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Abstract

:

The establishment of near-autonomous micro-grids in commercial or public building complexes is gaining increasing popularity. Short-term storage capacity is provided by means of large battery installations, or, more often, by the employees’ increasing use of electric vehicle batteries, which are allowed to operate in bi-directional charging mode. In addition to the above short-term storage means, a long-term storage medium is considered essential to the optimal operation of the building’s micro-grid. The most promising long-term energy storage carrier is hydrogen, which is produced by standard electrolyzer units by exploiting the surplus electricity produced by photovoltaic installation, due to the seasonal or weekly variation in a building’s electricity consumption. To this end, a novel concept is studied in this paper. The details of the proposed concept are described in the context of a nearly Zero Energy Building (nZEB) and the associated micro-grid. The hydrogen produced is stored in a high-pressure tank to be used occasionally as fuel in an advanced technology hydrogen spark ignition engine, which moves a synchronous generator. A size optimization study is carried out to determine the genset’s rating, the electrolyzer units’ capacity and the tilt angle of the rooftop’s photovoltaic panels, which minimize the building’s interaction with the external grid. The hydrogen-fueled genset engine is optimally sized to 40 kW (0.18 kW/kWp PV). The optimal tilt angle of the rooftop PV panels is 39°. The maximum capacity of the electrolyzer units is optimized to 72 kW (0.33 kWmax/kWp PV). The resulting system is tacitly assumed to integrate to an external hydrogen network to make up for the expected mismatches between hydrogen production and consumption. The significance of technology in addressing the current challenges in the field of energy storage and micro-grid optimization is discussed, with an emphasis on its potential benefits. Moreover, areas for further research are highlighted, aiming to further advance sustainable energy solutions.
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1. Introduction


The increasing production of electricity worldwide, which is necessary to address building and transportation electrification, must be supported by the further expansion of smart grids [1]. As a result, research on smart micro-grids established in nearly Zero Energy Buildings (nZEBs) has intensified [2]. A nearly zero-emission building is very efficient, with its minimal energy needs usually covered by renewable sources [3]. Micro-grids in nZEBs are increasingly designed to be self-sufficient, optimally controlling their grid transactions to safeguard their stability. The current European standards limit the net annual primary energy infusion to 20–30 kWh/m2y [4]. These buildings are characterized by an insulated shell and by smart features within their controls. Heating and cooling is implemented by high-efficiency heat pumps. Electricity is usually produced by photovoltaic installations. However, these sources are intermittent, opening spatial and temporal gaps between the availability of energy and its consumption by end-users. To address these issues, it is necessary to develop suitable energy storage systems for the power grid [5]. The EPBD Directive [6] mandates all new buildings to be nZEBs from 2021 onwards. A shift to zero-emission buildings (ZEBs) is projected to be achieved by 2030 [7]. Energy performance optimization is attained by high shell insulation, efficient lighting and advanced heat pump technology [8]. This concept results in a significant surplus of PV electricity around afternoon hours. A recent study on a campus building expanded the measured annual hourly load profiles with a data augmentation method [2] and proposed an improved energy management strategy for power production and storage. The performance indices employed include PV utilization ratio, load match ratio and grid flexibility factor. The optimal sizing of the system was performed based on its impact on the grid. It resulted in a 1050 kW peak PV installation, an internal fleet of 300 electric cars and an additional fixed battery capacity of 450 kWh. Nafeh et al. presented a methodology for the optimal sizing of a proposed PV battery grid-connected system for fast charging stations for electric vehicles in Cairo [9]. By shifting one’s attention to the big international picture, one can observe that the increasing penetration of wind farms and photovoltaic parks in modern electricity grids results in stochastic electricity production with frequent peaks, which disturb the grid’s operation and result in the dumping of large amounts of renewable energy. In an extensive study on the new power system paradigm of China, Yan et al. [10] conducted power supply and demand production simulations based on the characteristics of new energy generation in China. They found that when the penetration of new energy sources in the system exceeds 45%, long-term energy storage becomes an essential regulation tool. By comparing the storage duration, storage scale and application scenarios of various energy storage technologies, these researchers concluded that hydrogen storage is the most preferable choice to participate in large-scale and long-term energy storage. Jung et al. compared models of optimal capacity and facility operation methods based on long-term operational changes in distributed energy resources in a building with self-consumption in Korea [11]. The spread of energy storage systems in buildings plays a significant role, as these systems compensate for the intermittency of renewable energy and act as demand management resources through load leveling to transfer the power load [12]. Other forms of short-term storage are combined with the above techniques. Ju et al. studied the load-shaving capabilities of a 5 m3 thermal storage tank directly charged by the district heating supply water which was integrated into a substation of a Finnish office building [13]. In Germany, it is estimated that achieving the full grid penetration of renewables by 2050 would require about 80 TWh of storage capacity [14]. In that context, the economically favorable solution of water pumping in large reservoirs associated with hydro power is geographically limited. Thus, hybrid PV battery storage systems are increasingly applied in commercial buildings. Thermal storage (heating or cooling) is frequently combined with electricity storage in these buildings due to the high cost of batteries. According to a study by Chen et al., a 40% PV penetration combined with a 0.006 $/(kWhe) energy storage investment resulted in an impressive 27.3% cost reduction in a Beijing mall, while the optimal cooling storage rate decreased from 55% to 40%. [15]. An alternative approach with increasing research focus is the application of direct current (DC) microgrids [16] that can improve distribution efficiency by reducing power conversion stages. Research on distributed energy resources using renewable energy on DC microgrids is gaining momentum [17]. As battery costs decline and electricity prices fluctuate more, the battery would gradually replace cooling storage. However, there is a long way to go to reduce battery costs from the current value of 150 USD/kWh to a more economically viable 70 USD/kWh. The above restrictions have further increased attention to the use of hydrogen as an intermediate energy carrier. Hydrogen acts as a long-term storage medium for surplus renewable electricity [18]. Its role will be critical for the electrification of energy systems and the shift to zero greenhouse gas emissions [19]. In theory, hydrogen could be oxidized in a fuel cell to produce electricity at specific instances [20]. Currently, about 40% of the H2 currently consumed in industry is a by-product of large-scale chemical processes, while the remaining 60% is mainly produced as a by-product of fossil hydrocarbon extraction and processing. Since the investment in battery storage equipment is lagging due to the high costs involved, power-to-gas technology emerges as the most viable option. This involves the use of electrolyzer devices that produce hydrogen that can be stored in high-pressure tanks to fuel vehicles or be mixed with natural gas. The addition of renewable hydrogen to natural gas is a viable and promising strategy to achieve the gradual de-carbonization of the fuel mix used in electricity production and space heating. On the other hand, the use of renewable hydrogen as an automotive fuel is a valid strategy to achieve the de-carbonization of transportation, which develops in parallel with vehicle electrification [14]. In this respect, despite the high incentivization of plug-in hybrids in Germany and the EU, spark-ignition (SI) engine cars continue to dominate new registrations. If one additionally considers hybrids, which are mostly equipped with SI engines, the total amounts to two-thirds of new car registrations in 2023. On the other hand, using battery-powered electric trucks is not a viable option due to their covering of long distances at continuous near full load operation, which requires a large battery size and weight, as well as a long battery charging time. Under these circumstances, hydrogen, having the highest energy density of all fuels, with a lower heating value of 120 MJ, remains an ideal candidate for CO2-neutral, long-range, heavy-duty vehicles, which cause the battery capacity to be stressed to the limit. The above trends and perspectives lead to the development of advanced hydrogen-fueled, spark-ignition engines and high-pressure hydrogen storage tanks with advanced technology. The market growth for H2 storage tanks for mobile and on-site storage is expected to exceed a value of USD 7 billion by 2030 [21]. Large-scale synergies may be attained through the exploitation of the above technologies in the building sector, where a significant number of research works examine optimal grid integration in commercial and public nZEBs. These studies profit from on-site measurements and the modeling of a building’s and grid’s operation, taking into account the existing constraints and mutual information exchange [22]. The use of the storage capacity of employees’ electric cars is now a workable option to provide short-term electricity storage in commercial and public buildings. This option may be profitably combined with the usual electric vehicle charging infrastructure [23]. This includes both wired charging and wireless charging. Interoperability is crucial in the charging process and is the subject of intensive research [24]. New legislation already seeks the optimal exploitation of alternative charging sources by means of price regulation [25]. Engel et al. studied the effects of the increase in the share of electric vehicles to local peak loads and the slope of the evening ramp in a residential feeder circuit [26]. Thomas et al. [27] studied a smart grid in a university campus building, which comprised renewables, a fixed storage system and a fleet of electric cars. They employed two-year actual smart metering data to create discrete probabilities for PV production scenarios and found that the uncertainty in PV production could lead to a threefold increase in the daily system cost estimation. Such effects must be relaxed by adopting smart charging and exploiting the effect of more households being involved in one feeder circuit. Fachrizal [28] optimized a workplace with PV-powered chargers using load matching. Office nZEBs comprise a popular field of study in this context [29,30]. The optimized in-house charging system should be capable of reducing the cost for electric car owners by simultaneously protecting the grid [31]. The optimal sizing of a hybrid solar photovoltaic (PV) and battery energy storage (BES) system for grid-connected commercial buildings was studied in [32]. The authors optimized the energy system of a grid-connected university building in Malaysia. They attained a 12.3% reduction in electricity cost, a 22.6% reduction in annual energy consumption, and a 15.85% reduction in peak demand. Although battery storage is an established option for short-term photovoltaic electricity storage, long-term, seasonal energy storage is mandatory because of the significant seasonal variations in the heat pump’s electricity consumption. A convenient solution is to produce hydrogen from electrolyzer units powered by solar electricity [20]. Go et al. studied a H2 storage system comprising an electrolyzer, H2 tank and a fuel cell for seasonal storage [33]. They found that the H2 storage system compensated for a self-discharge loss of the battery for seasonal storage. Hai et al. modeled an autonomous residential building with four occupants for Kuwait’s capital, which was powered by solar panels and stored excess energy in a hydrogen tank [34]. Zahra et al. comparatively studied the effects of battery versus hydrogen storage in a typical residential building in Iran [35]. The prospect of using fuel cells to transform stored hydrogen to electricity is a subject of intense discussion due to the higher efficiency in energy conversion [36]. However, these applications are at a continuous experimental stage [37]. Moreover, extensive comparative lifecycle and reliability assessments of these alternatives would be necessary prior to their widespread application [38,39]. On the other hand, another electric power source is already available as standard equipment in commercial and public buildings in the form of diesel-powered engine generator sets for emergency power supply. A study of the effect of fueling a building’s genset using natural gas [40] pointed to its optimal sizing as an additional power source, resulting in limited electricity imports from the grid. Now, the problem with this type of configuration is caused by the lack of long-term electricity storage. The export of large quantities of electricity to the grid during hours with high insolation is the result in these cases. A comparison of the time slots with significant export to the grid during weekends with the load curves of the Greek electricity grid indicated that these quantities are not favorable for grid stability. The current work proposes a significant improvement to the micro-grid’s design by adding the in situ production of green hydrogen with a novel power system layout and timing. Green hydrogen is only produced during the weekends by means of commercially available alkaline electrolyzer units. The hydrogen produced is pressurized and stored in a high-pressure vessel. It can be employed to fuel an advanced state-of-the-art technology, direct-injection, spark-ignition engine that powers the generator set. This genset can be optimally dispatched by the smart grid during weekdays to minimize external grid interaction. The optimal sizing of several components of this micro-grid is critical to the success of this concept. An energy analysis of the optimized system indicates that the interaction between short-term (battery) and long-term (hydrogen) storage is beneficial to the overall system’s performance and may profitably match with the hydrogen infrastructure already in progress. All of this leads to a novel concept with a high reliability and degree of technological maturity for immediate application.



This paper is organized as follows: Section 2 describes the building and its energy system’s modeling details, the reasoning behind the main components’ sizing and the methodology for system optimization. Section 3 presents and discusses the transient system’s performance, with special emphasis placed on the interaction with the grid during weekdays and weekends. The conclusions follow in Section 4.




2. Materials and Methods


The interaction between short-term and long-term energy storage is demonstrated in an office nZEB. The transient performance of the building’s energy system is carried out in a TRNSYS environment. The modular structure of TRNSYS is favorable for the simulation of complex energy systems because it breaks them into smaller components [41]. TRNSYS is a well-known, standardized energy system simulation environment [42]. The various sub-systems’ models and the respective initial and boundary conditions are discussed next. The sizing of the main energy system’s components adheres to the nZEB legislation requirements. High-efficiency photovoltaic panels span the building’s flat rooftop space (Figure 1). Thus, the size of the photovoltaic installation is determined by the available rooftop space.



2.1. Building and HVAC System Description


The layout of a typical floor of an 18-zone office building is presented in Figure 1b. It consists of 4 stories, and more details on its design are summarized in Appendix A. This is a building with advanced insulation, high technology windows and advanced shading. Its total useful area is 5750 m2. There exist eighty parking places in the basement, which has a 6 m ceiling height. Twenty of these places are equipped with EV chargers [43].



The main TRNSYS components employed in the specific system’s simulation are presented in Figure 2. The building is modeled by a Type 56 multizone building model. A TMY for the city of Volos is inserted as meteorological boundary condition. A water-to-water heat pump is deployed for space heating and cooling. Heat is rejected in summer and gained in winter from the ground by means of eighty 0.2 m dia. boreholes, going to a depth of 80 m below ground level. The water exiting the heat pump feeds coil units (for office spaces) and air handling units for auditoriums. LED lighting is employed throughout the building. Type 668 is used to model the heat pump [44]. Type 557a is used to model the ground heat exchanger circuit [44].




2.2. Photovoltaic Installation


A total of 525 rooftop panels are arranged facing the south–southwest (SSW) direction, which follows the building’s orientation (Figure 1). The main technical data of the PV panels are listed in the Appendix [45]. A standard model for the photovoltaic panels is employed [46]. TRNSYS Type 194 requires the current–voltage curves of the specific PV panels, which are computed based on the manufacturer’s data following the procedure detailed in [47].




2.3. Electric Vehicles and Batteries


Every working day, an average number of twenty electric cars are assumed to stay connected in the respective charging posts during working hours. The electricity consumption of electric cars lies in the range of 120–250 Wh per km. The specific values attained mainly depend on the car’s speed and the ambient temperature. Battery charging for employees’ electric cars is assumed to be implemented during their stay in the car charging places in the building’s basement. The average monthly distance covered by each EV during working days is 1100 km. The average in-house charging requirements for each car are calculated to be 190 Wh/km after the charging losses are considered. Obviously, the charging needs during weekends cannot be met in-house. Overall, charging twenty cars requires about 4200 kWh monthly. Each one of the level 2 three-phase chargers installed in the basement requires 11 h to charge a typical 82 kWh car battery. The TRNSYS Type 47c battery model is employed in the simulation. It is based on a correlation between the voltage, current and the battery state of charge (SOC). Hyman equations are employed, where the power is given as input [48]. Charging efficiency is assumed to be equal to 0.9, independent of charge.




2.4. H2-Fueled SI Engine of Generator Set


The performance of the hydrogen-fueled engine of the generator set is critical to the energy efficiency of the total system. Green hydrogen is produced from electric power feeding the electrolyzer, thus transforming electrical energy to primary energy (enthalpy of formation of hydrogen). Whenever the production of electricity by the genset engine operation becomes necessary, the transformation of the hydrogen fuel’s primary energy to electricity takes place with efficiency lower than 40%. Additionally, low-quality energy, in the form of heat rejected from the engine exhaust and cooling system, closes the energy balance. Both forms can be exploited to reduce heating loads and thus save electricity consumption from the heat pump. They are not considered in this specific study. Thus, electricity production through the operation of the genset comes with a significant efficiency penalty. Now, as regards state-of-the-art hydrogen-fueled SI engine technologies, possible operation strategies are (i) lean-only operation and (ii) stoichiometric and lean operation. As regards the fuel injection system, there also exist two variances: (i) direct injection and (ii) port fuel injection. Out of the above alternative choices, this study considers the more advanced ones of direct injection in the cylinder (DI) and lean-only operation, a combination that leads to the highest engine efficiency both in part and full loads. Advanced engines are also turbocharged, and ignition is modified with “cold” spark plug versions to address high temperatures inside the cylinder due to hydrogen combustion. Further modifications adopted in dedicated hydrogen engines include modified valves and valve seats, improved pistons and piston rings, enhanced crankcase ventilation and the use of improved engine lubrication oil.



The engine selected for this study is based on a concept engine developed by the University of Graz and Bosch [14], with main technical data shown in Table 1.



As already mentioned, this is a direct injection engine operating at a lean air-to-fuel ratio all over its map (Figure 3). Since the engine is connected to a 50 Hz synchronous generator, only the 3000 rpm operating points are used. For this engine speed of 3000 rpm, we see from Figure 3 that the equivalence ratio varies from 1.8 at full load to 3.2 at no load conditions. On the other hand, engine efficiency varies from the maximum of 39% at full load to 35% at 25% load. That is, we observe a certain loss of efficiency at low loads. Initial sizing of the genset was based on the building’s size and electricity consumption profile since the genset is always present for safety and backup purposes.



This is a significant field for novel technical solutions and cost reduction, which will be pushed by the huge market potential of hydrogen-fueled cars and heavy-duty vehicles.




2.5. Electrolyzer Unit


TRNSYS Type 160a is employed to model this unit. It is a high-pressure alkaline electrolyzer (Figure 1). The model combines a thermodynamic sub-model and a transient heat transfer sub-model. Empirical relationships are used to describe the electrochemical behavior. They are in the form of a current–voltage curve for a given pressure and a Faraday efficiency relation. The electrolyzer temperature is calculated from the model [49,50]. The number of electrolyzer units is an optimization variable in the system’s model. The units are turned on at the beginning of each weekend and kept on for 48 h, maintaining the minimum power of 4 kW with electricity imported from the grid whenever there is no PV electricity available.




2.6. Pressurized Hydrogen Storage Tank


The green hydrogen from the electrolyzer is pressurized and stored in a storage tank with a 100 m3 volume (Figure 1). The size of the tank was chosen after carrying out initial system simulations in order to be able to keep the system autonomous for approximately three months during winter. The maximum hydrogen pressure allowed in the tank is 250 bar. The hydrogen storage module (Type 164b) employs the Van der Waals equation to compute hydrogen mass stored in the tank as a function of its pressure and temperature. Hydrogen from the tank is used to fuel the engine of the generator set. At the start of the simulation, the hydrogen storage tank is assumed to be filled up to 95% of its maximum pressure.




2.7. Dispatch Logic for Various Sources


The dispatch logic of the different power sources to the internal grid is presented in Figure 4. The battery’s fractional state of charge (FSC) is a critical parameter for this logic. The low limit of FSC is set to 0.36. The charge-to-discharge limit is set to 0.50. Whenever the FSC is lower than 0.50, the car batteries are charged with first priority. Second priority is given to the use of photovoltaic electricity for load coverage.



During the weekend, the car batteries are no longer connected to the internal grid. The surplus of PV production is diverted to feed the electrolyzer units, which produce hydrogen. Whenever the power diverted to these units exceeds their maximum capacity, the remaining electricity must be diverted to the external grid.     P   C     denotes the power allocated to battery charging.     P   D     is the power available for discharging by the batteries.     S o c   t     denotes the instantaneous FSC.     E   b a t , t     is the instantaneous battery capacity at time step, t.     E   b a t     is the maximum aggregate battery capacity [51]. The discharge power depends on the C-rate of the battery. The C-rate is defined as the charge allowed to discharge from the battery in one hour divided by the maximum battery capacity. The above parameters are related through the following equations:


    S o c   t   =     E   b a t , t       E   b a t     × 100 %  



(1)






    P   C   =   1 −   S o c   t         E   b a t     1 h    



(2)






    P   D   =     S o c   t   −   S o c   min         E   b a t     1 h    



(3)




where     S o c   t     and     S o c   min     are percentages.     E   b a t     is expressed in kWh.     P   C     and     P   D     are measured in kW. Four power sources are available: the photovoltaic panels, the batteries, the genset and the import from the grid. The power sources are dispatched sequentially, according to the flowchart, which differentiates between working days and weekends. Finally, the unmet load must be zero. The PV output is dispatched first.     P    net        (kW) is computed as the net required load after subtracting the PV contribution as follows:


    P   net   =   P   req   −   P   p v   *      



(4)






    P   p v   *   =   η   p v , i n v     P   p v , d c    



(5)







In the above relations,     P    req        is the required load in kW.     P   p v   *     is the photovoltaic generated power in kW.     η   p v , i n v     is the efficiency of the inverter.     P   p v , d c     is the inverter input in kW. The net required loads’ sign determines the power flow. If it is zero, we have a perfect match of PV power to the load.



If excess power is available, it is routed to battery charging during working days or used to feed electrolyzer units during weekends. Surplus is exported to the grid. A positive sign of the net required load indicates a shortage of power. This must be compensated by battery discharging during working days, whenever SOC > 0.36. Additional needs are met by the operation of the genset. Finally, imports from the grid could become necessary to cover additional loads. The battery’s set point       P   b a t   *      , expressed in   k W  , during working days is given as follows:


    P   b a t   *   =      0    if      P   n e t   = 0     − m i n     P   D   ,     P   net       η   binv          if      P   net   > 0     − m i n     P   C   ,   η   b r e c     P   net        if      P   net   < 0       



(6)




where     η   binv     is the efficiency of the inverter and     η   brec     is the rectifier’s efficiency, respectively. On the other hand, the dispatch power of the genset,       P   g e n   *       (  k W   ), is calculated as follows after comparison with its rated power       P   G ,    max         :


    P   g e n   *   = m i n     P   G , max   ,     P    net      +     P   C       η    brec            ( during the working days )  



(7)







This applies during working days.



During weekends, the generator does not operate, except for emergency situations as follows:


    P   g e n   *   = 0   ( during the weekend )  



(8)







The unmet load       P   u       is computed at each step of battery or genset dispatch as follows:


    P   u   =        P   n e t   −   P   b a t   *      batteries   dispatched   first          P   n e t   −   P   g e n   *     GenSet    dispatched   first        P   n e t   −     P   b a t   *   +   P   g e n   *        both   sources   dispatch  ed       



(9)







At the end of the time step, the remaining unmet load must be covered by imported electricity as follows:


    P   g r i d   *   = m i n     P   g r i d , m a x   ,     P   u        



(10)







As already reported, twenty cars are assumed to be connected from 9:00 to 17:00 each working day; 80 kW is set as the maximum total charging power allowed. No car batteries are connected on weekends. During working hours, the car batteries may discharge, when necessary (up to a 30 kW maximum total discharge power) to cover building loads. An     S o c   min     optimization study has already been carried out using GenOpt for a similar system, giving the value of     S o c   min   = 0.36  , which is adopted here [40].




2.8. Components’ Size Optimization


Obviously, the energy system considered here has a certain degree of complexity. The decision about the sizing of several critical components affects the overall system’s performance. The starting point for this procedure was the fixing of the rooftop photovoltaic system’s size, which was determined by the available rooftop space, as already explained. Next, the number of available electric cars for connecting was determined based on the current statistics of EVs in the Greek car fleet. The size of the pressurized hydrogen storage tank was determined based on its capability to support the system’s autonomy for three months in winter.



Finally, there remain three additional energy system parameters, which are selected to be determined by an optimization process. They are listed in Table 2, along with the selected ranges, and they are briefly explained as follows:




	
The first parameter is the tilt angle of the rooftop photovoltaic panels. It is allowed to vary between 20 and 50 degrees for the system’s optimization. Usual values applied in PV installations in Greece are between 30 and 40 degrees. Higher tilt angles tend to increase electricity production during winter months.



	
The second parameter is the maximum aggregate capacity of the electrolyzer units. It is allowed to vary between 2 and 5 stacks of 24 kW. The range was decided based on the available power levels for export during weekends.



	
The third parameter is the rated power of hydrogen-fueled generator engine. This is allowed to vary between a minimum value of kW, required to cover basic backup electricity needs of the office building, and a maximum value of 80 kW that would cover the maximum computed levels of power imported from the grid. A rated power that is closer to the lowest value would be more energy efficient due to the higher engine efficiency values associated with the engine operating close to full load.








The optimization procedure for the system’s three size parameters values was carried out by means of the GenOpt 2.1.0 optimization software. The Hooke–Jeeves method was selected, with the following hyperparameter values: A value of 2 for the mesh size divider, a zero initial mesh size exponent, a mesh size exponent increment equal to one and four step reductions were allowed.



Since our aim is to minimize the system’s interaction with the external grid and external hydrogen supply network, the objective function was formulated according to the following expression:


  Minimize         E   e l , e x p       2   +       E   e l , i m p       2   +       V     H   2   , cons   ·   H H V     H   2     ·   η   t       2    










  Subject   to          20   °   ≤   θ   t i l t   ≤   50   °           20   kW ≤   P   g e n s e t   ≤ 80   kW       48   kW ≤   P   m a x , e l   ≤ 120   kW       








where



	
Eel, exp is the total electricity exported annually to the grid (kWh);



	
Eel, imp is the total electricity imported from the grid (kWh);



	
VH2, cons is the net hydrogen annually consumed (Nm3);



	
HHVH2 is the higher heating value of hydrogen (3.54 kWh/Nm3);



	
    η   t     is the total efficiency of the engine generator set (-).






As may be observed from the above expression, it is assumed that a maximum of 40% of the hydrogen’s higher heating value is recoverable by using engine genset technology for the production of electricity (see Section 2.4). The specific form of the objective function with the squaring of the three main component values was decided in order to bias towards a balanced sizing for all three components.





3. Results


The starting point in this section is the determination of initial values for the main system’s sizing parameters. The building energy system’s simulation is carried out with these initial parameter values. The characteristic results are shown as transient performance graphs and overall energy balances on a monthly basis. The results are discussed to better understand the system’s performance and component sizing effects. The optimal values of these parameters are determined based on a standard optimization procedure.



3.1. System’s Performance with Initial Sizing Parameters’ Values


The transient performance graphs are produced with a 1 h time step. The battery’s FSC, the power produced from genset and electricity imported or exported to the grid, are presented in the graphs. Additionally, the power consumed by the electrolyzer units during weekend operation are shown, along with the filling level of the pressurized hydrogen vessel. As already reported, this control strategy changes during weekends, when the electricity surplus is first routed to the electrolyzer units. Whenever the maximum aggregate capacity of these units is reached, the remaining electricity is exported to the grid.



The hydrogen-fueled generator is initially rated at 50 kW at 3000 rpm. Five electrolyzer stacks with a peak electricity consumption of 120 kW are initially assumed. The 100 m3 hydrogen tank is assumed to be filled with hydrogen at a pressure of 237.5 bar during the start of the simulation (95% of its maximum pressure). The tank’s pressure is monitored throughout the year, and the generator is allowed to operate with a minimum tank hydrogen pressure of 10 bar. The filling of the hydrogen tank occurs during the weekends, when the operation of the electrolyzer units is scheduled. The variation in the above-mentioned systems parameters for a week in the beginning of January is shown in Figure 5. A significant dispatch of the generator’ power is observed during Wednesday, Thursday and Friday. This is necessary because of the batteries’ low FSC and insufficient PV input. The operation of the genset occurs at the expense of hydrogen fuel from the tank, whose long-term storage curve (percentage of maximum pressure) is seen to slope downwards during this period. Car batteries are seen to discharge whenever necessary and permitted. Also, whenever the required electricity is very low during the night, it is imported from the grid, and the genset is not dispatched at such a low power setting. During the two weekend days, no battery capacity is available. Whenever necessary, the already reduced building and electrolyzer units’ minimum loads are covered by being electricity imported from the grid.



It is interesting to compare this simulated winter weekly behavior of the building’s energy system, regarding its interaction with the external grid, with the Greek system’s load during a similar weekly period (Figure 6).



The hourly variation in the Greek system’s load is presented here for the specific week, along with the respective variation of the load covered by the remaining power sources if we subtract photovoltaic production. The small quantities of electricity required to be imported from the grid during the weekend in Figure 5 are seen to occur during hours of low demand for the Greek electricity system.



Next, the building’s system’s behavior in the beginning of July is shown in Figure 7.



The PV output is high due to clear skies and long days. The batteries’ SOC reach 100% at afternoon hours. Significant power is exported to the electric network. The amount of exported power is much smaller during the weekend, where the electrolyzer units consume most of the electricity surplus. Overall, the average hydrogen tank pressure drops to 60% after the first six months of the year. Next, a comparison of the above energy system’s behavior with the Greek system’s load variation would be useful. A week in July 2023 with a heat wave episode is selected for this purpose (Figure 8). The Greek system’s load curve peaks in the morning are quite impressive, especially during working days, reaching a maximum of 10.5 GW. On the other hand, there is significant PV production during the morning and afternoon hours, which relieve the conventional power sources from a big workload, to overcome the steep morning ramp. The building’s energy system is predicted, as shown in Figure 7, to export electricity to the grid, especially during the late morning hours in working days, where they are welcome to cover the steep load curve. However, the power exported to the grid is reduced on the weekend and shifted toward the afternoon hours, which is in line with the reduced needs of the Greek system, as seen in Figure 8.



The above short inspection of the system’s transient behavior for two weeks representing cold and hot seasons of the year will be helpful for the discussion in the next section. As a next step, it is important to assess the building’s performance on a monthly basis. The initial component sizing refers to a 50 kW genset rating and the 120 kW electrolyzer units. The initial PV panels’ tilt angle is 30 degrees. The photovoltaic energy produced monthly is presented in Figure 9. The maximum production is in June (43,600 kWh) and July (44,600 kWh). The lowest production is observed in December at 12,700 kWh.



The HVAC system’s consumption is highly variable according to the climatic conditions prevailing each month. It is minimized during the spring and autumn, respectively. The monthly summary of Figure 9 does not include the production and consumption of green hydrogen, which is presented separately in Figure 10. As a general remark, the production and consumption volumes are comparable for all months except January. During January, a significant quantity of hydrogen is consumed in the genset, almost eliminating the imports from the grid. This increased consumption is also necessitated by the somewhat increased consumption of the heat pump, but mainly by the charging of the electric car batteries, which are considered to start uncharged in the beginning of the year. As a result, the pressure in the hydrogen tank reduces to 62% of its maximum at the end of January, down from the initial value of 95%. During the remaining months, we observe fluctuations in the tank capacity of a much lower amplitude, and the tank drops to one-third of its capacity at the end of December. That is, the system is a net importer of hydrogen from the external supply facility.



The building’s lighting and electrical appliances consume an average of 4000 kWh monthly. Overall, the building consumes 117,000 kWh. The normalized primary energy consumption amounts to 59.5 kWh/m2y. An additional primary energy consumption of 12,400 kWh of primary energy must be added due to the net hydrogen consumption of 3490 Nm3 reported above. Thus, we have a total of 61.7 kWh/m2y. This is well below the nZEB threshold of 80–90 kWh/m2y set in [4]. The total annual photovoltaic production is 329,000 kWh. A further 19,400 kWh is contributed by the genset. A total of 11,800 kWh is imported, and 62,200 kWh is exported to the electricity network. Thus, electricity self-production significantly exceeds consumption. The nZEB designation is well deserved. The above figures will be further improved by the performance of the optimized system, as presented in the next sections.




3.2. Component Sizing Parameters’ Optimization Results


The optimization process for the size of the main system’s components shown in Table 2 with the objective function presented above in the TRNSYS-Genopt environment resulted in the following optimal parameter values:




	
Tilt angle of rooftop photovoltaic panels: 39 degrees;



	
Maximum capacity of electrolyzer units: three stacks, 72 kW total peak power;



	
Rated power of hydrogen-fueled generator engine: 40 kW.








As a final step, a new building energy system simulation is carried out using TRNSYS, setting the optimal values of the above three parameters. The annual energy balances of the optimized system are presented on a monthly basis in Figure 11.



Most electricity is seen to be exported during April, May and June. The generator needs to be operated in January and December. The export to the grid is maximized in April and May. Again, additional monthly data concerning the electrolyzer units’ hydrogen production and the consumption from the engine generator set are presented in Figure 12. A comparison with the initial results of Figure 10 indicates that the optimized system has a reduced hydrogen consumption during January. Additionally, the optimized system demonstrates lower hydrogen consumption levels during the rest of the year. Finally, the annual net hydrogen energy consumption is significantly reduced. The overall performance comparison of the initial and optimally sized energy system is summarized in Table 3.



The optimized building consumes a total of 116,000 kWh annually (Table 3). An additional primary energy consumption amount of 9160 kWh of primary energy must be added due to the net hydrogen consumption of 2580 Nm3 reported above. Thus, we have a total of 60.6 kWh/m2y, which is well below the legislated threshold [4]. Photovoltaic electricity totals 322,000 kWh. The contribution of the hydrogen-fueled generator is now 17,900 kWh. The total building interaction with the grid is reduced now. The amount of annual imports is 12,400 kWh, and the amount of annual exports has been reduced to 53,300 kWh.



Next, the hourly performance of the energy system during weekdays and weekend days in the course of the year is presented. First, the variation in the batteries’ state of charge is presented in Figure 13. As observed to the left of the map, the batteries start with a near zero charge, according to the assumption employed in the simulation. They are observed to be quickly charged to high SOC levels from the PV electricity during the hours of sunshine. Also, they are seen to discharge to meet building loads in cloudy days. Starting from the middle of March, the batteries become fully charged on days with clear skies. They may also discharge to the micro-grid while they are connected. They also discharge when the cars are used outside the building. In this case, they follow the model assumptions with respect to EV electricity consumption. The state of the charge levels increases in spring due to the reduced HVAC electricity needs and the increase in PV production. During late spring and all summer, they reach 100% capacity during the day. In autumn, the battery charging levels fluctuate following photovoltaic output variations. The charging levels drop again in the winter. The above concerns the short-term storage carried out daily by the car batteries. In addition, the system comprises a long-term storage capacity by means of the green hydrogen storage tank. The evolution of the storage tank’s capacity, expressed in normalized cubic meters (Nm3) divided by the maximum quantity determined at the maximum tank pressure, is presented in Figure 14. As expected, the hourly variation in the tank’s capacity is negligible when compared to the weekly and seasonal variation. The hydrogen tank is assumed to start at nearly a 100% capacity on the first of January.



A significant drop to a level of 80% is observed until the end of January, as reported in Figure 12. The tank capacity further deteriorates during the winter months. With the advent of the spring season, the tank’s capacity levels increase. This is due to the negligible heat pump consumption and increased photovoltaic output. Hydrogen production is shown to fill the storage tank during the weekends, where the electrolyzer units operate. During late spring and all summer, they reach a capacity of over 80% due to the maximized photovoltaic output. During late autumn and the start of winter, their levels further deteriorate, finally dropping to 40%.



A view of the operation of the 40 kVA genset is presented in Figure 15 on an hourly basis during a full year. A high load operation is observed during working days in January. This is due to the low battery charging levels at the simulation’s start. The increased generator’s output is used to cover heat pump consumption on cloudy days. Starting from March and moving to spring and summer, the required operation of the genset is negligible. The genset starts operating again in October due to the significant reduction in the batteries’ state of charge, as seen in Figure 13.



An additional issue of interest is the timing of electricity imports from the grid based on the hour of day and the season of the year. According to the results presented Figure 16, small quantities of electricity need to be imported from the grid, mainly during weekends, to keep the minimum power demand of the electrolyzer units whenever the PV production is insufficient as well as in other (rare) circumstances where the infusion of external energy is required. Overall, the power imported from the grid is at low levels, seldom exceeding 10 kW.



Finally, the timing of electricity exports to the grid in hourly, weekly and seasonal bases is presented in Figure 17. During the first two months of the year, only small quantities are exported to the grid during days with sunshine and mild temperatures. Most of the PV electricity is used to charge car batteries. Starting from March and during April, the electricity quantities exported become higher during weekdays, especially during weekdays with nice weather and sunshine. As we move to the summer months, the electricity exported to the grid stays at lower levels due to the increased HVAC system’s needs. During weekend days, the electricity export to the grid is significantly reduced. This is a favorable consequence of the operation of the electrolyzer units since the Greek electricity demand curve does not need these quantities due to the reduced weekend power requirements. This will be discussed next in the context of analyzing typical electricity demand data from the Greek system.




3.3. Cumulative Hourly Distributions of Grid Interaction


As a next step, to demonstrate the significance of the proposed concept in addressing the current challenges in the field of energy storage and micro-grid optimization in nZEBs, the timing of electricity exports to the grid are presented in Figure 18 and Figure 19. These are cumulative electrical energy quantities for the whole year. The results are presented separately for weekdays and weekend days. The total electricity dispatched from the generator, imported from the grid and exported to the grid during working weekdays, produces the diagram shown in Figure 18. The total annual exports to the grid during working days per hour of the day are seen to reach a maximum slightly exceeding 9000 kWh at the 14:00–15:00 time slot. The shift of electricity exports occurring later towards the afternoon hours is usually beneficial to the external grid, as explained in the context of Figure 6 and Figure 8. On the other hand, any necessary imports from the grid have become negligible during the morning ramp (07:00–10:00), a fact which is beneficial for the external grid.



The respective integration results during weekend days produce the diagram in Figure 19. As already mentioned above, the genset is not operated during weekends. The total annual electricity exported to the grid during weekend days per hour of the day is seen to reach a maximum of 3800 kWh at the 15:00–16:00 time slot.



More generally, according to the diagram in Figure 19, exports to the grid during the weekends are maximized at afternoon hours in the 13:00–17:00 period. Despite the increased electricity surplus during weekends, a significant part is exploited by the electrolyzer stacks. Thus, the remaining electricity exported to the grid is limited. As already demonstrated in Figure 6 and Figure 8, this is in line with the reduced load of the Greek system during weekends. On the other hand, electricity imports during weekends are required only during the night hours, which is a time slot of low demand for the Greek system. A comparison with the results of similar studies shows that the 0.18 kW/kWp PV power setting of the genset is reasonable, as well as the 0.33 kWmax/kWp PV maximum power setting of the electrolyzer units. As regards other alternatives for long-term energy storage, one could mention the use of cost-effective iron-based aqueous redox flow batteries for large-scale energy storage applications [52]. However, the use of hydrogen in this respect allows for a better integration with the hydrogen economy, which is a strategic choice already made, as seen by the worldwide infrastructure under intensive development and expansion [53]. Finally, regarding electrolyzer technology, alkaline electrolyzers may not prove to be favorable to cooperate with renewable energy sources that have rapid fluctuation characteristics in comparison with PEM electrolyzers [54]. This could be a further direction for system improvements. Last but not least, the lives of lithium-ion batteries are mainly determined by the number of charge and discharge cycles. Thus, it is a direction of the optimization of the smart grid to avoid the unnecessary cycling of electric vehicles’ batteries by sequentially arranging the discharging of employees’ electric cars for one day. These are areas for further research and development in the context of nZEBs and building micro-grids, which are expected to further advance sustainable energy solutions in this sector.





4. Conclusions


The interactions between short-term and long-term energy storage in a novel concept applied in an nZEB building’s smart grid are studied with the aid of transient simulation. Short-term electricity storage is supplied by the electric batteries of employees’ cars. These are bi-directionally connected to the building’s smart grid during working days. As regards long-term storage, an optimally sized 40 kW (0.18 kW/kWp PV) green hydrogen-fueled genset is deployed to keep the micro-grid near-autonomous by simultaneously optimizing the tilt angle of PV panels to 39°. Production and storage in a 100 m3 volume, high-pressure tank of green hydrogen with optimally sized electrolyzer units with a maximum capacity of 72 kW (0.33 kWmax/kWp PV during weekends provides the necessary long-term energy storage option required for optimal system tuning. The optimally sized system is demonstrated to minimize the interaction with the external grid both on working days and weekend days. Moreover, the timing of hourly electricity exports is more favorable for the external grid’s demand profiles. The new concept’s potential benefits to the integration of nZEBs to the network are discussed, and areas for further research and development to advance sustainable energy solutions are discussed.
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Appendix A


As regards the location, climate and building envelope characteristics, the following information is cited: Volos is a coastal Greek city (latitude 39°21′, longitude 22°56′). Volos has a warm, temperate climate. The average winter temperatures are 8–10 °C. The average summer temperatures are 25–28 °C. The annual precipitation averages around 500 mm with significant year-to-year fluctuation.



Table A1 summarizes the shell insulation data. They adhere to the stricter Greek standards in use. Advanced technology includes double-glazed windows with U = 1.29 W/m2K and a solar heat gain coefficient of g = 0.333. The average window–to-wall ratio is 0.29. Automatic shading devices are prescribed for vertical openings. The shading coefficients range from 0.5 (south-facing openings) to 0.8 (north-facing openings). The building’s ventilation fulfills EN 16798–1:2019 [55]. The operating schedule assumes working hours of 9:00–18:00 on weekdays and 09:00–14:00 on Saturdays. High-efficiency LED lighting with a 5 W/m2 electricity consumption (peak) is used in office spaces. The amount of energy consumed for office equipment is assumed to be 200 W per employee.





 





Table A1. Building insulation data (U-values).






Table A1. Building insulation data (U-values).





	Shell Type
	Layers
	U (W/m2K)





	Roof insulation
	Reinforced concrete slab, extruded polystyrene, lightweight concrete, ceramic tiles
	0.272



	Concrete column
	Reinforced concrete, extruded polystyrene
	0.324



	Outside wall
	Ceramic brick, extruded polystyrene, ceramic brick
	0.319



	Floor insulation
	Reinforced concrete slab, extruded polystyrene
	0.443










 





Table A2. Water–water heat pump efficiency data for heating and cooling modes.






Table A2. Water–water heat pump efficiency data for heating and cooling modes.





	

	
Heating Mode: Ground Loop Water Temperature [°C]




	
18.0

	
15.0

	
13.0

	
10.0

	
8.5

	
7.0

	
4.5

	
2.0

	
0.0






	
kW thermal

	
271.4

	
255.4

	
241.9

	
228.8

	
216.0

	
209.7

	
193.2

	
183.0

	
173.0




	
KW

	
46.8

	
45.6

	
44.8

	
44

	
43.2

	
42.8

	
42

	
41.6

	
41.2




	
COP

	
5.8

	
5.6

	
5.4

	
5.2

	
5

	
4.9

	
4.6

	
4.4

	
4.2




	
Cooling Mode: Ground Loop Water Temperature [°C]




	

	
20

	
25

	
30

	
35

	
40

	
45




	
kW thermal

	
201.6

	
198.9

	
196.1

	
194.2

	
185.6

	
177.8




	
kW

	
48

	
51

	
53

	
55.5

	
58

	
63.5




	
COP

	
4.2

	
3.9

	
3.7

	
3.5

	
3.2

	
2.8









The main technical data of the PV panels employed in this study are listed in Table A3 according to the manufacturer’s datasheet. They are employed to tune the model of the photovoltaic panel’s operation in the TRNSYS environment [46].





 





Table A3. Technical data of 415 Wp monocrystalline silicon, 120 half-cell PV panels NU JC415 [45], as used in TRNSYS type194.






Table A3. Technical data of 415 Wp monocrystalline silicon, 120 half-cell PV panels NU JC415 [45], as used in TRNSYS type194.










	PV Module Parameter
	Value
	Comments





	ISC at STC
	13.87 A
	Short circuit current



	VOC at STC
	38.08 V
	Open circuit voltage



	IMPP at STC
	13.18 A
	Current at max power point



	VMPP at STC
	31.49 V
	Voltage at max power point



	Temperature coefficient of ISC (STC)
	0.054%/K
	αISC



	Temperature coefficient of VOC (STC)
	−0.262%/K
	βVOC



	Number of cells wired in series
	2 strings × 60 mod.
	



	Module temperature at NOCT
	315.5 K
	



	Ambient temperature at NOCT
	293 K
	



	Module area
	1.95 m2
	



	Module efficiency
	21.25%
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Figure 1. (a) A layout drawing of the building’s rooftop PV installation. (b) The plan of a typical floor. (c) A schematic of EV parking places with chargers in the building’s basement. Green arrows indicate car movement directions. (d) A schematic of an electrolyzer unit. (e) A pressurized hydrogen tank. 
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Figure 2. The simulated system’s diagram as it is developed in the TRNSYS simulation studio environment. The interaction of the main system’s components is shown in this diagram. 
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Figure 3. Operation points of a modern hydrogen-fueled, spark-ignition engine (load versus engine speed). Engine equivalence ratio (λ) is mapped in the left diagram. Engine thermal efficiency is mapped on the right. This is a direct-injection, turbocharged SI engine, specially adapted to burn hydrogen as fuel. Adapted from [14]. 
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Figure 4. A flowchart describing the basic logic of system operation. The dispatch of electricity produced by the available power sources (PV panels, genset, car batteries and external grid imports) to cover the system’s loads is explained. The differentiation of the dispatch logic during weekend days is also depicted. 






Figure 4. A flowchart describing the basic logic of system operation. The dispatch of electricity produced by the available power sources (PV panels, genset, car batteries and external grid imports) to cover the system’s loads is explained. The differentiation of the dispatch logic during weekend days is also depicted.



[image: Energies 17 01441 g004]







[image: Energies 17 01441 g005] 





Figure 5. The transient simulation results of the building’s energy system performance during the second week of January. The indoor temperature setpoint is 20 °C. The genset is observed to operate mainly from Wednesday to Friday, reducing the content of the hydrogen tank. The operation of the electrolyzer units is noticeable during the weekend. 
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Figure 6. The electricity demand of the Geek system during a cold week in January 2024. The morning and evening ramps of each day are observable in the total consumption curve (blue). The subtraction of the PV contribution substantially reduces the operation of conventional power sources to meet the morning ramp. The reduced electricity demand during Saturday and Sunday is also observable. 
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Figure 7. The transient operation of the system during the second week of July. The indoor temperature setpoint is 26 °C in the cooling operation. Significant electricity export to the external grid is observed in the early afternoon during working days. The car batteries’ state of charge is seen to be above 90% as long as they are connected to the chargers. The heat pump electricity consumption is maximized during Monday and Tuesday due to the heat wave episode. 
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Figure 8. The electricity demand of the Geek system during a week in July 2023 with a heat wave episode occurring from Monday to Wednesday. The peak power demand of Greece exceeded 10 GW during these days. The significant contribution of PV electricity is observable to almost diminish the huge morning ramp of the system during all days of this week. 
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Figure 9. The monthly evolution of the building’s energy performance for one year. The genset has a rated power of 50 kW. The rooftop PV panels are placed with a tilt angle of 30 degrees. Five electrolyzer stacks with a maximum power consumption of 120 kW are installed for green hydrogen production. 
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Figure 10. Monthly hydrogen production from the electrolyzer unit (in blue color) and monthly hydrogen consumption of the 50 kW-rated genset (in red) for one year. 
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Figure 11. The energy performance of the optimally sized system on a monthly basis for one year with a 40 kW generator rating, three electrolyzer stacks with a 72 kW maximum power consumption and a 39 degree tilt angle for the rooftop PV panels. The total electricity exports to the grid are reduced, and the maximum is shifted to April and May. 
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Figure 12. Monthly hydrogen production from the 72 kW electrolyzer units (in blue) and the electricity consumption of the 40 kW-rated genset for one year (optimized system). 
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Figure 13. The evolution of the battery’s state of charge as a function of the hour of day (vertical axis) and the day of the year (horizontal axis) is presented. The batteries start with a negligible charge at the beginning of the year. They are charged during working hours and discharge afterwards. The maximum state of charge is observed in June and July. Significant charge fluctuations are observed in winter months. 
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Figure 14. Hourly variation in the hydrogen tank capacity (%) as a function of the hour of day (vertical axis) and the day of the year (horizontal axis) during a full year. The tank is full at the beginning of the year. It is filled close to 90% at the end of summer, and its capacity reduced again to 50% at the end of December. 
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Figure 15. Hourly electric power output of the 40 kW-rated genset as function of the hour of day (vertical axis) and the day of the year (horizontal axis) during a full year. The operation of the genset varies according to the electricity deficit of the building. It is limited to the working days of the week. No genset operation is necessary during late spring and summer. 
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Figure 16. The hourly electricity import from the grid of the optimized system as a function of the hour of day (vertical axis) and the day of the year (horizontal axis) during a full year. Routine imports of small amounts of electricity from the grid are observed during all weekends of the year to keep the electrolyzer units at an idle state of operation. 
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Figure 17. The hourly variation in electricity exported to grid (kW) of the optimally sized system as a function of the hour of day (vertical axis) and the day of the year (horizontal axis) during a full year. The electricity exports are maximized around afternoon hours, especially during workdays in the spring. 
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Figure 18. The hourly distribution of the total annual electricity dispatched from the 40 kW-rated genset, the total annual electricity imported from grid and the total annual electricity exported to the grid during workdays (optimized system). 
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Figure 19. The hourly distribution of the total annual electricity imported from grid and the total annual electricity exported to the grid during all weekend days. 
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Table 1. Main technical data of modern direct-injection hydrogen-fueled SI engine.
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	Engine Type
	In Line, 4 Cylinder, 4-Stroke SI, Turbocharged





	Engine displacement
	2.0 dm3



	Compression ratio
	9.8



	Injection system
	H2 direct injection



	Ignition system
	Series production ignition coils, cold spark plugs



	Cam phasing
	Hydraulic cam phasers for inlet/exhaust valves



	Rated torque
	382 Nm @3000 rpm (bmep = 24 bar@3000 rpm)



	Rate power
	140 kW@6000 rpm



	Rated power for genset operation
	120 kW@3000 rpm










 





Table 2. Optimization variables, limits and step.
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	Optimization Variable
	MIN
	MAX
	STEP
	Units





	PV panels’ tilt angle
	20
	50
	1
	deg



	Number of electrolyzer stacks
	2
	5
	1
	[-]



	Rated power of genset
	20
	80
	5
	kW










 





Table 3. Performance comparison of initial and optimized energy system.
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	Optimization Variable
	Initial Value
	Optimized
	Units





	Annual electricity consumption
	117,000
	116,000
	kWh



	Annual net hydrogen consumption
	3490
	2580
	Nm3



	Annual primary energy consumption
	61.7
	60.6
	kWh/m2y



	Annual PV electricity production
	329,000
	322,000
	kWh



	Annual electricity production, genset
	19,400
	17,900
	kWh



	Annual electricity imported from grid
	11,800
	12,400
	kWh



	Annual electricity exported to grid
	62,200
	53,300
	kWh
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