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This study investigates the technical and economic feasibility of implementing a combined 

energy storage strategy for PV-driven buildings, incorporating solid-state hydrogen energy 

storage. A coupled EnergyPlus-TRNSYS model is developed to evaluate the dynamic 

performance of the hybrid system. Targeting a net-zero energy building, the optimal 

component sizing of the hybrid system is achieved through a statistical optimization model. A 

subsequent comparative techno-economic analysis of the optimal scenario highlights its 

benefits and limitations. The results suggest that off-grid operation of the building leads to an 

annual CO₂ reduction of 11.8 tons CO₂/yr. The findings show that direct PV electricity supply 

accounts for 58.9% of the building energy demand, while the fuel cell and battery contribute 

23.4% and 17.7%, corresponding to 7.4 and 5.6 MWh, respectively. The economic analysis 

indicates LCOE and LCOH values of 0.379 $/kWh and 6.14 $/kg. 
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1. INTRODUCTION

In light of the global commitment to carbon neutrality and 

decarbonization targets for sustainable development, the 

upcoming decade is pivotal for charting a path toward net-zero 

emissions by 2050 and limiting global warming to 1.5℃, as 

outlined in the Paris Agreement [1]. Achieving these 

objectives underscores the urgency of a comprehensive energy 

transition, marked by the gradual decommissioning of coal and 

fossil fuel-based power plants and the accelerated adoption of 

renewable energy sources (RES). RES are broadly regarded as 

the most practical and impactful means to reduce greenhouse 

gas emissions while providing a sustainable energy supply to 

meet the growing global demand. 

As the world grapples with the escalating impacts of climate 

change, the development and deployment of innovative 

strategies to harness RES across multiple sectors become 

imperative [2]. Recognizing that the building sector is a major 

energy consumer, the European Union aims to achieve low-

carbon, sustainable growth by reducing greenhouse gas 

emissions by at least 40% by 2030, and has therefore 

established several short- and long-term targets to enhance 

energy efficiency and decrease energy consumption within 

this sector [3]. Within the building sector, efforts to leverage 

renewable sources, coupled with the electrification of end-use 

sectors, are critical steps in this transition. Solar energy 

adoption has gained considerable momentum; however, a 

notable gap often persists between solar energy generation and 

the energy consumption patterns of buildings. This disparity 

highlights the vital role of efficient energy storage systems in 

optimizing the use of solar energy, ensuring a stable and 

reliable energy supply [4]. 

One potential solution to mitigate greenhouse gas emissions 

and achieve carbon neutrality is the implementation of hybrid 

systems, which represent a practical strategy in energy 

management [5]. Within these systems, the energy storage 

system (ESS) plays a pivotal role in decoupling energy 

generation from end-use, thereby promoting the increased 

adoption of RES [6]. In the building sector, battery energy 

storage system(s) (BESS) are widely utilized for short-term 

energy storage, benefiting from high round-trip efficiency and 

rapid response times [7]. Despite these advantages, BESS 

present challenges such as sensitivity to elevated temperatures, 

high self-discharge rates, and limited lifespan, which restrict 

their feasibility for long-term storage applications [8].  

As a promising alternative, hydrogen storage technologies 

provide longer lifespans, resilience to high temperatures, and 

minimal self-discharge [9]. These attributes have accelerated 

interest in hydrogen energy storage systems as a sustainable 

solution for renewable energy integration and as a key driver 

for achieving energy sector decarbonization by 2050 [10]. 

Hydrogen storage serves as a promising RES-based storage 

option for subsequent electricity generation through fuel cells 

within the building sector.  

This strategy seeks to establish a balance between energy 

supply and demand; during off-peak periods, excess electrical 

power can be converted to hydrogen, which is stored for later 

utilization. Conversely, the stored hydrogen can be 

reconverted into electrical power during peak demand periods 

[11]. In addition, integrating BESS into hydrogen-based ESSs 
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has been proposed in the literature as an effective solution to 

improve the overall performance of hydrogen-based systems 

in microgrids, while also maximizing the lifespan of hybrid 

system components. 

Hydrogen storage methods are broadly divided into 

physical and chemical approaches. Physical storage includes 

compressing hydrogen gas in cylinders or liquefying it in 

cryogenic tanks, while chemical storage relies on solid-state 

storage within metal hydride storage (MHS). Although high-

pressure and cryogenic tanks offer straightforward 

accessibility for commercial use, they generally provide lower 

energy density and pose greater safety concerns compared to 

the solid-state storage of hydrogen within materials. Metal 

hydrides (MH) have been a major focus in research on solid-

state hydrogen storage materials, owing to their high hydrogen 

volumetric capacity, stability, and reversibility. MHS systems 

provide key advantages for long-term hydrogen storage, 

operating effectively across a broad range of temperatures [12]. 

Despite these benefits, MHS systems face challenges, 

notably their relatively high cost compared to other storage 

options. This cost factor can hinder their widespread adoption 

in various applications, necessitating further research and 

development efforts to enhance cost-effectiveness [13].  

The economic viability of MHS-based systems within 

microgrids is heavily influenced by design optimization, 

precise component sizing, and the associated costs of 

deployment. These factors underscore the critical need for 

comprehensive studies that can reveal strategies for reducing 

costs and enhancing system efficiency. Such research can play 

a pivotal role in making MHS-based solutions more 

competitive, positioning them as viable alternatives for 

sustainable microgrid applications. Optimizing these 

parameters facilitates the integration of MHS technology into 

RES systems, thereby advancing broader goals of energy 

resilience and decarbonization. 

To this end, this study assesses the techno-economic 

feasibility of off-grid electrification in the building sector 

using a PV-driven hybrid BESS-MHS system, targeting net-

zero energy operation. Optimal component sizing of the hybrid 

system is investigated through a statistical optimization 

framework. A coupled EnergyPlus-TRNSYS model is 

developed to assess the system's dynamic performance in 

detail. Following optimization, a techno-economic analysis is 

conducted to highlight the advantages and limitations of the 

proposed solution. 

 

 
2. METHODOLOGY 

 

Targeting off-grid electrification, this study proposes an 

ESS powered by PV panels, featuring a hybrid BESS-MHS 

configuration. The primary components of this hybrid system 

include PV solar panels, a water electrolysis unit, an MHS tank 

with integrated heating/cooling, a fuel cell unit, BESS, 

inverters and converters, and a master control unit for energy 

distribution management. Figure 1 provides a schematic of the 

proposed hybrid system, detailing the connections between 

key components for efficient power generation and energy 

storage. 

The building under study is located in the Mediterranean 

region of Apulia, Italy, and is classified within the Cfa climate 

zone as per the Köppen climate classification system [14], 

corresponding to Zone 5A in the ASHRAE climate zones [15]. 

The 3D model of the office building under study is generated 

using the OpenStudio-EnergyPlus plugin to simulate the 

building hourly load. This model incorporates the 

thermophysical characteristics of the envelope as well as data 

regarding the internal activities within the office. The building 

technical features are designed according to the 

ANSI/ASHRAE/IES Standard 90.1 specifications [16]. 

Furthermore, the thermal transmittance from the building 

envelope, as well as the windows (U-value), are regarded 

following the limited allowable values prescribed by the 

national regulations for new buildings in Italy (climate zone C) 

[17]. 

 

 
 

Figure 1. Schematic of the proposed hybrid system 
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Using simulated load, a dynamic simulation model is 

established in TRNSYS to address the transient comportment 

of the hybrid system during one-year operation. In the 

dynamic simulation model, the master control unit acts as a 

central component, overseeing the interaction between various 

system elements. This involves managing the charge status of 

both the hydrogen storage systems and the BESS, as well as 

controlling the activation of the fuel cell and electrolyzer. A 

Fortran code is developed and integrated into the TRNSYS 

library to serve as the MHS component, enabling dynamic 

simulations of the hydrogen storage unit during its absorption 

and desorption processes. Magnesium hydride (MgH2) is 

chosen as the hydride for hydrogen storage which is 

considered one of the most promising options because of its 

cycling stability, abundance, and non-toxic properties [18]. 

Additional details on the dynamic simulation model and MHS 

characteristics can be found in [19]. 

An optimization framework is developed to enable optimal 

sizing of the hybrid system components for achieving the off-

grid electrification objective. The optimization strategy 

employs the Response Surface Methodology (RSM), a 

statistical technique that identifies the optimal combination of 

variables by evaluating the collective impact of multiple 

factors on system responses. The process begins with a Design 

of Experiments (DoE) approach, which minimizes the number 

of required experiments and identifies interactions among 

variables [20]. Each experiment includes controllable 

independent variables, known as factors, with their specific 

quantities or magnitudes defined as levels. In the present study, 

this process involves considering five key design factors: the 

PV cells surface, the rated power of the electrolyzer and fuel 

cell, the size of the metal hydride storage, and the energy 

capacity of the BESS. 

Following the specified DoEs, a series of dynamic 

simulations are performed in TRNSYS. The RSM approach, 

utilizing the central composite design, analyzes the 

interactions among design variables and their impact on the 

response factor, specifically the required electricity from the 

grid. The response surface quadratic model is refined through 

analysis of variance to find the best-fit regression, leading to 

the identification of the optimal combination of design 

variables for the objective. Finally, a techno-economic 

analysis of the optimal solution is conducted using the metrics 

defined in detail in study of Abdolmaleki et al. [21]. Figure 2 

shows details of the procedural steps followed in the present 

study. 

 

 
 

Figure 2. The procedural steps performed in the present 

study 
 
 

3. RESULTS 
 

Figure 3 (a and b) depicts the daily building load and PV 

energy output for a typical winter (a) and summer day (b). 

Based on Figure 3 (a), the PV system during the winter day 

falls short of meeting the building load requirements 

throughout the entire day. The PV system covers only 23.5% 

of the building load, leaving a deficit of 82.5 kWh of additional 

energy needed to fulfill the building demand. On the other 

hand, Figure 3 (b) shows that during summer, particularly 

between 11:00 and 16:00, the power generated by the PV 

system can fulfill the energy demands of the building. Notably, 

during this period, there is an excess of energy production by 

the PV system, amounting to 40.4 kWh. However, outside of 

this timespan, the PV output falls short of meeting the entire 

load demand of the building.  

The PV system meets less than 25% of the building's load, 

resulting in a deficit of about 85 kWh to fully satisfy demand. 

In contrast, as shown in Figure 3 (b), the PV system generates 

sufficient power to meet the building’s energy needs during 

the summer, particularly between 11:00 and 16:00. During this 

period, the PV system produces a surplus of 39.6 kWh. 

However, outside of these hours, PV output is insufficient to 

cover the building's total load requirements. 

The results in Figure 3 highlight the critical need for 

integrating an efficient ESS into the building to achieve off-

grid electrification. It is important to note that the PV power 

output reported here is based on a preliminary sizing of 40 PV 

panels. Additionally, simulation results show that the building 

under study requires an annual electricity demand of 31.7 

MWh, resulting in CO₂ emissions of 11.8 tons per year. 

 

 
 

Figure 3. Daily building load and PV energy output for a typical winter (a) and summer day (b) 
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Figure 4. The interactions of design variables on the response factor 

 

According to the specified DoEs, a series of dynamic 

simulations have been performed in order to obtain the optimal 

sizing of the hybrid systems components. Figure 4 illustrates 

the interactions of design variables on the response factor, 

namely required energy from the grid (Egrid). For the sake of 

brevity, only interactions of the PV surface with the second 

design factor are presented here. The figure demonstrates a 

distinctive behavior of the response function towards changes 

in each design factor, indicating the importance of the 

optimization of conflictive design variables, namely, the 

optimum sizing of components. To achieve the net-zero 

energy target, the optimization algorithm identifies the most 

efficient combination of design variables at the highest 

desirability, maximizing techno-economic feasibility of 

hybrid system. 

To showcase the level of hydrogen produced in the off-grid 

scenario, Figure 4 depicts the hourly hydrogen production rate 

in kg/hr over one year. Figure 5 shows that the hydrogen 

production rate reaches its peak between April and August, 

whereas the lowest production rate is observed during the 

winter period; the maximum annual production rate reaches 

0.38 kg/hr. The elaboration of the results indicates that the 

mean hourly production rate over one year is equal to 0.037 

kg/hr. In addition, the total annual hydrogen production within 

this design exceeds 326 kg/yr. 

To demonstrate the performance of another ESS in the 

hybrid system, namely, the BESS, Figure 6 compares the 

monthly-averaged values of state-of-charge (SOC). The 

reported monthly values of the SOC represent the mean hourly 

value for each month. The figure demonstrates a pseudo-

parabolic variation, with notable differences in the monthly 

SOC values. The lowest mean SOC occurs in December, while 

July shows the highest value of 0.79, which can be attributed 

to the greater availability of excess PV energy during the 

summer period. 

 

 
 

Figure 5. The hydrogen production rate for the optimal 

scenario (net-zero) over one year 
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Figure 6. Comparison of the monthly mean SOC of BESS 

To address the composition of electrification by source, 

Figure 7 compares the share of end-use electricity supply by 

each system. The end-use electricity supply consists of either 

direct PV use or through backup energy systems, namely 

hydrogen storage via fuel cell and electrical storage (battery). 

The figure shows that the share of direct PV electricity supply 

is about 59% corresponding to 18.7 MWh. Regarding ESSs, 

the results indicate that while the share of fuel cell is slightly 

higher than 23%, the BESS supplies 17.7% of the total 

required electricity, corresponding to 5.6 MWh. However, it 

should be noted that this composition is significantly 

dependent upon the sizing of the hybrid storage system. 

 

 
 

Figure 7. Comparison of the share of end-use electricity 

supply by each system 

 

To provide an insight into the economical aspect of the off-

grid solution, Table 1 reports data on the initial cost (Cin), 

operating cost (Cop), life cycle cost (LCC), levelized cost of 

electricity (LCOE), and levelized cost of hydrogen (LCOH). 

The table implies that the initial cost of the hybrid system 

comprises more than 60% of the LCC in a 20-year lifetime, 

implying a rather high initial cost of the system which is 

mainly due to the MHS equipment. Moreover, it can be 

observed that the operating cost is about 5% of the initial 

investment.  

In terms of the LCOE, the obtained result falls within the 

range reported in the literature for integrated BESS and 

hydrogen (high-pressure tank) storage systems in PV-driven 

hybrid systems, specifically between 0.080 and 0.700 $/kWh, 

depending on the application and design. However, there is 

limited data available in the literature on PV-driven MHS-

based hybrid systems for similar applications. 

 

Table 1. Summary of the techno-economic analysis for the 

proposed hybrid system 

 
Cin Cop LCC LCOE LCOH 

($) ($) ($) ($/kWh) ($/kg) 

158,837 7,942 263,533 0.379 6.14 

 

 

4. CONCLUSIONS 

 

This study focused on the techno-economic feasibility 

analysis of a hybrid hydrogen-based energy system for off-

grid electrification. The proposed hybrid PV-driven system 

incorporated an energy storage solution combining solid-state 

hydrogen storage (MHS) and BESS. A coupled EnergyPlus-

TRNSYS model was developed to simulate the hybrid system 

and assess the interactions between its components. The 

optimization model facilitated trade-offs between conflicting 

design variables and enabled the efficient sizing of system 

components. 

The obtained results showed that while the share of direct 

PV electricity supply is 58.9%, the MHS and BESS account 

for 23.4% and 17.7% of the end-use electricity, corresponding 

to 7.4 and 5.6 MWh, respectively. It was found that the total 

annual hydrogen production within this hybrid system exceeds 

320 kg/yr. Additionally, the mean values of the SOC 

demonstrated a pseudo-parabolic variation, with notable 

differences between months.  

Economic analysis of the proposed system revealed LCOE 

and LCOH values of 0.379 $/kWh and 6.14 $/kg, respectively. 

Elaboration of the results highlighted the high sensitivity of 

the techno-economic outcomes to the optimal combinations of 

hybrid system components. Future work will focus on further 

examining optimal off-grid solutions, considering varying 

significance levels of design factors (and desirability) and their 

impact on the techno-economic metrics.  
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NOMENCLATURE 

 

APV PV surface area, m2 

CBESS BESS energy capacity, kWh 

Cin Initial investment cost, $ 

Cop Operating cost, $ 

Egrid Electricity from grid, kWh 

LCC Life cycle cost, $ 

LCOE Levelized cost of electricity, $/kWh 

LCOH Levelized cost of hydrogen, $/kg 

MHT No. Number of metal hydride tanks, - 

Pely Electrolyzer rated power, kW 

Pfc Fuel cell rated power, kW 

SOCBESS State of charge of BESS, - 

 

4114

https://doi.org/10.18280/ijsdp.160419
https://doi.org/10.1016/J.JNGSE.2022.104843



