH2), it is obtained that the FC input to generate 1 MWhe is:


   m  H 2   =    E  o u t , F C      η  F C   × L H  V  H 2     =   1000    [  kWh  ]    0.5 × 33.33    [    kWh     kg   H 2      ]    = 60.01   [   kg   H 2   ] ,  











Then, to determine the electrical energy requirement in an electrolyzer (ELZ) obtaining the requirement in kgH2, the following Equation (2) is used [97]:


   η  E L Z   =    E  o u t , E L Z      E  i n , E L Z     =   L H  V  H 2    [    kWh     kg   H 2      ]  ×  m  H 2    [   kg  H 2    ]     E  i n    [  kWh  ]    ,  



(2)




where Ein,ELZ corresponds to the electrical energy that was supplied to the electrolyzer. This energy was determined for the efficiencies already indicated, which represents the electrical energy required for the electrolyzer to dissociate the water molecule and produce 60.01 kgH2:


   E  i n , E L Z   =    m  H 2      [    kg   H 2    ]  × L H  V  H 2    [    kWh     kg   H 2      ]       η  E L Z     =   60    [    kg   H 2    ]  × 33.33  [    kWh     kg   H 2      ]        0.65   = 3.08    [    MWh  e   ]  ,  











It is essential to highlight that the technology of PEM Electrolyzers is adequately coupled to a photovoltaic system, as has been demonstrated in the literature [97,98]. Since these respond quickly to the variations in power that the equipment receives, based on these results, different scenarios were determined in which the photovoltaic plant produces the minimum energy necessary to generate 3.08 MWhe in one day of operation through which 60.01 kgH2 are obtained and these, when supplied to an FC, finally produce 1 MWhe (in DC).



Therefore, to obtain the effect of generation through the photovoltaic solar plant, the configured scenarios are given by:




	
Scenario 1: Month with the minimum indicator of power generation from the photovoltaic system: IBMin.PV;



	
Scenario 2: Month with the maximum power generation indicator from the photovoltaic system: IBMax.PV;



	
Scenario 3: For annual average power generation: IBA.PV.








Additionally, a cost indicator in United States dollars (USD) of 0.75 USD$/Wp was considered, which allows the estimation of the cost of the photovoltaic system (Turnkey Project) from [99]. Finally, based on the electric power generation, the PV plant referential cost [USD$] was determined for each described scenario in Table 5.



Finding 1:



Based on these results, it was determined that to achieve parity of the price of energy (MWh) produced by a DG and FC, assuming that the costs of the equipment are “Sunk Costs”, the cost of 1 kgH2 can reach 4.09 times higher than the cost of 1 L of diesel. It was demonstrated as follows:




	
1 l diesel = 1 USD$;



	
1 kgH2 = 4.09 USD$.








Therefore, electricity generation from diesel equipment:




	
1 l diesel = 0.846 kgD;



	
HHVD = 12.67 kWh/kgD;



	
   η  D G   =    E  o u t ,   D G      E  i n , D G     → 0.38 =    E  o u t , D G      E  i n , D G     → 0.38 =   1000    [  kWh  ]     E  i n , D G       →  E  i n , D G   = 2630    [    kWh   DG    ]   ;



	
   m D   [    kg  D   ]  =    E  i n   , D G     H H  V D      =   2630    [  kWh  ]    12.67  [    kWh     kg  D     ]    = 207.58   [   kg  D  ]  .








Therefore, starting from this, the number of liters of diesel consumed (X) is determined as:




	
  0.846    [    kg  l   ]  =   207.58   k  g D      X   [  l D  ]   → X   [  l D   ]  = 245.36    [   l D  ]  .








At a value of 1 USD$ per liter of diesel, it was obtained that the cost of generating (c/diesel) a 1 MWhD is USD$245.



Now calculating through electricity generation from FC:




	
LHVH2 = 33.33 kWh/kgH2;



	
   η  F C   =    E  o u t , F C      E  i n , F C     → 0.5 =   1000    [  kWh  ]     E  i n , F C       →  E  i n , F C   = 2000   [ kWh  ];



	
   m  H 2    [    kg   H 2    ]  =    E  i n , F C       L H  V  H 2     =   2000    [  kWh  ]    33.33  [    kWh     kg   H 2      ]    = 60.01   [   kg   H 2   ]  ;








At a value of USD 4.09 per kgH2, the cost of generating 1 MWhe of energy using FC is determined to be USD$245. This result represents that the cost of 1 kgH2 could be up 4.09 times higher than the cost of 1 L of diesel so that the output MWh of each system is economically similar.



Finally, with the different photovoltaic plant configurations and the calculated data, the respective green H2 production can be estimated, obtaining the results shown in Table 6.




4.2.2. Cost Estimation and Comparison Assuming Green H2 Production


In estimating costs for the three scenarios studied, where H2 is competitive against the in-situ production of H2 or where the purchase of energy is made through a PPA to feed an electrolyzer, it is necessary to make assumptions of operation and costs of the system according to the studies of [23,31,49,100]. Hence, the data obtained are:




	
Hours of Operation per day Electrolyzer (ELZ): 8 h;



	
Hours of Operation per day Fuel Cell (FC): 8 h;



	
ELZ: 1.6 USD$/W;



	
FC: 1.6 USD$/W.








Therefore, for the above requirements of H2 and electrical energy from the FC, the following installed powers are required:




	
Power FC: 0.125 MW;



	
Power ELZ: 0.38 MW.








Starting from the unit costs of FC, ELZ and the respective powers, the investment of these two major teams in:




	
FC of 0.125 MW: USD$200,000;



	
ELZ of 0.38 MW: USD$615,385;



	
Lifetime FC: 100,000 h;



	
Lifetime ELZ: 100,000 h.








Regarding these parameters, necessary H2 production was ensured to finally have 1 MWhe from the outlet of the FC in 8 h of operation. Therefore, the following question was answered:



What maximum value can energy be purchased in a PPA to have an equivalent economic value of energy (USD$/MWh) produced from a diesel generator?



According to the previous results, a maximum energy purchase value was estimated, which can be indexed to the price of a liter of diesel, solving the following Equation (3):


  P P A   V a l u e    [     USD $    MWh    ]  = 4.09    [     l D      kg   H 2        ]  × D i e s e l   C o s t    [     USD $     l D     ]  ×    m  H 2        [    kg   H 2    ]     E  i n , E L Z      [  MWh  ]    ,  



(3)




substituting values is obtain that,


  P P A   V a l u e    [     USD $    MWh    ]  = 4.09    [     l D      kg   H 2        ]  × D i e s e l   C o s t    [     USD $     l D     ]  ×   60.01      [    kg   H 2    ]    3.08    [  MWh  ]    ,  










   P P A   V a l u e    [     USD $    MWh    ]  = 79.79    [     l D     MWh     ]  × D i e s e l   C o s t    [     USD $     l D     ]    ,   











Finding 2:



The value of energy in a PPA can be a maximum of 79.79 times the value of the liter of diesel, with the ultimate goal is that the value (USD$/MWh) generated by a FC is equivalent to the DG.




4.2.3. LCOE Estimation (Simplified)


Finally, the parameters already delivered and the production and prorate deduction, an LCOE was estimated. However, it should be pointed out that the storage and compression have not been considered according to the calculations. Therefore, according to the data shown in Table 7, the simplified LCOE calculation was performed.



Hence, LCOE1: of MWhe from the FC. Without PV plant was caudated from Equation (4),


  L C O  E 1  = P r o r a t e   F C  [     USD $    MWh    ]  +  (  P r o r a t e   E L Z    [     USD $      kWh   eq , H 2      ]  · 1000  )  + P P A    [     USD $    MWh    ]  ,  



(4)




then,


  L C O  E 1  = 40.62  (     USD $    MWh    )  + P P A    (     USD $    MWh    )  ,  











LCOE2: by MWhe from FC. With PV plant, for the month of minimum generation Scenario 1 (largest PV plant) the Equation (5) was calculated:


  L C O  E 2  = 40.62    [     USD $    MWh    ]  + P r o r a t e   P V    (  J u n e  )  ,  



(5)






  L C O  E 2  = 40.62    [     USD $    MWh    ]  + 18.93    [     USD $    MWh    ]  = 59.55  [     USD $    MWh    ]    ,  











Finding 3:



Therefore, from the LCOE results, it is concluded that a PPA is higher than the pro rata of the photovoltaic plant, that is, more significant than 18.93 (USD$/MWh), would imply that it is more profitable to incorporate the photovoltaic project than to buy energy from a third.



Finally, based on the results, Figure 6 shows a referential scheme of the complete value chain that was used in the Study Case of a port facility for a final supply of 1 MWh of electric energy. However, it should be mentioned that the calculated costs do not consider the prorate and operation of storage and compression. Therefore, the position of these systems in the figure is representative. Furthermore, it should be noted that the same proposed procedure must be followed in the case of higher consumptions. However, the technology costs vary due to the economy of scale and the negotiations between consumer companies and companies supplying the technologies green H2 at the time of purchase.






5. Conclusions


This study presents a complete value chain for green H2 in port facilities based on a case study for the Valparaíso Region in Chile. The green H2 value chain includes electricity generation using photovoltaic solar energy and inverters, electrolyzers for H2 production, on-site storage and fuel cells. This study determined potential green H2 consumers in a port facility, including RTG crane, forklift, manlift, container handler, container reach stackers, yard tractors and straddle carriers. Most of these teams have a diesel fuel consumption, making the analysis more attractive to implement the green H2. The analysis determined that, for demand of 1 MWe, the system must supply approximately 60 kgH2 to the fuel cell with a 50% yield. This requirement was covered by a 65% efficient electrolyzer whose energy consumption is 3.08 MWhe, which was supplied by a photovoltaic solar plant. This photovoltaic plant was sized for three scenarios, the first for the month with the minimum power generation indicator from the photovoltaic system (June) of 2.67 MWh/MWp, the second for the month with the maximum generation indicator of energy from the photovoltaic system (December) of 5.60 MWh/MWp and the last one for the annual average energy generation of 1584.69 MWh/MWp. This analysis shows that the proposed power system provides all the electrical power required for the port facility and offers good penetration of renewable resources for port applications.



Solutions to achieve 1 MWe from a fuel cell were determined and compared with the same energy produced from a diesel generator. Hence, to achieve parity of the energy price produced by the diesel generator and the fuel cell, it was obtained that the cost of 1 kgH2 could be up to 4.09 times higher than the cost of 1 L of diesel to generate the same MWhe in each system. Furthermore, in the present study, it was determined that the energy value in a Power Purchase Agreement could be a maximum of 79.79 times the value of a liter of diesel.



Finally, we analyzed the Levelized Cost of Energy for two different conditions than in the generation of green H2, when having the photovoltaic plant and without the photovoltaic plant. We determined that with a Power Purchase Agreement greater than the pro rata of the photovoltaic plant, and more significant than 18.93 (USD$/MWh), implies that it is more profitable to incorporate the photovoltaic project than to buy energy from a third party. Hence, a large amount of electrical energy can be produced using photovoltaic solar energy to serve the port cargo and generate enough H2 to power fuel cells. It is relevant for the National Hydrogen Strategy in Chile, which is attractive for the end-users of this renewable fuel. This study shows that in the short term, part of the green H2 produced in-situ using photovoltaic solar energy is implemented in port applications through a complete value chain, reducing CO2eq emissions in such processes and improving productivity and sustainability indicators.
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Figure 1. Representation of energy consumption by economic sector in Chile, created from data of the energy balance of 2019 [7]. 
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Figure 2. Four-stage model for green H2. Reproduced with permission from [25], International Journal of Hydrogen Energy, published by Elsevier, 2020. 






Figure 2. Four-stage model for green H2. Reproduced with permission from [25], International Journal of Hydrogen Energy, published by Elsevier, 2020.



[image: Sustainability 13 13681 g002]







[image: Sustainability 13 13681 g003 550] 





Figure 3. Representation of a complete value chain scheme for the end-use of green H2. 
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Figure 4. Chile port system in 2021. Points in red represent the main ports of the Valparaíso Region. Adapted from [92]. 
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Figure 5. Power generation in the PV plant. 
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Figure 6. Final chain value for green H2 used in the Case of Study (Port Application). 
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Table 1. Consumers and attractive characteristics for the use of green H2 in port operations.
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	Primary Consumers in the Port
	Attractive Characteristics for Using Green H2





	RTG Crane

Diesel generator

Forklift

Manlift

Container Handler

Container Reach Stackers

Yard Tractors

Straddle Carrier
	Use of fossil fuels

A large percentage of port assets

Intensive use in cargo handling and conditioning

High energy intensity

Inability to pause operations to charge batteries, in the case of equipment with the technology

Space available for storage of batteries and fuels
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Table 2. Data on the Solar Energy Explorer for Chile [94] for in the Case Study strategic location.
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	Location
	



	Initial Date Data
	1 July 2004



	End Date Data
	30 December 2016



	Latitude
	−32.78727048



	Length
	−70.95353415



	Height [m]
	426 m



	Photovoltaic Panel Parameters
	



	Arrangement Type
	Permanent



	Inclination [°]
	27



	Azimuth [°]
	−7



	Installed Capacity [MW]
	1



	Coverage
	Glass



	Mounting Type
	open_rack_cell_glassback



	Temperature coefficient [%/°C]
	−0.45



	Loss factor [%]
	14



	Investor Efficiency
	0.96
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Table 3. Monthly electric power generation based on PV plant.
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	Month
	Indicator [MWh/MWp]
	Days of Each Month
	Monthly PV Generation [MWh]





	January
	5.57
	31
	172.71



	February
	5.47
	28
	153.29



	March
	5.01
	31
	155.28



	April
	4.15
	30
	124.50



	May
	3.17
	31
	98.37



	June
	2.67
	30
	80.13



	July
	2.84
	31
	88.08



	August
	3.32
	31
	102.78



	September
	4.13
	30
	124.01



	October
	4.84
	31
	150.00



	November
	5.39
	30
	161.84



	December
	5.60
	31
	173.70
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Table 4. Energy system parameters for H2 and diesel were obtained based on the studies of References [38,95,96].






Table 4. Energy system parameters for H2 and diesel were obtained based on the studies of References [38,95,96].





	
H2 System

	
DG System




	
Parameter

	
Value

	
Unit

	
Parameter

	
Value

	
Unit






	
Fuel cell efficiency (ηFC)

	
0.5

	
-

	
Efficiency (ηDG)

	
0.38

	
-




	
Electrolyzer efficiency (ηELZ)

	
0.65

	
-

	
Diesel Density

	
846

	
[kg/m3]




	
Lower Heating Value of H2 (LHVH2)

	
33.3

	
[kWh/kgH2]

	
Higher Heating Value of Diesel (HHVD)

	
12.67

	
[kWh/kgD]











[image: Table] 





Table 5. Electric power generation (Gx = Ein,ELZ) and PV plant costs for the scenarios studied.






Table 5. Electric power generation (Gx = Ein,ELZ) and PV plant costs for the scenarios studied.





	Scenarios
	Power from the PV Plant [MWp]
	Gx 1 Typical Day June

[MWh]
	Gx Month June

[MWh]
	Gx 1 Typical Day December

[MWh]
	Gx Month December

[MWh]
	Gx Annual

[MWh]
	PV Plant Cost

[USD$]





	(1) June
	1.15
	3.08
	92.31
	6.45
	200.1
	1825
	$863,949



	(2) December
	0.55
	1.47
	44.00
	3.08
	95.4
	870
	$411,855



	(3) Annual average
	0.71
	1.89
	56.71
	3.97
	122.9
	1121
	$530,744
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Table 6. Green H2 was generated for the three scenarios.






Table 6. Green H2 was generated for the three scenarios.





	Scenarios
	Power from the PV Plant

[MWp]
	June

[kgH2/day]
	June

[kgH2/day]
	December

[kgH2/day]
	December

[kgH2/month]
	[kgH2/year]





	(1) June
	1.15
	60
	1800
	126
	3902
	35,600



	(2) December
	0.55
	29
	858
	60
	1860
	16,971



	(3) Annual average
	0.71
	37
	1106
	77
	2397
	21,870
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Table 7. Data required to estimate the simplified LCOE for the green H2 value chain.






Table 7. Data required to estimate the simplified LCOE for the green H2 value chain.





	Variable
	Value
	Unit





	LT 1 for PV Plant
	25
	year



	ELZ: H2 production in LT
	750,075
	kgH2



	FC: Electric Power Production in LT
	12,500
	MWh



	Prorate FC
	16
	USD$/MWh



	Prorate ELZ
	0.82
	USD$/kgH2



	Prorate ELZeq = (Prorate ELZ/LHVH2)
	0.02
	USD$/kWheq,H2



	Prorate PV (June)
	18.93
	USD$/MWh







1 LT: Lifetime.
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