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A B S T R A C T

This paper analyses a self-sustained, green electricity supply system for residential buildings based on photo
voltaic generation supported by battery and hydrogen energy storage. Photovoltaic power generation depends on 
season, time of day, and weather, and is inherently out of sync with residential electricity demand. This 
imbalance can be addressed through short-term storage using batteries and long-term storage using a hydrogen 
system composed of an electrolyser, hydrogen storage, and a fuel cell. However, the high cost of technological 
equipment results in high annual costs of electricity and heat supply, making optimal system design and oper
ation essential. To address this challenge, a techno-economic simulation model of the entire system is developed 
to support optimal component sizing and process control. Compared to related studies, the proposed approach 
employs simple and transparent techno-economic models, enabling adaptability to specific use cases. A power 
management algorithm is introduced to prioritise battery-based daily balancing and hydrogen-based seasonal 
balancing. The simulation study provides full-year energy flow profiles, detailed annual energy balance results, 
and a breakdown of electricity supply costs. Thermal integration of the fuel cell and heat pump is also considered 
to improve overall system efficiency. Results indicate that, with appropriate sizing and control, the annual 
electricity supply cost is approximately 4300 EUR for a state-of-the-art single-family house, which may be 
competitive in regions with high electricity and transmission costs.

1. Introduction

To protect the environment, reduce greenhouse gas emissions, and 
decrease dependence on fuel suppliers, the use of fossil fuels must be 
reduced and replaced by renewable power sources such as photovoltaic, 
wind, and hydropower. All areas, including industry, mobility, trans
portation, as well as commercial and residential buildings, are subject to 
the green transition. One of the greatest challenges of renewable power 
sources is their dependence on weather. Their power generation varies 
with the season, time of day, and current weather conditions, which by 
default does not match the actual power demands of industry, trans
portation, and buildings. In general, different strategies can be used to 
address this problem, one of which is energy storage. In this approach, 
surpluses of renewable energy are stored and later used during periods 
when there is a shortage of energy, i.e., when energy consumption ex
ceeds generation. Options for storing renewable electric energy are very 
limited and come with technical and economic challenges. Batteries, for 
example, can store relatively small amounts of energy over short pe
riods, i.e., several hours or days. For larger amounts and longer periods, 

hydrogen technologies can be used, but these also face technical issues 
and high costs [1]. Using hydrogen technologies, surpluses of renewable 
energy can be converted into hydrogen by water electrolysis. The 
generated hydrogen can then be stored in various forms (pressurised, 
liquid, or chemical storage). During periods of electric energy shortage, 
stored hydrogen can be converted back to electricity and heat by fuel 
cells. This technology can be used in different areas, in various config
urations, and at different scales. This paper focuses on the electric power 
and heat supply of buildings, typically residential buildings, such as 
family houses and households [2].

The main motivation for this study stems from several significant 
changes in building construction legislation and in the accounting of 
electricity consumption and production, which are expected soon: (1) 
the obligation to install photovoltaic panels on new and renovated 
buildings, (2) restrictions on the use of fossil fuels for heating in new 
buildings [3], (3) a sharp increase in electric energy transmission fees, 
and (4) changes in net metering for electricity generated by local 
renewable sources, such as rooftop photovoltaic (PV) panels. These new 
conditions are expected to significantly increase the demand for at least 
partial energy self-sufficiency in residential buildings. This requires not 
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only the use of local renewable energy sources but also both short-term 
and long-term (e.g., seasonal) energy storage. The need for local storage 
arises from two main factors. First, under the new net metering rules [4], 
the energy balance will be calculated monthly instead of yearly, 
meaning surplus energy generated in summer will no longer offset 
winter deficits. Second, higher transmission fees will impose additional 

costs on renewable energy owners for daily exchanges with the grid. 
Both challenges can be addressed by local energy storage, but this in
volves high costs for technological equipment (batteries and hydrogen 
technology equipment). The resulting price of local energy supply can be 
high, making investment in such a system unattractive.

To minimise investment and energy supply costs, the local energy 

Nomenclature

Symbol Description (Unit)

General parameters
t Time of year (day of year, time of day) (–)
R Gas constant (8.314) (J/(mol K))
T Absolute temperature in the hydrogen tank (K)

Photovoltaic (PV) system
JS Solar radiation at given time of year (W/m2)
A Photovoltaic power plant area (m2)
μ Photovoltaic power plant efficiency, i.e. ratio between sun 

radiation (W/m2) and generated electric power (W/m2); 
assumed value is 0.1 (10 %), but it depends on 
photovoltaic panel type, age, mounting orientation and 
ambient temperature. (–)

PPV Photovoltaic power plant, generated electric power (kW)

Consumers and grid
PC Power of electrical consumers (all except the heat pump) 

(kW)
PE The difference between the generated electric power (PPV) 

and the consumed electric power (PC + PHP_E) (kW)
PG_IN Grid input power (kW)
PG_OUT Grid output power (kW)

Electrolyser (EL)
PEL_IN Electrolyser, input power (kW)
PEL_E Electrolyser, input electric power (kW)
PEL_H2 Electrolyser, output power of the generated hydrogen (kW)
ϕEL_H2 Electrolyser, mass flow rate of the generated hydrogen (kg/ 

s)
PEL_MIN Electrolyser minimum threshold operation power (kW)
PEL_T Electrolyser, thermal power due to losses (kW)
ηEL Electrolyser, energy efficiency (see Fig. 8)

Fuel cell (FC)
PFC_H2 Fuel cell, input power of consumed hydrogen (kW)
PFC_E Fuel cell, output electric power (kW)
PFC_T Fuel cell, thermal power due to losses (kW)
PFC_OUT Fuel cell output power (kW)
ϕFC_H2 Fuel cell, mass flow rate of consumed hydrogen (kg/s)
ηFC Fuel cell, energy efficiency (see Fig. 10)

Hydrogen (H2) storage
m Mass of the hydrogen in the tank (kg)
M Molar mass of the hydrogen (2.01568 x 10-3) (kg)
n Number of moles of hydrogen in the hydrogen tank
EH2 Energy of the hydrogen in the tank (kWh)
EH2_MAX Maximal energy of the hydrogen in the tank (kWh)
EH2_MIN Minimal energy of the hydrogen in the tank (kWh)
EH2_INIT Energy of the hydrogen in the tank, initial value (kWh)
HHV High heating value of hydrogen (39.39 kWh/kg) (kWh/kg)
p Pressure in the hydrogen tank (Pa)
pmax Maximal pressure in the hydrogen tank (Pa)
V Geometric volume (m3)
VT Geometric volume of the hydrogen tank (m3)

TF Tank full
TE Tank empty

Battery (B)
PB_IN Battery charging power (kW)
PB_OUT Battery reduced discharging power (kW)
PB_IN_MAX Battery maximum charging power (kW)
PB_OUT_MAX Battery maximum discharging power (kW)
PB_IN_L Battery charging losses power (kW)
PB_OUT_L Battery discharging losses power (kW)
PB_IN_C Battery reduced charging power (kW)
PB_OUT_D Battery discharging power (kW)
EB Energy of the battery (kWh)
EB_INIT Energy of the battery, initial value (kWh)
ηC Battery charging efficiency (typically 95 %)
ηD Battery discharging efficiency (typically 95 %)
EB_MAX Battery capacity (kWh)
EB_MIN Battery lower defined capacity (kWh)
BF Battery full
BE Battery empty

Heat pump (HP) and thermal storage
PHP_E Heat pump, consumed electric power (kW)
PHP_T Heat pump, generated thermal power (kW)
PHP_T_min Heat pump, minimum generated thermal power (kW)
PHP_T_max Heat pump, maximum generated thermal power (kW)
PHP_T_DEM Demanded thermal power of the heat pump (kW)
PT Total generated thermal power, i.e. heat pump + fuel cell 

losses (kW)
PT_DEM Total demanded heating power (kW)
CoPHP Coefficient of Performance of heat pump (ratio between 

thermal and electric power), assumed 3.0
CTRL Heat storage control for heat pump
EST_SET Stored heat in thermal storage − setpoint (kWh)
EST_ACT Stored heat in thermal storage − actual (kWh)
e Stored heat − control error (kWh)
emin Control error min., corresponds to the min. thermal power 

of the heat pump (kWh)
emax Control error max., corresponds to the max. thermal power 

of the heat pump (kWh)

Economic and technical parameters
EPPV Price component, PV power plant (EUR)
EPBATT Price component, battery (EUR)
EPEL Price component, electrolyser (EUR)
EPFC Price component, fuel cell (EUR)
EPH2_STOR Price component, hydrogen storage
tL_X Expected lifetime of particular element (year)

Abbreviations
PV Photovoltaic
BATT Battery
EL Electrolyser
FC Fuel cell
H2_STOR Hydrogen storage
CONS Others consumers
HP Heat pump
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system must be optimally sized during design and optimally managed 
and controlled during operation. Avoiding oversizing and selecting the 
appropriate combination of component sizes are essential for reducing 
costs. This paper focuses on the techno-economic mathematical 
modelling and simulation of a local energy supply and storage system 
based on PV energy, supported by battery and hydrogen-based storage. 
The ultimate goal is to develop a simulation model of the entire system 
that can serve as a design and decision support tool to identify the 
optimal configuration of system parameters for achieving the lowest 
possible energy supply cost for a given energy generation and con
sumption profile. Given the nonlinearities and the number of parameters 
involved, the optimal solution cannot be derived analytically but can be 
approximated using simulation-based methods.

Due to its importance, this topic has been extensively addressed. The 
literature provides a general overview, as well as the technical feasi
bility, opportunities, and challenges of local energy systems based on 
hydrogen and battery storage.

For example, the fundamental properties of battery-based short-term 
storage and hydrogen-based long-term storage, including heat uti
lisation, are detailed in [9], and their application is demonstrated 
through a hybrid battery–hydrogen system case study in Central Europe. 
In [5], a system for residential applications based on wind turbines, 
photovoltaic panels, and hydrogen is presented and analysed using the 
HOMER tool. Reference [6] examines an off-grid, self-sustained resi
dential house equipped with photovoltaic panels, a battery, an electro
lyser, hydrogen storage, and a fuel cell. Study [7] considers a prosumer 
system, based on photovoltaic panels, a battery, and hydrogen system, 
which is connected to a local electric vehicle charging station and can 
also connect to the electric grid to trade electric energy. Another 
example [8] optimises off-grid hybrid renewable energy systems using 
ε-constraint and particle swarm optimisation to minimise the levelised 
cost of energy and CO2 emissions. The results highlight hydrogen stor
age as a key enabler of high renewable penetration, reducing the lev
elised cost of energy (LCOE) by up to 35 % compared to battery-only 
systems. Reference [10] demonstrates the technical feasibility and 
economic viability of a fully renewable, multi-sector global energy 
system, emphasising the role of electrification and hydrogen-based 
sector coupling in achieving a cost-effective, sustainable, and secure 
energy supply.

Sizing of local energy systems (optimising sizes and capacities of 
components) is an area of intense research. The problem is addressed 
using various techno-economic models that predict system operational 
and economic performance, as well as a range of optimisation tech
niques. One early study [11] describes the structure of a typical local 
energy system (PV power plant, fuel cell, electrolyser, hydrogen storage, 
and battery) and provides basic principles and guidelines for component 
sizing. Sizing can be supported computationally using commercial 
software for modelling and optimisation. In [12], MATLAB Simulink 
Design Optimization and evolutionary algorithms are used to minimise 
annual costs while meeting energy needs. In [13], the HOMER software 
is used for optimal sizing of a photovoltaic plant, fuel cell, electrolyser, 
hydrogen tank, and battery for a single-family house and a multi-family 
building, aiming to minimise both electricity and total system cost. 
Paper [14] presents a model-based exhaustive optimisation method, 
evaluating all possible combinations of fuel cell and electrolyser sizes. In 
[15], different evolutionary optimisation algorithms (particle swarm, 
simulated annealing, tabu search) are used for system sizing and 
compared. The use of mixed-integer linear programming for local en
ergy system sizing is discussed in [16]. Another case [17] focuses on 
modelling and sizing the local energy system, with an emphasis on PV 
modelling. Furthermore, optimisation using simulated annealing is 
detailed in [18] and fuzzy logic in [19]. In [20], a distributed optimi
sation algorithm based on the alternating direction method of multi
pliers (ADMM) is proposed to address the complexity of optimisation 
when many parameters are subject to optimisation. Optimisation of 
energy systems for entire energy communities, rather than individual 

buildings, is addressed in [21] and [22]. A comprehensive overview of 
recent studies on hybrid energy systems for on-grid and off-grid resi
dential applications is provided in [23].

To optimise system operation, equipment utilisation, and energy 
supply costs for the user, online control and power management are 
crucial; therefore, many different approaches are presented in the 
literature. When only one energy storage device is present in the system, 
the control algorithm can be very simple (e.g. [24]), as excesses and 
shortages of local renewable power are compensated by a single energy 
storage unit. The situation becomes much more complex when there is 
more than one energy storage device (typically a hydrogen system and 
batteries) or when there is interaction with the electric grid (on-grid 
systems). In these cases, different energy management options arise, and 
various criteria functions must be optimised. Simple control strategies to 
manage storage in the battery and hydrogen system are presented in 
[25] and [26]. In [27], an advanced control method is presented that 
uses model predictive control and mathematical models to optimise 
energy use under variable electricity pricing improving grid interaction 
and financial viability. Artificial intelligence methods, such as neural 
networks and genetic algorithms, have also shown promise for predic
tion and optimisation in local hydrogen-based systems [28]. In [29], 
nonlinear optimisation algorithms are used to find the optimal energy 
plan for a one-day period. In [30], a control system is presented that 
coordinates the use of local hydrogen-based energy storage and supports 
the sharing of energy resources between several buildings.

Energy systems based on local PV power and local energy storage can 
also be developed for multiple residential houses integrated into 
microgrids [31]. An example of such a centralised energy system is 
discussed in [32], which uses a reversible solid oxide fuel cell/electro
lyser, offering improved energy efficiency and a simplified setup with 
reduced costs, as the fuel cell and electrolyser are combined into a single 
reversible device. While serving residential districts and microgrids, 
hydrogen-based systems can also provide services to the public grid, 
such as demand response, to further enhance financial viability [33]. 
Additionally, the integration of electric vehicles, hydrogen, and 
renewable energy in CHP microgrids has been explored in [34]. Studies 
[35] and [36] investigate and optimise the combination of fuel cells and 
Organic Rankine Cycle engines to assess overall system efficiency by 
utilising fuel cell thermal losses.

Hydrogen storage is a key enabling technology not only for the local 
energy systems discussed in this paper but also for the broader hydrogen 
economy. Long-term hydrogen storage presents both technological and 
economic challenges, which are extensively discussed in [37]. The 
reviewed literature highlights the complex nature of renewable energy 
system design and optimisation. It emphasises the importance of tech
nological innovation, policy support, and tailored solutions in address
ing the challenges of the energy transition and sustainability.

Many studies in the literature are related to this paper, but detailed 
analysis reveals considerable differences in underlying system archi
tectures, operation modes, design goals, modelling approaches, control 
strategies, performance metrics, and representations of results. There
fore, direct comparison of approaches is not straightforward and is 
sometimes not possible. For example, study [12] assumes a similar 
system setup (PV, electrolyser, fuel cell, hydrogen storage, battery), 
similar modelling principles, a simulation duration of one year, and 
addresses electricity demand but not heat demand or the related thermal 
integration of the fuel cell and heat pump. In, addition, the daily time 
profile of the demanded electric power is constant throughout the year, 
and the differences in daily time profiles of PV-generated energy are 
modest due to the geographical location of the use case. As a result, 
seasonal energy storage is not addressed, leading to different control 
algorithms and different ratios between battery and hydrogen storage 
capacities compared to this paper. Another similar example is [13], 
where modelling and optimisation are performed using the HOMER 
software, which employs built-in models of the components (PV, elec
trolyser, fuel cell, hydrogen storage, battery, control). The study does 
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not explain the yearly energy balance in detail, and the data are pre
sented only on a monthly basis. There is also no utilisation of fuel cell 
thermal losses for heating purposes. Paper [42] addresses the utilisation 
of fuel cell waste heat to reduce the load on the heat pump, but the 
overall system architecture differs from that used in this paper, as there 
is no local PV plant or electrolyser. Study [43] also addresses the uti
lisation of dissipated heat from the fuel cell, but the heating source is a 
CHP boiler rather than a heat pump, so the system structure is different. 
Another recent example is [44], which assumes a similar system setup 
for residential houses but lacks hydrogen storage and thermal storage. A 
further recent case [49] proposes and analyses a residential house power 
system based on a fuel cell that meets electric, heating, and cooling 
demands, with hydrogen generated off-site and purchased at a 
competitive price.

The added value of this work is in integrated and systematic analysis 
of a self-sustained residential energy system. The paper combines 
transparent techno-economic models of commercially available com
ponents with real, high-resolution generation and consumption data, 
including degradation effects of electrochemical devices, to enable 
simulation over entire year under realistic operating conditions. An 
important aspect of the work is an automated control strategy that 
separates short-term (daily) energy balancing, handled by batteries, 
from long-term (seasonal) balancing, handled by hydrogen storage. The 
interaction between the electrical subsystem and thermal subsystem 
(heat pump) is further examined through the thermal integration of fuel 
cell waste heat with a heat pump, allowing the impact on electricity 
consumption and system sizing to be assessed.

Beyond energy performance, the study provides component-level 
attribution of annual electricity and heat supply costs and evaluates 
multiple system configurations, revealing that energy supply cost- 
optimal designs do not necessarily align with those achieving 
maximum energy efficiency, and identifying hydrogen storage as a 
dominant cost driver under current assumptions. Together, these ele
ments offer design-oriented insight into the techno-economic trade-offs 
of residential hybrid battery-hydrogen energy systems, which are not 
typically addressed jointly in existing literature.

The paper is organised as follows. Section 2 describes the local en
ergy system, and Section 3 develops its model. An important part of the 
system is the power management algorithm, explained in Section 4. The 
generated techno-economic model is used for a simulation study, with 
results and commentary presented in Section 5.

2. System description

The local energy system is shown in Fig. 1.
A photovoltaic (PV) power plant provides green, and carbon-free 

electric energy for all electrical consumers, including the heat pump. 
The electrolyser converts temporary surpluses of electric power into 
hydrogen, with most surpluses occurring during the daytime in summer. 
The hydrogen storage tank stores the generated hydrogen in pressurised 
gaseous form. As hydrogen has a very low density (0.09 kg/m3), it must 
be pressurised to keep the geometric size of the storage tank acceptable. 
Typical pressures are 20–100 bar in larger industrial tanks and 300–700 
bar in smaller automotive tanks. The electrolyser can generate hydrogen 
at pressures up to 50 bar. If higher storage pressure is required, a 
hydrogen compressor must be added to the system. The fuel cell con
verts the stored hydrogen back into electric energy and heat when the 
electric energy produced by the PV power plant does not meet the de
mand, typically during the night and in winter. The energy efficiency of 
the fuel cell is around 60 %, meaning approximately 40 % of the hy
drogen’s energy is not converted into electricity, but into heat, which 
can be used for building and sanitary water heating. The battery is an 
optional part of the system and can be used for short-term storage of 
surplus electric energy generated during the day for use at night. 
Although the battery represents an additional cost, it can reduce overall 
costs by decreasing the size and cost of the electrolyser and the energy 
losses associated with converting electric energy into hydrogen and 
back. Consumers other represent all devices and appliances that use 
electric energy (air conditioning, ventilation, lighting, infotainment and 
entertainment devices, kitchen appliances, and similar), except the heat 
pump, which is considered separately. The heat pump for building and 
sanitary water heating is the major electricity consumer. The electricity 
consumption of the heat pump can be significantly reduced if the waste 
heat from the fuel cell is used for heating. Heat storage acts as a buffer 
to balance heat generation (by the heat pump and fuel cell losses) and 
heat demand (building and sanitary water heating). Heat is stored in an 
ideally insulated liquid (typically water) tank. In the context of self- 
sufficiency, the grid is an auxiliary part of the energy supply system. 
It absorbs possible surpluses of electric energy that cannot be stored due 
to battery and hydrogen system limitations (Table 1). Furthermore, the 
grid supplies electric energy in case of failures in the local energy supply 
system and in the undesirable case when the energy stored in the battery 
and hydrogen system is depleted. The design goal is to minimise energy 
flow to and from the grid.

Fig. 1. System configuration.
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3. System model

For simulation and optimisation purposes, a model of the entire 
system is developed and implemented as a MATLAB script.

3.1. Photovoltaic power plant model

The model of the PV power plant predicts the generated electric 
power as a function of time throughout the year. The amount of power 
generated is proportional to the surface area of the PV plant, its effi
ciency, and solar radiation power at a given time of year. The solar ra
diation power received, JS, is affected by factors such as weather 
conditions, the micro-location of the power plant, and the time of year 
(Fig. 2). The model does not account for the effect of temperature on PV 
efficiency.

In reality, the received solar power strongly depends on the tilt angle 
and orientation (azimuth) of PV panels. In this study, horizontal 
mounting (tilt angle 0◦) is assumed, for which the azimuth becomes 
largely irrelevant. In practice, a zero-tilt configuration is uncommon due 
to increased dirt accumulation, prolonged snow coverage, and water 
drainage issues. But in terms of annual energy yield, PV panels mounted 
horizontally achieve approximately 85–90 % of the output of the ideal 
configuration, which corresponds to south-facing panels with a tilt angle 
of 30–35◦. By contrast, north-facing panels with a typical tilt receive 
only 55–65 % of the ideal yield, representing a worst-case scenario. 
Although the zero-tilt assumption does not represent the optimal 
installation, it provides a realistic approximation of various suboptimal 
mounting conditions encountered in practice. 

JS = f(t) (1) 

Function f defines received solar radiation JS as a function of time during 
the year (day of year and time of day) and is implemented as a look-up 
table, obtained from publicly available data [38]. Fig. 3 shows the time 
profile of solar radiation through the year. Based on solar radiation JS, 
power plant area A and efficiency μ, the generated electric power PPV is 
determined: 

PPV = JS • A • μ (2) 

3.2. Electric energy consumption model

Electric energy consumption in residential buildings is attributed to 
various sources such as heating (via a heat pump), air conditioning, 
ventilation, lighting, kitchen appliances, entertainment systems, and 
similar devices. Generally, the daily time profile of electric consumption 
depends on the season (summer or winter), the type of day (working 
day, weekend, or holiday), and the personal habits of the residents. The 

model represents the relationship between the time of year and 
consumed electric power (PC), as shown in Fig. 4.

The model represents historical data on the consumption of a typical 
residential building and was obtained from the open data source HEAPO 
[39]. The data was collected in the canton of Zurich, Switzerland. It is 
organised as a yearly look-up table (time vs consumed electric power in 
15-minute intervals) and is shown in Fig. 5 and Fig. 6. The yearly time 
profile data is disaggregated into two categories: 1. all appliances except 
the heat pump, and 2. the heat pump. The distinction is logical, as the 
heat pump is a significant consumer and its consumption can be reduced 
by utilising the dissipated heat from the fuel cell.

The reference building from the HEAPO dataset has a living area of 
220 m2 and three occupants. As shown in Fig. 5 and Fig. 6, the annual 
electricity consumption of household loads (excluding the heat pump) is 
5712 kWh, while the heat pump accounts for an additional 6310 kWh. 
This results in a total annual electricity demand of 12,022 kWh.

Alternative data sources and standards are also available. For 
example, the VDI 4655 standard, applied in [54], assumes a well- 
insulated residential building with a living area of 160 m2 and annual 
electricity consumption of 2350 kWh for household loads and 4000 kWh 
for the heat pump. These values are significantly lower than those ob
tained in the present study. The differences can be attributed to varia
tions in building size, insulation level, climatic conditions, number and 
type of appliances, and occupant behaviour.

3.3. Electrolyser model

A simple electrolyser model is used, describing its relevant proper
ties, particularly energy efficiency and operational power limitation. 
Although the electrolyser is a dynamic system, a static approximation is 
applied, representing the relationship between input electric power 
PEL_E and the mass flow of the generated hydrogen ϕH2, as shown in 
Fig. 7.

Proton exchange membrane (PEM) electrolysers and fuel cells are 
known for their rapid response to changes in load demand. The load can 
be changed from minimum to maximum within a few seconds [48,50], 
which is significantly shorter than the 30-minute simulation step used in 
this study. Therefore, static models can be used without compromising 
simulation accuracy.

Table 1 
Main parameters of the system.

Parameter Value

Fuel cell efficiency (ηFC) app. 60 %
Electrolyser efficiency (ηEL) app. 70 %
Hydrogen storage pressure maximum (pmax) 50 bar
Battery charging efficiency (ηC) 95 %
Battery discharging efficiency (ηD) 95 %
Heat pump coeff. of performance (CoPHP) 3.0

Fig. 2. PV model: relationship between time (t) and generated electric 
power (PPV).

Fig. 3. Solar radiation as a function of time of year.

Fig. 4. Electric consumption model: relation between time (t) and consumed 
power (PC).
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The output power of the generated hydrogen is determined by its 
mass flow rate and the heating value of hydrogen: 

PEL H2 = ϕEL H2 • HHV (3) 

Energy efficiency can be defined as the ratio of the output power of the 
generated hydrogen, PEL_H2, to the input electric power to the electro
lyser, PEL_E: 

ηEL =
PEL H2

PEL E
(4) 

The difference between the input electric power and the output 
hydrogen power represents thermal losses: 

PEL T = PEL E − PELH2 = PEL E(1 − ηEL) (5) 

Fig. 8 shows the typical relationship between input and output power, as 
well as the relation between input power and efficiency. The data in the 
figure are from a commercially available electrolyser.

The turn-down ratio of the electrolyser is assumed to be 10 %, as 
confirmed by several manufacturer specifications and the literature, e.g. 
[45]. This means that operation below 10 % of the nominal (maximum) 
electric power is generally not possible.

In general, energy efficiency decreases as operating power increases 
due to greater ohmic and mass transport losses. However, efficiency is 
also somewhat lower at very low operating power, because the elec
trolyser’s balance of plant components consume electric power even at 
low loads. As the nominal power of the electrolyser may change and be 
optimised, the power in Fig. 8 is expressed in relative units (0…1). 
Engineering units (kW) are obtained by multiplying the relative units by 
the nominal electric power of the electrolyser.

Electrochemical systems (electrolysers, fuel cells, batteries) degrade 
over time due to ageing, use, and specific operating conditions (such as 
repeated start-up and shut-down events, and rapid load changes). For 
electrolysers and fuel cells, the degradation leads to reduced efficiency. 
Generalised and reliable degradation models are difficult to obtain, as 
they depend on the specific device type. In this study, it is assumed that 
electrolyser efficiency decreases proportionally with age by 1 % per year 
(for example, if the nominal efficiency is 70 %, after one year, it drops to 
70 % × 99 % = 69,3 % and after ten years to 70 % × 90 % = 63 %). This 
assumption is supported by literature data [52] for electrolysers and 
[53] for fuel cells. Fig. 8 shows two curves for both efficiency and output 
hydrogen power: a new system, and a ten-year old system. In the 
simulation study, a ten-year old system is assumed, representing the 
worst case scenario. It is assumed that after ten years of operation, the 
electrolyser is retrofitted with new electrochemical cells to achieve a 
total lifespan of twenty years. A ten-year expected lifespan for electro
lysers and fuel cells is realistic and supported by the literature, e.g. [51].

3.4. Fuel cell model

The fuel cell converts stored hydrogen and oxygen from ambient air 
into electric energy and water, which is reverse process of to the elec
trolyser. The model defines the relationship between the input hydrogen 
mass flow and the output electric power, which then determines the 
efficiency (Fig. 9). The relationship between these two variables is 
nonlinear, as the efficiency of the fuel cell decreases with load, that is, 
with operating power.

As with the electrolyser, a simplified model is used. In general, ef
ficiency is defined as the ratio of the output electric power of the fuel cell 

Fig. 5. Electricity consumption of appliances (excluding heat pump) as a 
function of time of year.

Fig. 6. Electricity consumption of the heat pump as a function of time of year.

Fig. 7. Electrolyser model.

Fig. 8. Electrolyser output power and efficiency as functions of input power.
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to the power of the consumed hydrogen: 

ηFC =
PFC E

PFC H2
(6) 

The input power of the consumed hydrogen is determined by its mass 
flow rate and the heating value of hydrogen: 

PFC H2 = ϕFC H2 • HHV (7) 

Based on this, the fuel cell output electric power (PFC_E) and thermal 
losses (PFC_T) can be expressed as follows: 

PFC E = PFC H2 • ηFC = ϕFC H2 • HHV • ηFC (8) 

PFC T = PFC H2 • (1 − ηFC) = ϕFC H2 • HHV • (1 − ηFC) (9) 

The fuel cell is also subject to degradation. The same assumptions 
regarding degradation, lifetime, and retrofitting are used as for the 
electrolyser.

3.5. Hydrogen storage model

Hydrogen is stored in a pressurised tank. The input flow rate is 
produced by the electrolyser, while the output flow rate is determined 
by the fuel cell (Fig. 11). Mathematically, the hydrogen storage tank acts 
as a time integrator of the difference between the thermal power of the 

hydrogen generated by the electrolyser PEL_H2 and the thermal power of 
the hydrogen consumed by the fuel cell PFC_H2. 

EH2 = EH2 INIT +

∫t

0

(PEL H2 − PFC H2)dt (10) 

The amount of hydrogen in the tank can generally be expressed in 
several equivalent ways: as a mass m (kg), an amount n (mol), or an 
energy E (kWh). The relationships between these variables are well- 
known and defined by static algebraic equations. The relationship be
tween m and n is given by the molar mass of hydrogen M. 

m = M • n (11) 

The energy of hydrogen in the tank is proportional to the mass of 
hydrogen, m,and its higher heating value, HHV. 

E = m • HHV (12) 

The pressure in the tank is proportional to the mass m of stored 
hydrogen and can be expressed by the ideal gas equation: 

p =
n • R • T

VT
=

m • R • T
M • VT

(13) 

In the equation above, VT represents the geometric volume of the storage 
tank. The amount of hydrogen V in normal cubic metres (Nm3) is also 
given by the general gas law, considering standard conditions (T = 273 
K, p = 100000 Pa): 

V =
n • R • T

p
(14) 

The storage capacity of the hydrogen tank is determined by its geometric 
volume VT and the maximum pressure pMAX: 

EH2 MAX =
pMAX • M • VT

R • T
• HHV (15) 

EH2_MAX represents the maximum amount of hydrogen thermal energy 
that can be stored in the tank. To prevent excessive charging or dis
charging, two status signals, TF and TE, indicate ‘tank full’ and ‘tank 
empty’ conditions respectively (TF = 1 if EH2 > 0.98 EH2_MAX) and (TE = 1 
if EH2 < 0.02 EH2_MIN).

3.6. Battery model

Similar to the hydrogen storage tank, the battery is also modelled as 
an integrator of the difference between input and output electric power. 
Input power represents battery charging, while output power represents 
discharging. The battery model also accounts for losses during charging 
and discharging, which occur in the battery and its power electronic 
circuits (DC/DC converters). The model is shown in Fig. 12.

During charging, electric power PB_IN flows into the battery, but not 
all of it is used for charging due to losses. The reduced power PB_IN_C 
represents the useful charging power, which is subject to integration. 
The relationship between the two is defined by the charging efficiency 
ηC, which is typically around 95 %. 

PB IN C = PB IN • ηC (16) 

A similar situation occurs during discharging; the output power PB_OUT_D 
flowing from the battery is also subject to losses, and the reduced value 
PB_OUT is the power actually available to consumers. The relation be
tween the two is determined by the discharging efficiency ηD, which is 
typically also around 95 %. 

PB OUT = PB OUT D • ηD (17) 

Finally, the battery state of charge is determined by integrating the input 
and output power over time: 

Fig. 9. Fuel cell model.

Fig. 10. Fuel cell efficiency and output power as functions of input power.

Fig. 11. Hydrogen storage model.
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EB = EB init +

∫t

0

(PB IN C − PB OUT D)dt (18) 

EB_MAX represents the capacity, i.e. the maximum amount of energy that 
can be stored in the battery. To prevent excessive charging or dis
charging, two status signals BF and BE are provided to indicate ‘battery 
full’ and ‘battery empty’ events: (BF = 1 if EB > 0.98 EB_MAX) and (BE = 1 
if EB < 0.02 EB_MIN).

Battery performance degrades with calendar ageing and cycling, 
resulting in reduced usable capacity and reduced charge and discharge 
efficiency. According to literature data [46], lithium-ion batteries of the 
LiFePO4 (LFP) type used for daily energy balancing can sustain more 
than 4000 cycles at 80 % depth of discharge (DoD), with a typical ca
pacity loss of 20–30 %. This cycle life is sufficient for approximately 10 
years of daily operation, after which battery replacement is required. 
The simulation is conducted for a worst-case scenario, assuming a bat
tery at the end of its 10-year lifetime. The nominal battery capacity 
(EB_MAX_N) is calculated as: 

EB MAX N =
EB MAX R

DoD • 75%
(19) 

where 75 % represents the expected remaining capacity after 10 years of 
operation. The required capacity (EB_MAX_R) is the capacity actually 
needed to perform daily energy balancing. The nominal battery capac
ity, EB_MAX_N, is used for CAPEX calculation.

For charging and discharging efficiencies, it is assumed they decrease 
from the original 97 % to 95 % over ten years. This results in a round-trip 
efficiency drop from 95 % to 90 %. This is, in fact, a pesimistic estimate, 
as [47] indicates that after 2500 cycles the round-trip efficiency remains 
above 94 %.

In reality, battery efficiency also depends on temperature, but this 
effect is not significant, as it is assumed the battery is installed inside the 
building at a relatively stable temperature. The dependence of efficiency 
on charge and discharge rates is also not modelled, as these rates are 
actively controlled and limited by the power management algorithm 
described later.

3.7. Fuel cell and heat pump thermal integration

As shown in the fuel cell efficiency diagram (Fig. 10), the fuel cell 
generates significant losses (40 % or more) as heat, which must be 
removed by the cooling circuit. The temperature of the cooling medium 
is around 80◦C for LT-PEM and around 200◦C for HT-PEM fuel cells, 
meaning the generated heat can be relatively easily used for building 
and sanitary water heating [40]. In this way, the load on the heat pump 
can be reduced, resulting in savings of electric energy and hydrogen.

The utilization of fuel cell waste heat is well established and has been 
widely implemented in combined heat and power (CHP) systems, as 
documented in the literature. However, specific heat utilization con
cepts differ in their implementation and control strategy.

If fuel cell waste heat is used directly and no thermal storage is 
available, the system typically operates in heat-led operation. In this 
case, the fuel cell output is driven by thermal demand, while electricity 
is generated as a by-product that can be either consumed locally or 
exported to the grid. An example of this approach is reported in [56]. 

Conversely, in electricity-led operation, the fuel cell follows electrical 
demand. Thermal energy is generated as a by-product and can be uti
lized to satisfy local thermal demand; however, if the available heat 
exceeds demand, the surplus must be rejected.

A key challenge in both approaches is the temporal mismatch be
tween electricity and heat demand, which can result in surplus elec
tricity or excess thermal energy. To address this issue, a thermal energy 
storage (buffer) is introduced in the present study. The heat storage 
decouples thermal and electrical demand, enabling electricity-led 
operation while storing excess heat for later use.

The situation is illustrated in Fig. 13, where the blocks FC, HP, and 
CONS represent the fuel cell, the heat pump, and other electric con
sumers, respectively. PFC_T represents fuel cell thermal losses. It is 
assumed that 60 % of the fuel cell thermal losses can be utilised. To study 
its effect in simulation experiments, thermal integration can be switched 
on or off by directing the heat stream PFC_T to the heat storage or to the 
ambient (not utilising it).

To continuously balance heat generation and consumption, a liquid- 
based heat storage system is assumed, which stores heat generated by 
the heat pump and heat from the fuel cell cooling circuit. Heat storage is 
a common component in heat pump systems. Heat generation and 
consumption are balanced by maintaining an approximately constant 
thermal energy content in the storage. In practice, the thermal energy 
content is estimated by measuring the temperature of the liquid, taking 
into account its mass and thermal capacity. For control, a simple pro
portional control law is used, which considers the power limitations of 
the heat pump. The currently demanded thermal power of the heat 
pump (PHP_T_DEM) is determined by the control error, i.e. the difference 
between the setpoint (EST_SET) and the actual energy content in the 
storage (EST_ACT): 

e = EST SET − EST ACT (20) 

The control law is given by the equation below and illustrated in Fig. 14. 
PHP_T_max and PHP_T_min denote the maximum and minimum thermal 
power of the heat pump, respectively. The parameters emin and emax 
determine the slope (the proportional gain) of the linear section of the 
control law.  

During the experiments, the following parameters were used: EST_SET =

70 kWh, emin = 4 kWh, emax = 20 kWh, PHP_T_max = 12 kW, PHP_T_min =

2.4 kW (20 % turn-down ratio). The results are presented in the Simu
lation study section.

3.8. Economic model

The economic model estimates the resulting price of the supply of 
electric energy (EP) to the electric consumers of the building over a one- 
year period. This can then be compared to the price of the supply from 
the public electric grid. For the analysis, the price of the local energy 
supply is broken down into components incurred by specific elements of 
the system. The price components EPPV, EPBATT, EPEL, EPFC, and EPH2_

STOR are incurred by the PV power plant, battery, electrolyser, fuel cell 
and hydrogen storage, respectively. Each price component is calculated 
by dividing the capital expenditure of the element (CAPEXX) by the 
lifetime of the element tL_X, as the cost is evenly distributed over the 

e < eminPHP T DEM = 0

emin ≤ e ≤ emaxPHP T DEM = PHP T min + (PHP T max − PHP T min) •
e − emin

emax − emin
e > emax

PHP T DEM = PHP T max

(21) 
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entire lifetime. The same form of the equation is used for all price 
components (X = PV, BATT, EL, FC, H2_STOR). 

EPX =
CAPEXX
tL X

(22) 

Based on manufacturers’ data and information from the literature, the 
relative costs of the elements are given in Table 3 and Table 4 (System 
economic parameters). Actual costs are calculated by multiplying the 
relative costs of the elements by their assumed capacities or sizes. The 
expected lifetime (tL_X) of a particular element depends on many factors, 
but for simplicity, it is assumed that the lifetime of each element is 20 
years. This is a very rough estimate; actual degradation progresses with 
ageing, usage intensity, and mode of operation (e.g. frequent start/stop 
of the electrolyser and the fuel cell increases their degradation). In this 
study, degradation of electrochemical components (electrolyser, fuel 
cell, battery) is considered in a simplified manner. For the electrolyser 
and fuel cell, a drop in efficiency is assumed, as explained in sections 3.3 
and 3.4. It is assumed that both components must be retrofitted with 
new electrochemical cells after 10 years to achieve 20 years of 

operation. Retrofit costs are included in operational expenditures 
(OPEX), which are assumed to be 3 % of CAPEX each year – in 20 years, 
this amounts to 60 % of CAPEX. Battery degradation is reflected in 
reduced capacitiy and efficiency, as explained in section 3.6. The 
nominal capacity of a new battery is used for CAPEX calculation, while 
the remaining capacity after 10 years is used for energy balance simu
lations. Replacement of the battery after 10 years is considered.

To compare the costs of the proposed local energy supply with those 
of the public electric grid, data from Eurostat's dataset (Electricity price 
components for household consumers – annual data) [41] was used. 
Data for Germany in 2024, covering the consumption range from 5 to 
14,999 kWh/year, was considered. The relevant cost components are 
summarised in Table 2.

4. Power management

A control strategy is required to balance electric energy generation 
and consumption through battery charging/discharging and hydrogen 
generation/utilization. The presence of two energy storage devices (the 
battery and hydrogen system) offers various control options and in
creases the complexity of the control algorithm. In this study, a simple 
yet effective control algorithm was developed. The main idea is to use 
the battery for daily balancing as its round-trip efficiency is much higher 
than that of the hydrogen system. For seasonal balancing (storing excess 
power generated in summer for use in winter), the hydrogen system is 
employed. This means the battery is given priority over the hydrogen 
system for balancing actions. This is achieved with the following control 
algorithm. When the generated PV power exceeds the consumed power, 
the excess power (PE) is directed to the battery considering the 
maximum charging power and available free capacity. Any power that 
cannot be stored in the battery is then supplied to the electrolyser to be 
converted into hydrogen, considering the electrolyser’s minimum and 
maximum power limits and the available capacity in the hydrogen tank. 
If the battery and electrolyser cannot absorb all the excess power, the 
remaining surplus is exported to the grid. The corresponding control 
diagram is shown in Fig. 15.

In the opposite case, when the generated PV power is lower than the 
consumed power, the missing power (PE, negative in this case) is sup
plied by the battery, considering the maximum discharging power and 
the available energy in the battery. If the battery cannot supply all the 
missing power, the reminder is provided by the fuel cell, which converts 
stored hydrogen into electric power. The maximum electric power of the 
fuel cell and the available hydrogen in the tank are considered. If the 
battery and fuel cell together cannot provide all the missing power, the 
reminder is drawn from the grid. One of the design goals is to eliminate 
or minimise the amount of electric energy taken from the grid. The 
corresponding control diagram for this case is shown in Fig. 16. The 
proposed power management algorithm (Fig. 15, Fig. 16) can be directly 
implemented using block-oriented simulation tools (e.g. MATLAB 
Simulink) or by programme code (MATLAB script), the latter being 
available in the Supplementary material.

Fig. 12. Battery model.

Fig. 13. Thermal integration of fuel cell and heat pump.

Fig. 14. Heat storage control law.

Table 2 
Cost of the supply from the public electric grid (Germany).

Energy and supply 
costs (EUR/kWh)

Network costs 
(EUR/kWh)

Taxes, fees, levies and 
charges (EUR/kWh)

Total 
price 
(EUR/ 
kWh)

0.1640 0.0909 0.1064 0.3613
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5. Simulation study

The main purpose of the simulation study is to determine the com
binations of system parameters (PV power plant size, battery capacity, 
electrolyser power, fuel cell power, and hydrogen storage capacity) that 
meet the electric energy demands of the building over one-year period. 
A further goal is to identify optimal parameter combinations that yield 

the best values for selected technical or economic key-performance in
dicators, particularly the annual cost of electric energy supply.

5.1. Initial component sizes

Before running the simulation experiments, it is necessary to deter
mine the initial sizes of the system components. 

Table 3 
System parameters and results of experiments 1…9.
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• To perform daily balancing mainly with the battery, its capacity 
must be approximately equal to the difference between the generated 
and consumed energy in one day, considering the day with the 
highest difference.

• The required capacity of the hydrogen storage tank is obtained from 
the simulation results: in the model, a significantly oversized ca
pacity is assumed, and the actual required capacity is equal to the 

difference between the minimum and maximum amount of hydrogen 
in the storage tank over the course of the year.

• The maximum discharging power of the battery and the 
maximum power of the fuel cell are set to the maximum excess of 
power consumed over power generated.

• Similarly, the maximum charging power of the battery and the 
maximum power of the electrolyser are set to the maximum excess 

Table 4 
System parameters and results of experiments 10…18.
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of power generated over power consumed. In this way, the battery 
and the hydrogen system can independently compensate for the 
difference between generated and consumed power at any moment.

5.2. Simulation period

Significant energy fluctuations occur on daily and yearly cycles. 
Year-to-year fluctuations exist but are beyond the scope of this work. 
Therefore, the simulation scenarios start at the beginning of the year and 
cover a one-year period. The simulation time step is 30 min. For com
parison, all simulation scenarios use the same solar radiation data 
(Section 3.1) and household consumption data (Section 3.2). At the start 
of the year, when PV power generation is low due to winter at the use- 
case location, stored hydrogen energy must be used. Thus, a sufficient 
amount of hydrogen must be available in the storage tank at the 
beginning of the year. Once consumed, the hydrogen must be regener
ated during the summer to ensure that the stored hydrogen at the end of 
the year matches the initial amount.

5.3. Results

Fig. 17 shows an example of the complete system operation over one- 
year period. The system parameters for this example are listed in 
Table 3, column Experiment 7.

The plots in the top row show the stored energy (state of charge) in 
the hydrogen tank (left) and in the battery (right). In the hydrogen tank 
storage plot, a yearly cycle is clearly visible, with the solar deficit 
draining the tank in winter and the surplus refilling it in summer. In 
contrast, the dispersed fluctuations in the battery energy (state-of- 
charge) indicate that the battery is used only for daily balancing. 
Generally, there are almost no daily fluctuations in the hydrogen tank, 
meaning the hydrogen system is rarely involved in daily balancing, 
which aligns with the initial concept of using the battery for daily 
balancing. It is important that the amount of hydrogen in the tank at the 
end of the year matches that at the beginning, ensuring that the yearly 
energy balance is achieved.

The plots in the second row show the actual electric power of the 
electrolyser (H2 input power) and the fuel cell (H2 output power) on the 
left, and the battery charging (Batt input power) and discharging (Batt 

output power) on the right. At the beginning of the year (days 1…80, 
and occasionally later), the fuel cell operates, meaning the PV power 
deficit is covered by converting stored hydrogen into electric energy. In 
the next period (days 50…100), occasional surpluses of PV power occur, 
resulting in the conversion of electric energy into hydrogen and vice 
versa. This is not optimal for efficiency, as storing energy as hydrogen 
has a significantly lower round-trip efficiency than storing it in the 
battery. This could be improved by increasing the battery’s capacity and 
power, but this would also increase its cost. In the following period (days 
100…300), there is a constant daily surplus of PV power; daily 
balancing is performed by the battery, excess PV energy is converted to 
hydrogen, and during this period, hydrogen is almost never converted 
back to electricity (the fuel cell does not operate). In the winter period 
(days 301…365), a PV power deficit appears again and is covered by 
converting stored hydrogen into electricity via the fuel cell, while the 
electrolyser rarely operates during this period.

The plots in the third row show household Excess power (left) and 
Grid power (right). The average excess power is positive during summer 
and negative during winter, indicating a deficit. Input grid power 
(supply to the grid) occurs when the system cannot use or store the 
generated energy, mostly in summer, and output grid power (con
sumption from the grid) is zero throughout the entire year.

The plots in the fourth row show the generated PV power on the left 
and the consumed power on the right. The mismatch between energy 
consumption and PV production, which needs to be balanced, is clearly 
visible.

If the system is installed and commissioned during the winter, the 
hydrogen tank must be prefilled with enough hydrogen to cover the 
winter. The initial amount of hydrogen can be supplied externally or 
generated by the electrolyser using electricity from the grid, but this is 
required only once during the system’s lifetime. However, if the system 
is installed and started during the summer, initial prefilling is not 
necessary, as the system provides the winter energy reserve from the 
surplus energy generated in the summer.

5.4. Sensitivity analysis

In the next step, a simulation-based sensitivity analysis was con
ducted to test different combinations of system parameters. Each 
experiment is defined by a set of technical and economic parameters. 
Importantly, technical parameters are always set so that the initial and 
final amounts of hydrogen in storage are approximately equal, ensuring 
energy balance is maintained and allowing the same operational sce
nario to be repeated in subsequent years. Results are presented as energy 
balance data and the structure of system costs. The results show the price 
of electric energy for the local supply. However, even more important is 
the total annual cost of the local supply and its comparison with the total 
annual cost of conventional supply from the public electric grid. Pa
rameters and results are collected in Table 3 and Table 4 and discussed.

In the first test (Exp. 1) the hydrogen system without the battery is 
considered. The minimum power of the electrolyser is assumed to be 0 
%, which is unrealistic, as electrolysers cannot operate below a mini
mum power defined by technological limitations. In this case, the 
hydrogen system is used for both daily and seasonal balancing resulting 
in high conversion losses (8030.1 kWh and 7069.3 kWh) for the elec
trolyser and the fuel cell, respectively. In Exp. 2 and subsequent ex
periments, the minimum electrolyser power is set to a realistic 10 % of 
the maximum power, which worsens the situation since it is not possible 
to capture all the excess PV power. If the excess power is less than the 
minimum electrolyser power, it cannot be captured and must either be 
left unexploited or fed to the electric grid. This leads to increased energy 
supplied to the grid (from 707.4 to 1118 kWh), and to compensate for 
this, the size of the PV power plant must be increased (from 147.7 to 
149.3 m2). In Exp. 3, a battery is added to the system to perform daily 
balancing. As a result, the total conversion losses of the electrolyser and 
the fuel cell are reduced by almost 48 %. But this leads to decreased sizes 
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Fig. 15. Power management in the case of PV power excess.
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Fig. 16. Power management in the case of PV power deficit.
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of the PV power plant (from 149.3 to 108.1 m2) and the hydrogen 
storage tank (from 175.8 to 168.4 kg), resulting in higher system CAPEX 
and annual cost of electric energy supply. In Exp. 4, thermal integration 
of the heat pump and the fuel cell is introduced and the battery is 
removed. Thanks to thermal integration, annual electric energy con
sumption is reduced by 10 %, but conversion losses increase since there 
is no battery and the hydrogen system is also used for daily balancing. 
Utilising electrolyser losses also has potential benefits, but this was not 
studied. In Exp. 5, the battery is reintroduced to the system, resulting in 
significantly decreased conversion losses. To further optimise the system 
(Exp. 6), the maximum power of the electrolyser and fuel cell is 
decreased to 11 and 10 kW, respectively. However, this requires a 
slightly larger (+2 %) PV power plant but results in decreased costs of 

annual electric energy supply. In Exp. 7, the electrolyser maximum 
power is decreased to 10 kW and the battery capacity is increased to 20 
kWh, which further decreases conversion losses but increases the total 
annual cost of supply (from 4798.4 to 5460.4 EUR).

In Exp. 8…16, the system without the battery was investigated again. 
This system appears attractive as it contains fewer components and is 
easier to operate and control. However, it inevitably results in signifi
cantly higher losses of electric energy due to the daily conversion of 
electric energy into hydrogen and vice-versa. Removing the battery has 
several opposing and competing effects on costs. The absence of the 
battery reduces the system’s CAPEX, but the hydrogen subsystem must 
then perform both daily and seasonal energy balancing, which lowers 
overall storage efficiency due to the lower round-trip efficiency of the 

Fig. 17. An example of system operation during one-year period.
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hydrogen system compared to the battery. Additionally, it is not possible 
to capture excess PV power below the minimum operating threshold of 
the electrolyser (PEL_MIN). To compensate for this, a larger PV system is 
required, which increases CAPEX and partially offsets the savings from 
battery elimination. On the other hand, the absence of the battery in
creases total fuel cell thermal losses, but utilising these losses reduces 
the load and electricity consumption of the heat pump. Fig. 21 and 
Fig. 22 show the percentage of the total heat demand covered by fuel cell 
losses (PFC_T) throughout the year. Fig. 21 shows the case without the 
battery (Exp. 16), and Fig. 22 shows the case with the battery (Exp. 17). 
Since thermal losses of the fuel cell are higher without the battery, the 
contribution of fuel cell thermal losses to the total heat demand is also 
higher. The percentage is particularly higher in the summer period (days 
180…250, i.e. July and August), when the total heat demand is lower 
and therefore fuel cell losses represent a higher percentage.

During Experiments 8…15, all parameters were kept constant except 
for the electrolyser maximum power, which was reduced from 14 to 7 
kW in 1 kW increments. At each step, the PV power plant size was 
adjusted (increased) to ensure the yearly hydrogen balance (an equal 
amount of hydrogen in the tank at the beginning and end of the year). 
The results show that the minimum annual cost of electric energy supply 
is achieved with an electrolyser power of 7 kW, although the cost is not 
significantly lower than the average cost observed in experiments 8… 
15. A 7 kW electrolyser requires the smallest hydrogen storage tank 
(126.5 kg), which helps to reduce its physical size. The experiments 
demonstrate that a reduced electrolyser size and price must be offset by 
an increased size and cost of the PV power plant.

In Exp. 16, the fuel cell nominal power was reduced to 6.2 kW, the 
minimum power required to ensure that no energy was drawn from the 
grid. This further reduced the annual cost of electric energy supply to 
4284.7 EUR.

Finally, in Exp. 17, the battery was reinserted to further improve the 
energy balance, but the resulting annual cost of electric energy increased 
slightly (4327.8 EUR).

To further reduce costs (Exp. 18), a 50 % subsidy for the CAPEX of 
the hydrogen system and the battery was assumed, which lowers the 
annual cost of electric energy supply to 2860.1 EUR.

The simulation is based on the current CAPEX and OPEX of the 
technological equipment, as shown in Table 3 and Table 4. The simu
lation does not assume any future CAPEX reductions or subsidies (except 
for Experiment 18). The results indicate that approximately the same 
annual cost of electric energy supply (about 4300 EUR) can be achieved 
with systems both without and with the battery (Exp. 16 and 17). This 
cost could be competitive with the annual expenditure for electric en
ergy supplied from the public grid, but only in markets with high prices, 
such as Germany, where retail electricity prices are among the highest in 
Europe and annual cost reach 4341 EUR.

However, relative competitiveness may decrease when compared 
with electricity prices in other European countries. These findings 
indicate that the proposed local energy supply systems could be 
economically viable. However, this conclusion relies on assumed capital 
costs for the technological components, which remain uncertain due to 
limited manufacturer data. The greatest technical and economic chal
lenge is compressed hydrogen storage. A storage capacity of approxi
mately 130 kg is required to cover the deficit during the winter period. 
This results in large reservoir dimensions and structural challenges that 
increase with storage pressure. A reduction in hydrogen storage cost 
would have the greatest impact on lowering the annual cost of generated 
electricity.

The optimal configuration identified in Experiment 17 can be 
compared with similar system configurations reported in the literature. 
For example, the simulation study in [6] considers a setup with 21 kWp 
PV power plant (corresponding to approximately 130 m2 of installed 
modules), combined with 10–20 kWh of battery storage, a 4 kW fuel cell, 
a 7 kW electrolyzer, and 170–190 kg of hydrogen storage. This system is 
designed for off-grid operation of a residential building in Finland with a 

living area of 183 m2, covering both space heating and domestic hot 
water demand. This is consistent with the findings of Experiment 17. It 
should, however, be noted that the Finnish case study exhibits higher 
overall energy consumption at a comparable PV capacity. Consequently, 
a larger fraction of the summer PV surplus must be seasonally stored to 
cover winter demand, which leads to increased required capacities for 
both the battery system and the hydrogen storage tank.

Table 5 shows how the resulting annual electricity supply cost 
changes when the CAPEX of individual components (PV power plant, 
electrolyser, fuel cell, hydrogen storage, and battery) is varied by ± 20 
%. The calculation is based on the system setup from Experiment 17. A 
reduction in hydrogen storage cost would have the greatest impact on 
lowering the annual cost of generated electricity.

Table 3 and Table 4 also show the annual operating times of the 
electrolyser and the fuel cell. The total operating time is the cumulative 
duration during which the units are switched on, while the effective 
operating time accounts for partial loading and is calculated by time 
integrating the normalised load (0…1) over the one-year period. Based 
on the total operating time, the electrolyser utilisation factor across the 
experiments ranges from 18.8 % to 39.7 %, while the fuel cell utilisation 
factor ranges from 24.3 % to 60.8 %. These relatively low utilisation 
levels also contribute to higher annual electricity supply costs. This 
situation could be improved by modifying the power management al
gorithm and increasing battery capacity. If daily excess energy were first 
stored in the battery, it could then be gradually converted into hydrogen 
throughout the day by operating the electrolyser at a lower and more 
constant power level. This approach would allow a reduction in the 
electrolyser’s nominal power and CAPEX while increasing its utilisation 
rate. A similar operational strategy could also be applied to the fuel cell.

Results from Table 3 and Table 4 are also presented in figures for 
easier comparison. Fig. 18 shows the annual electricity supply costs for 
each experiment, with a breakdown of contributions from individual 

Table 5 
Annual electricity supply cost sensitivity to key CAPEX variations.

Component CAPEX variation Annual electricity supply cost variation

PV power plant ± 20 % ± 7.3 %
Electrolyser ± 20 % ± 1.5 %
Fuel cell ± 20 % ± 1.3 %
Hydrogen storage ± 20 % ± 8.9 %
Battery ± 20 % ± 1.0 %

Fig. 18. Components of the annual cost of electricity and heat supply.
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technological components. For comparison, the annual costs of tradi
tional electricity supply from the public grid are also shown for several 
areas (GE-Germany, SI-Slovenia, IT-Italy, EU average). Fig. 19 illustrates 
the annual energy balance of each experiment. Electric energy generated 
by the PV plant covers load consumption (electric loads and the heat 
pump), electrolyser losses, fuel cell losses, battery losses and electricity 
supplied to the grid. As explained, electric energy is supplied to the grid 
only in case when it is temporarily impossible to store excess electricity 
in the battery or convert it to hydrogen due to storage capacity limita
tions, electrolyser power limitation, or battery charging power limita
tion. Note that electricity supplied to the grid actually represents a loss, 
since the possibility of selling the excess electricity is not considered in 
this study. Optionally selling the excess electricity would significantly 
increase the financial viability of the proposed local power system. In all 
experiments, no electric energy is obtained from the grid and the system 
is 100 % self-sufficient.

It can be seen that electrolyser and fuel cell losses are significant in 
cases without the battery. In these cases, the hydrogen system is also 
used for daily balancing, resulting in high conversion losses. Interest
ingly, despite having high losses and therefore requiring large amount of 
generated electricity, Experiment 16 results in the lowest annual energy 
supply costs. This is due to the absence of battery CAPEX and the rela
tively small sizes and low CAPEX of the electrolyser and hydrogen 
storage. In general, low energy conversion losses do not necessarily lead 
to a low annual energy supply cost. This is also evident from Fig. 20, 
which shows the energy efficiency achieved during the experiments. It is 
defined as the ratio between the energy consumed (by electric loads and 
the heat pump) and the energy generated by the PV plant.

The proposed methodology relies on mathematical modelling and 

simulation to predict the operational performance of the local energy 
system. Inevitably, models involve simplifications of the real system, 
which may result in deviations between simulated and actual operation.

The degradation of electrochemical components, including the 
electrolyser, fuel cell, and battery, is represented using simplified 
degradation models. In practice, degradation rates depend strongly on 

Fig. 19. Annual energy balance for each experiment.

Fig. 20. Energy efficiency for each experiment.

Fig. 21. Contribution of fuel cell thermal losses to total heat demand (Exp. 16 
− system without battery).
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operating conditions, such as load variability, intermittency, and the 
frequency of start-up and shutdown events, as well as on the specific 
technology, manufacturer, and design of each component. Conse
quently, actual degradation behaviour is difficult to predict accurately 
and may differ from the assumed scenarios.

Electricity generation from photovoltaic (PV) panels depends on 
solar irradiance. In this study, future solar radiation is estimated using 
historical data; however, annual irradiance profiles vary due to unpre
dictable weather and climatic conditions. Actual PV power output is also 
affected by site-specific factors, such as micro-location, system orien
tation, and ambient temperature, which influence PV module efficiency. 
These factors are not explicitly considered in this analysis, as they are 
case-dependent and would require detailed site-specific modelling.

The annual costs of electricity and heat supply in the proposed local 
renewable energy system are determined by the capital and operational 
costs of its main components. Several key technologies, including the 
electrolyser, hydrogen storage system, and fuel cell, are not yet manu
factured at large-scale and therefore have high specific investment costs. 
Consequently, the levelised costs of electricity and heat supply are high, 
limiting the current economic competitiveness of the system compared 
with conventional energy supply from the public electricity grid. How
ever, significant cost reductions are expected with technological matu
ration, large-scale deployment, and learning effects, which should 
improve the system’s economic viability in the future.

Higher annual costs of local electricity supply compared to tradi
tional grid supply do not necessarily make local supply unattractive. An 
interesting recent study [55], based on a survey of 350 participants, 
shows that despite expert scepticism due to high system costs, house
holds show strong interest in residential hydrogen systems, with some 
willing to pay up to 24 % higher costs.

6. Conclusions

The paper presents an operational and economic analysis of an 
energy-independent, self-sustained PV-powered household that uses 
hydrogen and battery energy storage to balance the mismatch between 
energy consumption and PV energy generation.

To conduct the study, a model of the entire system was developed. 
Using this model, a multi-scenario simulation analysis was carried out, 
highlighting various aspects of the system implementation. Tech
noeconomic models were built for all components, forming the basis for 
economic feasibility analysis. Thus, the presented simulation model 

serves as a design, demonstration, and decision support tool, helping to 
determine the optimum sizes of system components (such as the PV 
power plant, hydrogen storage and battery capacity, electrolyser and 
fuel cell power) and predict the technical and economic outcomes of 
system operation. This supports the feasibility studies conducted prior to 
actual investments into hydrogen systems. To further increase the effi
ciency of this tool, it can be upgraded with an automated optimisation 
algorithm (e.g. genetic algorithm or particle swarm optimisation), 
which is the focus of ongoing development. The presented power 
management algorithm is simple and efficient, but there is potential for 
improvement, such as by using model predictive control. Another pos
sibility is to enhance the control algorithm to enable hydrogen pro
duction using energy stored in the battery. This would allow the use of a 
smaller electrolyser with lower capital expenditure, while increasing its 
operating time and utilisation factor. In this paper, simplified degrada
tion models are used for the electrolyser, fuel cell, and battery. To 
improve the accuracy of the simulations, more detailed degradation 
models could be developed that account for operating conditions such as 
load factors, load variation rates, start-stop events, and other relevant 
stressors.

The results show that energy balancing significantly increases the 
primary cost of photovoltaic (PV) electric power (by approximately a 
factor of three), which is unfavourable. Additionally, the pricing struc
ture of the annual electric energy supply indicates that hydrogen storage 
is a major cost contributor. For the given electricity generation and 
consumption time profiles, there are two optimal system configurations, 
one with a battery and one without. The optimal system configuration 
with a battery (Experiment 17) consists of a 132 m2 PV plant, a 7 kW 
electrolyser, a 6 kW fuel cell, 135 kg of hydrogen storage, and a 6 kWh 
battery. The optimal system configuration without a battery (Experi
ment 16) comprises a 173 m2 PV plant, a 7 kW electrolyser, a 6 kW fuel 
cell, and 130 kg of hydrogen storage. In both cases, the annual electricity 
supply cost is approximately 4300 EUR.

Both systems may be economically competitive in regions with high 
electricity and transmission prices, such as Germany, where the annual 
cost for the same electricity consumption profile is also approximately 
4300 EUR. Moreover, anticipated increases in electricity and trans
mission costs are expected to further increase the competitiveness of 
local renewable energy systems in other countries. Furthermore, 
hydrogen system technologies (electrolysers, fuel cells, and hydrogen 
storage units) are currently not mass-produced, resulting in high costs. 
Over time, with expected reductions in equipment costs and with po
tential subsidies, the effect of which is also discussed, such a system 
could become a green and self-sufficient alternative to conventional 
public grid-based electricity supply.
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