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Abstract


Utility-scale energy storage can help improve grid reliability, reduce costs, and promote faster adoption of intermittent sources such as solar and wind. This paper analyzes the technical aspects and economics of standalone microgrids operating on intermittent power combined with hydrogen energy storage. It explores the feasibility of using dibenzyltoluene (DBT) as a liquid organic hydrogen carrier to absorb excess energy during periods of high supply and polymer electrolyte fuel cells to generate electrical energy during periods of low supply. A comparative analysis is conducted on three power demand scenarios (industrial, residential, and office), in conjunction with three alternative energy sources: solar, wind and wind–solar mix. A mixed system of solar and wind energy can maintain an annual average efficiency above 70%, except for residential power demand, which lowered the efficiency to 67%. A balanced combination of wind and solar power was the most cost-effective option. The current levelized cost of electricity (LCOE) for industrial power demand was estimated to 15 ¢/kWh, and it is projected to decrease to 9 ¢/kWh in the future. For residential power demand, the LCOE was 45% higher due to the demand profile. In comparison, battery storage is significantly more expensive than hydrogen storage, even with future cost projections, increasing the LCOE between 60 and 120 ¢/kWh.
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1. Introduction


A microgrid is a group of interconnected loads and energy resources that acts as a single controllable entity [1,2,3,4]. Because it has its own energy resources, it can disconnect from the traditional grid and operate autonomously [5,6]. Microgrids come in a wide range of sizes, from a single facility to an entire district that produces the energy that it consumes. Over 461 microgrids are currently operating across the U.S., representing 3.1 GW of installed power according to the U.S. Department of Energy (DOE) [7]. While connected to the grid, a microgrid generally operates as a single load. But it can break off from the grid and operate on its own using local energy generation when the larger grid experiences interruptions such as storms and power outages. This is called a ‘stand-alone’ or ‘island’ grid [8,9]. For microgrids in remote areas where there is no connection to the larger grid, this mode may be their only option. In the island mode, the microgrid can be powered entirely by local power assets working together, including generators, renewables, and storage, to maintain the load.



While microgrids can reduce costs, improve reliability, produce cleaner power, and, in some cases, produce revenue via market participation with the larger grid, the use of higher levels of renewable resources can be challenging. Power systems are traditionally operated with synchronous generation to ensure a resilient, cheaper, and reliable power supply [10,11,12]. However, a desire to move towards diversified energy resources has enticed consumers and utilities to install more solar photovoltaic (PV) and wind-based generation. These energy sources are intermittent in nature and come with the challenges of power management, load balancing, grid security, and reliability of power supply [13,14,15]. The use of alternative technologies becomes especially challenging for the consistent operation of these microgrids, especially in the island mode [16,17]. Their effective operation and control are critical for maintaining stability in both grid-connected and islanded modes, optimizing resource utilization, and ensuring power quality. Recent studies highlight the growing role of advanced control strategies—including multi-agent systems, artificial intelligence, and predictive optimization—improving microgrid flexibility and efficiency [18,19]. At the same time, comprehensive reviews emphasize persistent challenges in architectures, protection, and scalability, underscoring the need for robust, adaptive control frameworks to fully realize the potential and cost effectiveness of microgrids in sustainable power systems [20,21].



To address this challenge, energy storage is needed [22,23]. For example, excess energy generation in the middle of the day is a concern in solar generation. Solar energy must either be curtailed or, in some way, stored. Another concern is the need for energy resources to ramp up quickly to meet massive power swings. In particular, the steep ramp in load demand and declining solar generation between about 5 and 8 p.m. pose challenges for the current electricity market structure [24,25,26]. Finally, there is the challenge of energy availability when renewables are not produced, either at night or on cloudy days for solar power and during calm days or even calm seasons for wind power.



Technologies that can serve the bulk energy storage landscape are limited: Pumped hydro and compressed air technologies are location-limited, and new deployment locations can be difficult to identify and license [27,28,29]. Battery technologies are limited by size and economics [30,31,32]. Studies have shown that the economics for large energy storage are not viable for batteries beyond 6–12 h [33]. Hydrogen-based energy storage has emerged as a promising complement to batteries, offering long-duration storage, seasonal balancing, and sectoral coupling opportunities [34]. Unlike conventional storage, hydrogen enables both electricity regeneration via fuel cells and cross-sector utilization in transport and industry, positioning it as a versatile energy carrier for future microgrids [35]. Recent research and operational projects highlight how hydrogen storage enhances microgrid reliability by supporting multi-day and even seasonal energy bridging, thus mitigating the volatility of renewables and meeting the rigorous resilience requirements of modern power systems [36,37]. Notably, the Calistoga Resiliency Center in California—North America’s largest utility-scale hybrid energy storage microgrid—integrates advanced hydrogen fuel cells with lithium-ion batteries and an intelligent energy management system (EMS) to deliver at least 48 h of continuous power, leveraging on-site liquid hydrogen tanks for refueling without service interruption [38]. Advanced control strategies, such as hierarchical economic model predictive control frameworks, have also been proposed to optimize the dynamic interaction between hydrogen devices, batteries, and renewable generation, improving both efficiency and cost-effectiveness [39]. Collectively, these advances underscore hydrogen’s role in extending the operational flexibility of renewable microgrids beyond the capabilities of short-duration storage alone.



The challenge of renewable microgrids becomes one of storing large quantities of hydrogen in a form that can easily be retrieved to be converted back into electricity. Hydrogen storage as a gas is the simplest approach, but achieving reasonable density requires that it is compressed to high pressures (350–700 bar) [40,41,42]. Liquefying hydrogen at 20 K increases volumetric density to ~71 kg H2/m3, enabling larger-scale transport and use in centralized hubs. The drawback is the high energy cost of liquefaction, consuming 30–40% of hydrogen’s energy content, along with boil-off losses and the need for specialized cryogenic infrastructure [43,44]. Significant research has emerged on ammonia’s application for hydrogen storage. The interest of ammonia as a chemical carrier stems from a very high volumetric hydrogen density (~108 kg H2/m3 equivalent) and benefits from a global infrastructure of ports, pipelines, and storage tanks [45,46]. However, there have been few available ammonia decomposition technologies for producing hydrogen, which is one of the key limitations for ammonia to be used as a hydrogen carrier [47,48]. Thermal–chemical decomposition is the most mature ammonia decomposition technology, but it requires high temperatures and/or pressure [48]. Some limitations, such as slow response time from a cold start and toxicity, make it unsuitable for distributed power generation and modular applications near populated areas [49].



This study evaluates the alternate approach of storing H2 reversibly in chemical bonds as liquid organic hydrogen carriers (LOHCs) [50,51]. LOHCs store hydrogen through reversible hydrogenation and dehydrogenation reactions. These compounds can be divided into two categories, two-way and one-way carriers, as shown in Table 1. With the two-way carrier, materials can be recycled many times, reducing the impact of the cost of the carrier. The one-way carrier requires transport only to its point of use and does not require its transport back to the regeneration facility [50]. However, it must be produced for each cycle. A variety of liquid hydrogen carriers have been studied to identify compounds that can produce hydrogen and, if necessary, be regenerated under modest temperature and pressure conditions with high thermal efficiency conversion. In general, these compounds are less flammable and more easily handled than hydrogen gas or liquid hydrogen. Dibenzyltoluene, for example, is predominantly utilized as a heat-transfer fluid for indirect heating and cooling across a range of industrial processes, such as those found in the chemical, plastics, and heat recovery sectors. In addition, multiple pilot-scale demonstrations have confirmed the practicality of DBT for hydrogen storage applications. Notably, Hydrogenious LOHC Technologies has implemented containerized hydrogenation–dehydrogenation systems based on DBT, facilitating the safe storage and transportation of hydrogen on a multi-ton scale [52]. It demonstrates outstanding thermal stability, is safe and non-volatile, and possesses a high boiling point of 390 °C, making it compatible with current fuel logistics [53,54]. In contrast to Class 1 flammable liquids like MCH and Toluene, DBT tanks are classified as Class IIIB, which allows for reduced stand-off distances and eliminates the need for dikes. This classification can substantially lower both the spatial requirements and the overall cost of implementing a DBT-based hydrogen carrier system, making it a more efficient option compared to more flammable alternatives or hydrogen itself [55]. It offers a volumetric density of ~57 kg H2/m3, higher than compressed hydrogen, and can be cycled many times without significant degradation.



The objective of this study is to evaluate the potential application of a liquid carrier-based hydrogen storage system at a renewable wind and/or solar energy farm to improve dispatchability and reduce power curtailment or deficits. This study advances beyond our previous work by shifting the focus from conventional battery-based storage analysis to a comprehensive evaluation of liquid organic hydrogen carriers (LOHCs) as a scalable solution for renewable energy dispatchability. Unlike earlier studies that focused on battery economics and performance, this work introduces a modular LOHC-based hydrogen storage system tailored for a 10 MW microgrid, with scalability to larger systems. It uniquely integrates techno-economic modeling with dynamic response characterization of the H18-DBT pair under intermittent renewable supply and demand transients. Furthermore, it presents a comparative framework that includes geologic hydrogen storage options (LRC, salt caverns, and buried pipes) and quantifies trade-offs in capacity factor, availability, and hydrogen inventory. This holistic approach provides new insights into the operational and economic viability of LOHCs in grid-scale renewable integration, offering a novel pathway distinct from prior battery-centric analyses.




2. Materials and Methods


2.1. System Configuration


The concept of a renewable islanded microgrid with energy storage consists of a wind or solar PV plant that produces intermittent power and supplies it to an isolated microgrid, such as a residential community, an office complex, or an industrial site. If the plant generates more power than the demand, the excess amount is fed to a low-temperature polymer electrolyte membrane water electrolyzer (PEMWE) to produce hydrogen, which is stored in a liquid carrier. During periods where the renewable plant produces zero or insufficient power, the liquid carrier is dehydrogenated to supply H2 to a polymer electrolyte membrane fuel cell (PEMFC) system that produces supplemental power required to balance the load on the grid.



The conventional stationary LOHC storage setup includes separate hydrogenation and dehydrogenation reactors. The hydrogenation reactor operates at low temperature/high pressure, and the dehydrogenation reactor operates at high temperature/low pressure to maximize thermodynamic driving forces for the respective reactions [56]. Flexible operation of such a two-reactor setup is limited by heating times and energies required to bring the respective reactors from standby conditions to operational conditions [57,58,59,60,61].



Jorschick et al. [59] demonstrated a dibenzyltoluene (H0-DBT)/perhydro dibenzyltoluene (H18-DBT) LOHC that can be hydrogenated and dehydrogenated in a single reactor with Pt on alumina catalyst at temperatures above 220 °C. It offers the advantages of a simpler LOHC storage layout and faster dynamics in switching from hydrogen charging to hydrogen release by just adjusting the pressure level in the reactor.



Based on the findings by Jorschick et al. [59,61], we formulated a system model for a renewable plant with DBT hydrogen storage, as shown in Figure 1. The overall system consists of four main components: (a) a renewable energy farm (wind, solar, or a combination of wind and solar), (b) a low-temperature PEM electrolyzer, (c) a low-temperature PEM fuel cell, and (d) the hydrogen storage system. The electrolyzer produces hydrogen at 30 bars, which is dried using temperature swing adsorption (TSA) and fed to the LOHC reactor for hydrogenation of DBT. The drying step is important because studies have shown that even a small amount of water in hydrogen causes catalytic side reactions with H0-DBT/H18-DBT, leading to the formation of CO, CO2, and CH4 [62,63,64,65].



The DBT storage system is centered around a single batch reactor, as illustrated in Figure 1. This reactor operates at a nominal temperature of 290 °C, with permissible limits between 270 °C and 310 °C [53]. These temperature boundaries are chosen to maximize the efficiency of both hydrogenation and dehydrogenation reactions [53]. Hydrogenation, an exothermic process with a ΔH of 65 kJ/mol-H2, permits the reactor’s pressure and temperature to rise to 30 bar and 310 °C, respectively, before cooling is initiated. For the dehydrogenation of H18-DBT, the reactor pressure decreases from 30 to 1.5 bar. As dehydrogenation is endothermic, additional heat—typically provided by a natural gas burner or, alternatively, hydrogen fuel—is required if the temperature falls below 270 °C.



During dehydrogenation, the product hydrogen is cooled to 70 °C and passes through a condenser at 40 °C to condense DBT vapor. Due to the low vapor pressure of DBT, essentially all DBT is condensed (hydrogen contains less than 10 ppb of DBT at the exit of the condenser). A purification system is included in the system to remove traces of DBT in the hydrogen, along with other trace impurities. Hydrogen is compressed to 10 bar using a three-stage compressor and is purified to fuel cell grade in a four-bed pressure swing adsorption (PSA) unit [66]. The hydrogen recovery is 90%, and the unrecovered hydrogen from the PSA tail-gas is burned to provide supplemental heat for the dehydrogenation process. The capacity of a large-scale, high-pressure batch reactor is restricted to 30,000 gallons (114 m3) [67,68]. A 10 MW system requires 30–110 parallel batch reactors, depending on the power demand profile and source of renewable energy. The balance of plant (BOP)—heat exchanger, condenser, compressor, and separation system—is shared among all reactors. The DBT reactor also serves as the LOHC storage tank.




2.2. Fuel Cell, Electrolyzer, and Battery Performance


The polymer electrolyte fuel cell system (FCS) in this study is designed according to the targets for heavy-duty trucks, including liquid stack coolant, air management, active fuel recycling, and no external humidifier. Complete model equations and assumptions for the system model can be found in previous publications [69,70,71]. The FCS is scaled to meet the microgrid’s power demands at end-of-life (EOL), ensuring that the required power outputs are consistently achieved throughout the fuel cell stack’s operational life. Efficiency curves of the PEMFC system as a function of power percentage at beginning-of-life (BOL) and EOL are illustrated in Figure 2a. A decline in fuel cell efficiency from BOL to EOL is evident and attributed to catalyst surface area loss, identified as the primary mode of degradation impacting the stack’s longevity. Additionally, the practice of “voltage clipping,” commonly utilized in current fuel cell vehicles, was examined. Operating at higher voltages can accelerate degradation, but by implementing voltage clipping to prevent operation above peak efficiency points, it is possible to enhance efficiency across the duty cycle and extend the stack’s durability to 30,000 h before replacement becomes necessary.



Figure 2b presents the overall performance of the electrolyzer in terms of specific energy consumption in kWh/kg-H2 at 30 bar. System-specific energy consumption is defined as the ratio of the lower heating value (LHV) of H2 exiting the system boundary downstream of the TSA unit for water removal to the total external power supplied to the system, including the transformer/rectifier and other BOP components [72]. Energy consumption is dependent on current density (i.e., operational load), initially decreasing as current density is reduced but exhibiting a sharp rise at levels below 0.5 A/cm2.



Factors such as flammability limits and thermal neutrality generally restrict the system’s turn-down. Utilizing a recombination layer to electrochemically oxidize crossover hydrogen with crossover oxygen to generate water restricted the minimum turndown ratio of the stack to 3.5% of rated power before shutdown [72].



The fuel cell stacks utilized in this analysis are specifically designed for on-road heavy-duty vehicles (HDVs). To leverage the manufacturing economies of scale for both stack and balance-of-plant components, fuel cell stacks are typically sized at approximately 275 kW. These are then integrated into racks and modules containing standardized stacks, which are configured to drive larger systems via a single balance of plant (BOP) shared by all modules. The electrolyzer stack, on the other hand, features a nameplate capacity of 1 MW with a nominal rated stack voltage of 500–600 V achieved through 200–300 individual cells, each offering an active area of nearly 1000 cm2. To enhance efficiency, individual stacks are strategically shut down to align the rated power with optimal performance efficiency.



A small battery was also included in the system to be able to assist the electrolyzer during fast transients and to initially provide enough power for BOP components as the fuel cell ramps up to capacity, which is in the order of <1 min. Battery performance and lifetime are based on our previous work for lithium iron phosphate (LFP) batteries and comprehensively discussed in these references [69]. Briefly, we chose LFP batteries in this work as they have good cycling durability when maintained at a modest temperature and moderate energy density and provide a flat voltage–discharge curve. For optimal lifetime, we oversized the battery to operate between 80 and 20% of the state of charge (SOC) and limited the charge/discharge rate to a maximum of 0.5 kW/kWh, providing a 98% battery efficiency over a lifetime of 15 years [73,74].




2.3. Duty Cycles


Figure 3 shows the demand power profiles for an industrial complex, a medium office, and a residential area in northwestern Texas (Amarillo, TX, USA) used in this study [75]. Data is provided in one-hour intervals throughout all days of the year. As the total energy demand differed between the three different scenarios, we normalized the power demand such that all cases require 87.6 GWh/year (or an average power of 10 MW).



The upper panel in Figure 3 presents the hourly power demand across the entire year. Residential and, to a certain extent, medium office sectors exhibit seasonal variations in demand, whereas the industrial power profile remains constant throughout the year. The lower panels present the power demand profiles over the first 120 h for a detailed view of daily power consumption. While the average power demand is 10 MW, office sectors and particularly residential areas experience substantial fluctuations throughout the day, with peaks reaching 30 MW and lows dropping to 2–5 MW. These pronounced daily variations in power demand, when integrated with intermittent energy sources, significantly influence the required capacity for energy storage, as well as the size of the fuel cell and electrolyzer systems.



Figure 4 illustrates the overlapping power demand of a medium-sized office and the power supply derived from wind, solar, or a combination of both over a seven-day period. In the case of wind energy, there are instances—particularly during hours of peak demand—where the power supply is minimal or nonexistent. To address this shortfall, hydrogen storage systems must compensate for the deficit, with the size of the fuel cell determined by the difference in power demand and supply. Moreover, the wind farm’s nameplate capacity must exceed peak power demand to ensure sufficient excess power is generated to produce adequate hydrogen for storage, thereby meeting power needs throughout the year.



Conversely, solar energy demonstrates better alignment between supply and peak demand. However, given its lower capacity factor compared to wind (21% vs. 46%), the required solar farm’s nameplate capacity must be scaled up relative to that of wind power.



This duty cycle shows an example of storage capacity and renewable farm sizes. We have evaluated this for all power demand profiles and determined electrolyzer and fuel cell size, storage requirement, and nameplate capacity for renewable energy. Besides pure wind or solar farms, we also consider a mix of wind/solar farms. Hourly data for all demand profiles [76], as well as wind and solar power [75], are documented in the Supplementary Materials (Demand and Supply Power tab).




2.4. Economic Assessment


Figure 5 highlights historical and forecasted costs for land-based wind and utility-scale solar farms, as reported by the International Renewable Energy Agency (IRENA) [77,78]. The median (50th percentile) capital expenditure (CAPEX) of onshore wind farms is anticipated to decline from 1436 USD/kW in 2020 to 1050 USD/kW by 2030, while the median operating expenditure (OPEX) is expected to drop from 46 USD/kW annually to 26 USD/kW annually over the same period. In comparison, the median CAPEX for solar PV farms is projected to decrease significantly from 1080 USD/kW in 2020 to 550 USD/kW in 2030. Correspondingly, the annual OPEX for solar PV farms is forecasted to reduce from 8.70 USD/kW to 4.80 USD/kW. Solar plants, in 2020, already demonstrate lower CAPEX and OPEX compared to wind plants, and the reduction in CAPEX for solar is expected to be more pronounced by 2030. Furthermore, current and forecasted costs for installed wind and utility-scale PV systems show consistent alignment across various sources [79,80,81,82].



A recent study has assessed the current costs associated with the stack, mechanical balance of plant (m-BOP), and electrical balance of plant (e-BOP) for PEM water electrolysis systems (PEMWEs). At a high production volume of 10,000 units per year, these costs were estimated to be USD 342/kW, USD 36/kW, and USD 82/kW, respectively [83]. Additionally, the study projected that future costs would decline to USD 143/kW for the central PEMWE stack, USD 23/kW for m-BOP, and USD 68/kW for e-BOP. The end-of-life is defined by a criterion of 10% voltage increase from BOL operations, following any initial break-in or conditioning period, measured at the same current density. System lifetime is determined by the average degradation rate from BOL to EOL voltage, estimated at 40,000 h for current technology and 80,000 h for future systems.



The cost estimation for the fuel cell system aligns with the U.S. Department of Energy (DOE) objectives for Class 8 heavy-duty trucks [69]. The present cost reflects a production volume of 1000 units annually at USD 310 per kW, excluding the radiator. Projections indicate that by 2030, costs may decrease to USD 80 per kW, contingent on achieving a production scale of 100,000 units per year.



The evaluation of the storage system costs includes the DBT autoclave reactor; balance of plant (BOP) components such as pipes, condensers, compressors, and PSA; and the initial DBT inventory required for operation. The autoclave reactor’s maximum capacity is capped at 115 m3, with an installation cost of USD 334,000 per unit [67,68]. Although multiple reactors are utilized in parallel within the system, the BOP components are shared across all reactors, with costs determined by the peak hydrogen charge and discharge rates. Cost estimates for the system are derived from prior research utilizing methylcyclohexane-based carriers, adjusted as a function of capacity [50]



Currently, the market price of DBT is high, ranging from USD 4.8/kg to USD 6/kg, primarily due to limited demand. In 2018, the global market value for DBT was approximately USD 45 million, corresponding to an estimated 7500 million metric tons [84]. DBT is commonly utilized in sectors such as the chemical industry, pharmaceuticals, specialty chemicals, plastics, and rubber production. DBT production and recycling involve notable environmental and lifecycle considerations, shaped by factors such as feedstock origin, process energy demands, and recycling performance. Recent life cycle assessments (LCAs) show that transitioning DBT synthesis from conventional aromatic sources to plastic waste or biomass-based BTX (Benzene, Toluene, and Xylene) pathways can improve overall resource circularity and reduce reliance on virgin feedstock inputs [85,86,87]. However, biomass-based routes may increase freshwater use and eutrophication potential due to agricultural practices and land use intensity [86,88].



Producing toluene from biomass remains significantly more expensive, however, than from traditional fossil sources, with bio-based routes estimated to cost 2–3 times more per tonne due to feedstock variability and higher processing complexity [86,89,90]. The production process analyzed in this study is based on a European Union research report that evaluated the cost of DBT through established industrial pathways for transportation applications [91]. The methodology involves a process concept derived from patents and literature, implemented at various scales. The core process comprises two organic synthesis steps: (a) the UV-light-catalyzed synthesis of toluene and chlorine to form benzyl chloride and hydrochloric acid and (b) the FeCl3-catalyzed synthesis of benzyl chloride and toluene to produce monobenzyltoluene, dibenzyltoluene, and hydrochloric acid.



The relationship between DBT production cost and production volume is illustrated in Figure 6. The production volume accounts for both DBT and monobenzyl toluene (MBT) combined. The yield for DBT is 35%. At the current production volume of 2000 MT per year, the cost of DBT production is USD 4.82/kg, aligning with the present market value, assuming a toluene price of USD 750/MT. If the annual production volume increases to 100,000 MT, DBT production costs have the potential to decrease by more than 50% to USD 2.01/kg [91]. This scenario assumes a future case projection.



LCOE is calculated using the DOE H2A framework financial model [92]. Comprehensive details regarding capital and operating expenditures, as well as the underlying financial assumptions, are provided in the Supplementary Materials within the cost tabs.





3. Results and Discussion


3.1. Reactor Dynamics


A kinetic model for the DBT reactor was formulated utilizing experimental data sourced from the literature [93,94]. In these studies, hydrogenation was performed at 30 bar, while dehydrogenation occurred at 1.5 bar. Both reactions took place in an autoclave maintained at a constant temperature, employing a Pt on alumina catalyst (0.015 mol-% Pt, corresponding to a 0.3 mass% Pt eggshell loading) [59]. The reference temperature for the experiments was set at 300 °C, although catalytic activity was also evaluated across a temperature range of 250 °C to 310 °C. Our analysis indicates that the hydrogenation kinetics are second order in H0-DBT conversion, and the dehydrogenation kinetics are first-order in H18-DBT conversion.
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Figure 7 shows a favorable comparison between the modeled and measured degree of hydrogenation, DOH, in a 1450 min cycle, in which DOH reaches 90% after 250 min in the hydrogenation step and decreases below 10% after 1200 min in the dehydrogenation step. For the kinetic model applied in our system analysis, we have limited the operational temperature range to 270–310 °C. The lower bound was selected to ensure sufficiently rapid kinetics, while the upper limit was chosen to minimize secondary processes such as ring opening and cracking of DBT, which can adversely affect both the longevity of the organic liquid and the catalyst [59].



Kinetic investigations aimed at clarifying the effects of DBT stability and catalyst deactivation pathways under both hydrogenation and dehydrogenation conditions are sparse in the literature. To date, only a limited number of studies utilizing Pt/Al2O3 and Pt/C catalysts have been performed under conditions pertinent to the optimal operation of the pressure swing reactor concept [59,93]. Recently, Jorschick et al. [59] assessed the durability of a Pt catalyst in a hot pressure swing reactor, conducting 13 operational cycles over 405 h and evaluating various modes to enhance productivity while minimizing catalyst and LOHC degradation. Experiments were conducted at elevated temperatures, 250–300 °C, and hydrogen pressures up to 30 bar. Hydrogen productivity seemed to stabilize between the 6th and 9th cycles across all tested scenarios, despite a pronounced initial deactivation of the catalyst, which was attributed to conditioning. Although cleaning procedures could temporarily restore catalyst performance by clearing blocked Pt metal sites, the catalyst’s long-term effectiveness remained constrained by irreversible alterations to its active centers.



All intermittent energy is managed by storing hydrogen during periods of excess electricity generation and releasing it from storage when there is a shortfall in electricity supply. Figure 8a illustrates the cumulative liquid hydrogen storage required over the course of the year, with a particular emphasis on industrial power demand supported by wind and solar sources.



Storage levels are determined using hourly power demand and supply data to ensure that (a) hydrogen can be promptly released to meet fuel cell power requirements at any time, and (b) the amount of hydrogen stored at the start and end of the year is equal. Utilizing the kinetic model established with Equations (1)–(4), the degree of hydrogenation is consistently maintained between 10% and 90%. This approach ensures that reaction rates remain rapid and are not limited by kinetic constraints related to hydrogen uptake or release. As depicted in Figure 8a, the storage capacity exhibits pronounced seasonal variability.



For wind power, energy storage builds up during the first half of the year and is nearly depleted during the spring and summer months. Conversely, solar power follows the opposite pattern. Although from a broader perspective, the storage system appears to complete a single annual charge/discharge cycle, the aggregate daily charge and discharge events result in approximately four to five deep cycles each year. To guarantee reliable performance over ten deep cycles, as shown in Figure 8b, it was determined that replacing the catalyst every two years is a more cost-effective strategy for maintaining the necessary activity. This approach is preferable to increasing the DBT inventory and, consequently, the reactor size to improve kinetics.



Traditionally, stationary LOHC storage systems use separate reactors for hydrogenation and dehydrogenation, with the hydrogenation reactor operating at lower temperatures and higher pressures, and the dehydrogenation reactor functioning at higher temperatures and lower pressures to leverage optimal thermodynamic conditions for each process. However, the flexibility of this dual-reactor setup is limited by the significant time and energy required to transition the reactors from standby to operational states. Integrating hydrogenation and dehydrogenation processes within a single reactor enhances thermal management, allowing for more efficient use of waste heat and minimizing thermal losses, thereby improving system responsiveness. Consequently, single-reactor DBT configurations offer a compelling solution for compact, responsive, and thermally optimized hydrogen energy systems. As illustrated in Figure 9, the single reactor’s temperature profile is shown for industrial applications operating under constant power, with energy supplied by wind and solar sources, respectively. The reactor reliably sustains temperatures within the 270–310 °C range. While uninterrupted operation at the desired temperature is not achievable without active heating or cooling, the reactor is able to operate adiabatically for extended intervals. This allows it to internally utilize the heat it generates, significantly decreasing the need for additional fuel. Consequently, overall energy consumption may be reduced to just 11–32% compared to systems that employ separate hydrogenation and dehydrogenation reactors.



DBT heat transfer fluids are typically utilized within a bulk temperature range of approximately 180–350 °C, with maximum film temperatures reaching up to 380 °C. These fluids generally provide reliable service for more than 10 years and have even reached over 30 years of operational life before being recycled through standard reclamation processes [95,96]. Conventional refurbishment includes vacuum distillation to remove light ends and heavy tars, along with filtration or adsorbent treatment to eliminate particulates and oxidation products. The main loss mechanisms during LOHC operation are over-dehydrogenation (aromatic condensation), cracking into light ends, and accumulation of heavy residues. By maintaining optimal operating conditions—such as a temperature window of approximately 290–320 °C, minimizing over-dehydrogenation, and ensuring dry conditions—side reactions are kept at a minimum, which allows for over 90% recovery of DBT with vacuum distillation and adsorbent cleanup at refurbishment intervals extending beyond 100 cycles [59]. Assuming four deep storage cycles per year for microgrid operation, the DBT inventory is expected to require replacement every 25–30 years. Annual DBT makeup is determined by the loss of light hydrocarbons, which are present at approximately 40 ppmv in the product hydrogen stream during dehydrogenation [65] (for detailed makeup estimates, please refer to the supplemental material).




3.2. System Performance


As discussed previously, the interplay between specific demand profiles and renewable energy sources determines the size of the electrolyzer, fuel cell, storage capacity, and the renewable energy farm nameplate capacity. Figure 10 illustrates these metrics across various power demand scenarios (medium office, residential, and industrial) for three renewable farm configurations: (i) 100% wind, (ii) 100% solar, and (iii) a 50% wind and 50% solar mix.



Figure 10(a1,a2) presents the yearly renewable energy estimates and nameplate capacities for each setup. The total annual energy demand across all cases is 87.6 GWh. Among the power demand profiles, renewable yearly energy output is lowest with the 50% mix configuration, requiring 125 GWh (or a 40 MW nameplate capacity energy farm). Due to their lower capacity factor, solar plants must be significantly oversized to fulfill the annual energy requirement. For instance, in the industrial demand scenario, a solar plant is required to generate up to 225 GWh/year (105 MW capacity), whereas in the residential case, it can be as low as 160 GWh/year (75 MW capacity). The comparatively lower nameplate capacity for residential solar farms stems from peak demand aligning closely with solar peak generation hours, typically between 8 am and 5 pm.



Figure 10(b1,b2) illustrates renewable energy efficiency (the ratio of energy required to energy produced) alongside hydrogen-equivalent storage capacity. A mix of solar and wind farms achieves an efficiency of 71% for industrial and office demand profiles, and slightly lower, 67%, for residential demand. Purely solar-powered farms demonstrate the lowest efficiency: about 40% for industrial and residential scenarios and 58% for medium office scenarios. The 50% renewable energy mix requires the lowest hydrogen-equivalent capacity for industrial and office energy demands: 200 MT. For residential demand, the storage capacity is higher, 400 MT, for wind and solar farms and highest for solar farms: 720 MT.



Figure 10(c1,c2) presents the calculated sizes of the electrolyzer and fuel cell. The required electrolyzer capacity remains relatively consistent across all power demand scenarios but varies significantly with the renewable energy source. The electrolyzer size ranges from 35 to 48 MW for wind and 50% mix scenarios and is significantly higher for the 100% solar scenario: 70–90 MW. The fuel cell capacity is smallest for the industrial power demand profile, a constant 10 MW, because of steady power requirements and significantly higher for medium office (30 MW) and residential cases (35 MW) because of the need to satisfy the peak daily power demand in the absence of intermittent power sources.



Figure 10(d1,d2) presents the hydrogenation and dehydrogenation capacities. The hydrogenation capacity is influenced by the configuration of the renewable energy farm: setups relying exclusively on wind energy or employing a 50% mixed renewable strategy achieve capacities between 15 and 20 metric tons (MTPD) of hydrogen equivalent. In contrast, a fully solar-powered configuration delivers a significantly higher hydrogenation capacity, reaching up to 40 MT in scenarios involving industrial power demand. Dehydrogenation capacity remains steady at 17 MT across all renewable energy configurations for industrial power demand but rises to 50 tons per day (TPD) for office power demand and up to 60 MT for residential power demand.




3.3. Levelized Cost of Electricity


With the parameters for storage capacity, fuel cell and electrolyzer sizes, and renewable energy nameplate capacity established, the LCOE for the islanded microgrid system is analyzed. Figure 11 provides a detailed breakdown of the LCOE contributions from each component of the microgrid system.



Figure 11a summarizes the contribution of the levelized cost of renewable energy (LCRE) to LCOE. It shows LCRE parity between the industrial and residential power demands. The 50% renewable energy mix is the lowest LCRE option, and the solar power configuration is the highest LCRE option. Future LCRE projections suggest 40–50% possible savings in cost. The future LCRE is lowest for a 50% renewable mix, 3.72 ¢/kWh for industrial power demand, and highest for 100% wind or solar power, about 5.10 ¢/kWh.



Although solar systems require higher nameplate capacity compared to wind (100 MW versus 50 MW), the lower CAPEX and OPEX of photovoltaic technologies (50% lower than wind) partially compensate for LCRE. It is worth noting that the LCRE for renewable systems integrated within an islanded microgrid setup exceeds that of utility-scale wind or solar systems without storage and curtailment (2–3 ¢/kWh). This disparity arises from the larger nameplate capacity required to address inefficiencies inherent in storage systems, particularly the round-trip efficiency of electrolyzer and fuel cell systems.



Figure 11b summarizes the contribution of the levelized cost of the PEM water electrolyzer system (LCWE) to LCOE. Across different renewable energy sources, LCWE remains comparable between industrial and residential demand. In the current scenario for industrial demand, LCWE is smaller for a 100% wind and wind–solar mix, 3.8¢/kWh, than the 100% solar energy supply, 10.26 ¢/kWh. Future projections suggest more than a 50% reduction in LCWE.



Figure 11c summarizes the contribution of the levelized cost of fuel cell system (LCFC) to LCOE. LCFC is seen to depend weakly on the renewable energy source. In the current scenario, it is approximately three times higher for residential power demand, 2.96–3.79 ¢/kWh, than industrial power demand, 0.9–1.11 ¢/kWh. This cost differential is entirely due to the FC-rated power, which is 35 MW for residential power demand and 10 MW for industrial power demand. Looking forward, with a target cost of USD 80/kW for the fuel cell system, LCFC is projected to decrease significantly, by a factor of five, to reach 0.2 ¢/kWh in the industrial power demand scenario, making it the least expensive component of the microgrid system.



Figure 11d summarizes the contribution of levelized cost of the DBT hydrogen storage system (LCHS) to LCOE. Overall, LCHS is lowest for a 50% energy mix, followed by 100% wind and 100% solar. It is higher for residential demand than for industrial demand. For wind–solar mix, the current LCHS is 3.82 ¢/kWh for industrial demand and 7.96 ¢/kWh for residential demand. These are projected to decrease to 3.03 ¢/kWh and 6.25 ¢/kWh, respectively, if the forecasts for reduced DBT inventory costs are met.



Figure 12 presents the LCOE as the sum of LCRE, LCWE, LCFC, and LCHS. LCOE is the smallest for a 50% wind–solar energy mix. For industrial power demand, the current LCOE is 15 ¢/kWh, and it is projected to decrease to 9 ¢/kWh. The LCOE is higher for residential power demand, 22 ¢/kWh, with a projection to decrease to 13 ¢/kWh. Although the LCOE for these configurations is notably higher compared to renewable energy systems without storage or curtailment, it is important to emphasize that the added costs account for a fully autonomous islanded system capable of meeting power demands consistently throughout the year, despite the inherent intermittency of renewable sources. As a reference, the existing literature reports that solar thermal towers with energy storage achieve an LCOE ranging from 13 to 16 ¢/kWh [97].




3.4. Comparison with Other Storage Systems


We extended our analysis to benchmark the LCOE for DBT storage against methods of bulk hydrogen storage in underground pipes, toluene/MCH carrier, salt caverns, and battery energy storage (BES). The technology, economics, and models of bulk hydrogen storage methods are discussed in recent publications [98].



Figure 13 compares the LCOE of the renewable microgrid with different hydrogen storage methods. In all cases, the life cycle costs of the renewable farm, electrolyzer, and fuel cell system are the same. For all storage methods in Figure 11, the LCOE is the lowest for a 50% wind/solar mix and highest for solar.



Considering the 50% wind/solar mix, toluene/MCH exhibits a 1.14 ¢/kWh LCOE advantage over the DBT system, mainly due to lower CAPEX and carrier inventory costs (USD 0.8/MT toluene versus USD 2.01/MT DBT). The toluene/MCH storage system contributes 25% to the overall LCOE compared to 34% for the DBT storage system. The most cost-effective storage option is salt caverns with 2.6 ¢/kWh lower LCOE than the DBT storage system and LCHS of only 0.44 ¢/kWh. The most expensive storage option is underground pipes with 4.4 ¢/kWh higher LCOE than the DBT storage system and LCHS of 7.46 ¢/kWh.



The BES system consists of a renewable energy farm paired with lithium-ion batteries. The required battery capacity ranges between 5 and 11 GWh for the industrial duty cycle with a constant power demand of 10 MW. The BES achieves 98% round-trip efficiency compared to the best case of 70% for the hydrogen storage system coupled to a 50% wind/solar mix. However, the total LCOE for an islanded microgrid with BES is prohibitive, particularly when accounting for seasonal storage requirements in Figure 13. Even at USD 80/kWh, the 2030 target for solid-state BES for vehicles, the LCOE of the islanded system with BES is nearly an order of magnitude higher, 60.5–120.5 ¢/kWh, than 8.8–16.3 ¢/kWh with DBT hydrogen storage. To achieve cost parity with the DBT system, the battery capital costs would need to be reduced drastically to 6–13 USD/kWh for the scenarios in Figure 14.





4. Summary and Conclusions


Islanded microgrids operate independently from the main grid using local energy sources, often renewables like wind and solar, which help lower emissions but introduce supply variability. This study developed a framework to evaluate seasonal storage needs, suitable technologies, and economic strategies for such systems. Focusing on hydrogen storage with a chemical carrier (DBT), the analysis considered solar, wind, and hybrid configurations across industrial, office, and residential demand profiles, all with a total annual demand of 87.6 GWh. The results highlight that solar systems need substantial oversizing due to lower capacity factors, especially for industrial and residential loads, with sizing of system components driven by the interplay between demand patterns and renewable supply.



Efficiency metrics reveal considerable variation across different configurations. The combination of wind and solar resources achieves an efficiency of 71% for industrial and office profiles, which decreases to 67% for residential applications. Solar-only setups result in the lowest efficiencies, around 40% for both industrial and residential demands and 58% for medium office requirements. Hydrogen-equivalent storage capacity is at its minimum for the 50% mix configuration, registering 200 MT for industrial and office profiles. However, it increases notably for residential scenarios, reaching 400 MT for wind and solar farms and up to 720 MT for configurations utilizing only solar.



Electrolyzer and fuel cell sizing are further influenced by demand levels and the chosen renewable sources. In mixed-source configurations, electrolyzer capacities range from 35 to 48 MW, while wind-exclusive scenarios see capacities escalate to 70–90 MW. Fuel cell capacities fluctuate in accordance with demand profiles, remaining low at 10 MW for industrial cases but rising to 30 MW and 35 MW for office and residential demands, respectively, to accommodate peak daily power needs.



A comparative analysis of various power demand scenarios indicates that the levelized cost of energy (LCOE) for industrial demand using DBT as a storage medium is estimated at 15 ¢/kWh, with projections suggesting a reduction to 9 ¢/kWh in the future. In contrast, residential power demand incurs a substantially higher LCOE—approximately 45% greater than industrial costs—primarily due to its variable nature. This study evaluated the LCOE associated with different hydrogen storage systems, including underground pipes, DBT, MCH, and salt caverns, as well as battery storage within a microgrid context. Hydrogen storage solutions exhibit stable costs across renewable farms, electrolyzers, and fuel cells. Notably, salt caverns emerged as the most cost-effective option, delivering an LCOE of 0.44 ¢/kWh for a 50% wind/solar energy mix. Conversely, underground pipes are more than twice as expensive as DBT at this mix, with corresponding costs of 13.2 ¢/kWh and 3.03 ¢/kWh, respectively. MCH storage provides a marginal LCOE benefit of 1.14 ¢/kWh over DBT, attributed to reduced capital investment and carrier inventory expenses. While battery storage achieves superior round-trip efficiency (98% compared to 70% for hydrogen systems), its LCOE is significantly higher—ranging from 60.5 and 120.5 ¢/kWh versus 8.8–16.3 ¢/kWh for DBT systems. The industrial duty cycles require battery capacities of 5–11 GWh, resulting in elevated costs even when factoring in a projected USD 80/kWh capital cost by 2030. To reach cost parity with DBT, battery capital costs would need to decrease to USD 6–13/kWh. Consequently, the high cost associated with batteries limits their feasibility for seasonal energy storage in islanded microgrid applications, making hydrogen-based storage solutions more viable.
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Figure 1. Schematic illustrating the DBT single reactor hydrogen storage process. Arrow colors denote the following: blue for power, green for H2, red for heat, gray for waste streams, and black for (NG). 
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Figure 2. (a) Steady-state fuel cell efficiency and (b) electrolyzer’s specific energy consumption. 
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Figure 3. Normalized hourly power demand profiles. 
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Figure 4. Power demand and supply profiles for a medium-sized office. Top panel = 100% wind; mid panel = 100% solar; lower panel = mix 50% wind/50% solar. 
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Figure 5. Historical and projected installed capital cost of (a) on-shore wind and (b) solar photovoltaic system. 
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Figure 6. Estimated DBT production cost at various scales. 
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Figure 7. Degree of hydrogenation/dehydrogenation, experimental vs. modeled performance at T = 290 °C [59]. 
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Figure 8. (a) Annual hydrogen storage requirement for an industrial application of power demand with wind and solar as alternative energy. (b) Relative catalyst activity degradation as a function of hydrogen charge/discharge. 
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Figure 9. Annual single-reactor temperature data and corresponding energy reduction percentages, compared to a dual reactor system, are presented for industrial power demand. 
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Figure 10. Capacity and performance. 
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Figure 11. Levelized cost of micro-grid system components. 
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Figure 12. Total cost of the micro-grid system. 
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Figure 13. LCOE considers underground pipes, DBT, MCH, and salt caverns as a storage medium for hydrogen. The case considers industrial power demand with future cost projections. 
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Figure 14. LCOE considers a battery as a storage option. 
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Table 1. Hydrogen carriers, including both two-way and one-way carriers, as compared to liquid and compressed hydrogen. Molecular weight is based on the hydrogenated form.
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Hydrogen Carrier Compound

	
Mol. Wt.

	
Density

	
Grav. Cap.

	
Vol. Cap.

	
ΔH°

	
ΔS°




	
(g mol−1)

	
(g cm−3)

	
(wt. %)

	
(g L−1)

	
(kJ mol−1)

	
(JK−1mol−1)






	
Liquid Hydrogen (20 K)

	
2.02

	
0.07

	
100

	
70

	
-

	
-




	
Compressed (350 bar)

	
2.02

	
0.026

	
100

	
26

	
-

	
-




	
Two-Way Carriers




	
H18-DBT (l)/DBT (l)

	
290.40

	
0.92

	
6.2

	
57

	
65

	
120




	
Ethanol (l)/Ethyl acetate (l)

	
46.07

	
0.789

	
4.4

	
35

	
36

	
101




	
Methylcyclohexane/Toluene (l)

	
98.19

	
0.77

	
6.2

	
47

	
68

	
119




	
1,4-Butanediol (l)/g-butyrolactone (l)

	
90.12

	
1.017

	
4.5

	
46

	
43

	
118




	
6 M Potassium Formate/Bicarbonate

	
84.12

	
1.26

	
0.95

	
12

	
20

	
60




	
One-Way Carriers




	
Ammonia NH3 (l)/H2 + N2

	
17.03

	
0.61

	
17.0

	
108

	
46

	
193




	
Methanol Reforming/H2 + CO2

	
32.04

	
0.792

	
15.7

	
125

	
44

	
136




	
Formic Acid (l)/H2 + CO2

	
46.03

	
1.22

	
4.4

	
53

	
32

	
213
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