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ARTICLE INFO ABSTRACT

Keywords: Hydrogen is becoming increasingly popular as a clean, secure, and affordable energy source for the future.
Decentralized energy systems This study develops an approach for designing a PV-battery—electrolyzer—fuel cell energy system that utilizes
Hydrogen hydrogen as a long-term storage medium and battery as a short-term storage medium. The system is designed

Short-term energy storage medium

; to supply load demand primarily through direct electricity generation in the summer, and indirect electricity
Long-term energy storage medium

System sizing generation through hydrogen in the winter. The sizing of system components is based on the direct electricity

Load sizing factor and indirect hydrogen demand, with a key input parameter being the load sizing factor, which determines

Electrolyzer the extent to which hydrogen is used to meet seasonal imbalance. Technical and financial indicators are used

Fuel cell to assess the performance of the designed system. Simulation results indicate that the energy system can
effectively balance the seasonal variation of renewable generation and load demand with the use of hydrogen.
Additionally, guidelines for achieving self-sufficiency and system sustainability for providing enough power in
the following years are provided to determine the appropriate component size. The sensitivity analysis indicates
that the energy system can achieve self-sufficiency and system sustainability with a proper load sizing factor
from a technical perspective. From an economic perspective, the levelized cost of energy is relatively high
because of the high costs of hydrogen-related components at this moment. However, it has great economic
potential for future self-sufficient energy systems with the maturity of hydrogen technologies.

1. Introduction in winter, whereas load demand in certain high-latitude cold regions
is higher in winter than in summer. It requires a high capacity of

With the changing landscape of energy systems towards 100% renewable generation and battery energy storage to provide a highly
renewable energy, the transition shift from a centralized energy system reliable energy supply, leading to high capital costs and a high excess
to multiple decentralized energy systems is not only a necessity but generation that cannot be stored or used. In addition, batteries are not
also a strategically imperative [1,2]. A decentralized energy system suitable for storing energy for long periods of time due to technical
is an energy system with distributed energy resources (DERs) where constraints as well as economic considerations. Therefore, an energy

energy generation is close to energy consumption [3]. The current
centralized energy system can operate well without energy storage,
as traditional power plants are predictable and can be dispatched
as needed. However, decentralized energy systems rely on variable
renewable energy sources (RESs), such as wind and photovoltaic (PV)
generation [4]. These RESs generation is variable and non-dispatchable,
which depends on the weather conditions. Energy storage is a necessity
to match supply and demand continuously. On a daily basis, an average
load demand profile is low during the daytime and high in the evening
hours. PV generation can meet the load demand during the day, and
surplus generation can be stored in battery energy storage to supply
load demand in the evening hours. Besides the daily imbalance, there eration is close to consumption, such as in a household or an energy
is also a seasonal imbalance: PV generation is higher in summer than community.

system with renewable generation and battery energy storage is not
yet a feasible solution to meet this seasonal imbalance. Hydrogen,
however, is highly scalable for long-term energy storage [5,6]. It is
considered an important energy carrier for long-term energy storage to
make up the seasonal variation of renewable generation [7,8]. Surplus
PV generation in summer times can be used to produce hydrogen and
store it in a hydrogen storage tank. The stored hydrogen can produce
electricity through fuel cells to supply load demand in winter times. In
this study, the integration of hydrogen into a small-scale decentralized
energy system without transmission networks is considered where gen-
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Nomenclature
Abbreviations
DERs Distributed energy resources
RESs Renewable energy sources
PV Photovoltaic
LLP Loss of load probability
CAPEX Capital expenditures
OPEX Operational expenditures
LCOE Levelized cost of energy
Symbols
t1 Hour in summer time t1 € {1,2,...,ts}
[hour]
12 Hour in winter time 2 € {1,2,...,tw}
[hour]
Pymmer Hourly load demand in summer times at
t1 € {1,2,...,ts} [kW]
Emer Total energy consumption in summer times
[kwh]
Pinter Hourly load demand in winter times at
2 € {1,2,...,tw} [kW]
Einter Total energy consumption in winter times
[kWh]
SF; Load sizing factor [-]
‘Zzn ror Load demand in winter times that is
supplied by hydrogen [kWh]
Y PV generation required for supplying load
demand in summer times [KWh]
Py -Ele PV generation required for supplying part of
load demand in winter times [KWh]
:Xl;fz PV generation required for producing hy-
drogen [kWh]
SFpy Sizing factor for PV generation [-]
nEL Production rate of the electrolyzer
[kg/kWh]
nre Production rate of the fuel cell [kWh/kg]
EFPY Total required annual PV generation [kWh]
E ype Vokw Annual PV generation per kW [kWh/kW]
Cappy PV capacity [kW]
D Average daily load demand in the year
[kwh]
SFy Sizing factor for battery [-]
DOD,,,. Maximum depth of discharge of the battery
[-]
Cappy Battery capacity [kWh]
Pl Peak demand in the year [kW]
Cap¥f€ Fuel cell power rating [kKW]
Capy, Hydrogen storage tank capacity [kg]
ESH HDU . Average equivalent sun hours [hour]
Day g mer Summer days [day]
Cappp Electrolyzer power rating [kW]
Cap.on Compressor capacity [kg/hour]
Reump Dumped energy ratio [%]
Ejump Annual dumped energy [kWh]

Hydrogen is currently gaining significant attention around the world
with the ambition to provide a clean, secure, and affordable energy
future [9,10]. The European Union (EU) has set ambitious goals to

E;‘;“’j Annual load demand [kWh]

Egited Load demand cannot be met by the energy
system [kWh]

nLLp Loss of load probability [%]

i PV generation used by the energy system

[kwh]

npy PV utilization efficiency [%]

Y System lifetime [year]

r Discount rate [%]

C, CAPEX in year y [€]

M, OPEX in year y [€]

Eyp 4 PV electricity yield in year y [kWh]

EZZ The end energy state of the hydrogen
storage tank [kg]

E;[;rt The requirement for hydrogen at the begin-
ning of the year [kg]

produce 1 million tonnes of green hydrogen by 2024 in the first phase,
and 10 million tonnes by 2030 [11]. To achieve this goal, the European
Commission’s hydrogen strategy aims to install at least 40 GW of re-
newable hydrogen electrolyzer capacity within the EU by 2030, to help
decarbonize the European economy [12]. Today, hydrogen is primarily
used for industrial applications, such as oil refining and ammonia
production, where it is mostly derived from fossil fuels. However, it is
becoming increasingly important for its application in the built environ-
ment [13,14]. For instance, it can be used as an alternative to natural
gas for producing heat or generating green electrical energy [15,16].
Green hydrogen, which is produced from renewable sources, is an
alternative energy carrier to replace traditional energy fuels [17,18].
It produces only water, electricity, and heat when hydrogen is used in
a fuel cell. Therefore, green hydrogen has a great potential to help the
built environment achieve zero carbon emissions [19,20].

Previous studies have commonly referred to PV-battery—electrolyzer—
fuel cell energy systems as PV-fuel cell hybrid energy systems [21,22].
Among them, most of the studies focus on off-grid/autonomous/stand-
alone applications [23,24], system control and energy management
strategies [25,26], and optimal system sizing with techno-economic
analysis by using the HOMER simulation tool [27,28]. For example, in
the study of [29], a hybrid energy system consisting of PV, electrolyzer,
and fuel cells is designed to meet both electricity and heat demand for
a greenhouse. The PV power capacity is sized based on a worst-case
scenario considering the lowest solar irradiation and the highest load
demand. The electrolyzer is sized based on the daily hydrogen demand
of the fuel cell. However, this study lacks a rational and systematic
approach for sizing each component in the hybrid energy system.
Similarly, a techno-economic analysis of a hybrid energy system with
PV, battery, and fuel cells is conducted in the study of [8]. The results
show that a hybrid system with PV, battery, and hydrogen fuel cells
has the potential to achieve self-sufficiency and balance the seasonal
variations in PV generation. The study in [30] compares optimal sizing
and economic analysis of a stand-alone PV-battery energy system with
and without hydrogen production. The system components’ sizing is op-
timized based on two evaluation criteria: fulfilling the predefined loss
of power supply and minimizing the levelized cost of energy (LCOE).
The study concludes that LCOE is higher for a system with hydrogen
production compared to the one without hydrogen production. Similar
studies about the comparison between energy systems with and without
hydrogen production are presented in [31,32]. In addition, the study
in [22] explores the selection of renewable energy systems from a
multi-criteria perspective. The results indicate that a hybrid PV-wind-
battery—fuel cell energy system is the most desirable and feasible energy
system if multiple criteria (economic, technical, and environmental
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Fig. 1. A typical off-grid PV-battery-electrolyzer—fuel cell energy system.

criteria) are taken into account [22]. Overall, these studies suggest
that the inclusion of hydrogen in PV-battery energy systems can help
achieve self-sufficiency.

Most studies in this field focus on optimal system sizing, developing
control, and energy management strategies. However, these studies do
not provide a systematic approach for sizing the system components.
This is crucial to have a comprehensive analysis of the energy system’s
working flow, and for making economic feasibility considerations as
well. A common problem these studies do not consider is the long-term
system sustainability of the designed energy system. The optimal sizing
results may work for the current simulation year, but may not be the
optimal sizing for other years, since an energy system should be reliable
over a number of years considering variable weather and demand
patterns. In addition, the control strategy and optimization objectives
often focus on satisfying load demand and minimizing system costs
to make the energy system self-sufficient. They neglect the role of
hydrogen as a powerful long-term energy storage medium in the energy
system. To fully utilize the potential of hydrogen in the energy system,
its role should be redefined and emphasized. Furthermore, a systematic
and theoretical analysis of each component is essential for designing a
PV-battery energy system with hydrogen production.

In this study, a straightforward approach is proposed for component
sizing in PV-battery—electrolyzer—fuel cell energy systems systemati-
cally instead of using optimization methods. The strategy that hydrogen
is considered the long-term energy storage medium is adopted in the
sizing approach from the perspective of system sustainability. The pro-
posed approach adopts a load sizing factor as the key input parameter,
it determines the extent to which the load demand in winter times is
supplied by hydrogen to meet the seasonal imbalance. In addition, a
rule for selecting a proper load sizing factor to achieve the defined
objectives, such as self-sufficiency, system sustainability, or lowering
energy costs, is proposed. The sizing approach is easy to implement in
practical applications. The main contributions made by this study are
as follows:

(1) The strategy that hydrogen is the long-term energy storage
medium to balance the seasonal variation of renewable generation and
load demand and a battery is the short-term energy storage medium to
balance the daily variation of renewable generation and load demand
is investigated.

(2) An approach for sizing a PV-battery—electrolyzer—fuel cell en-
ergy system is proposed in this research. The approach is generic and
straightforward for practical engineering applications.

(3) A field lab case study is conducted to simulate the PV-battery—
electrolyzer—fuel cell energy system in a real-life scenario.

(4) The performance of the designed energy system is evaluated in
terms of various techno-economic indicators.

The remainder of this study is organized as follows: Section 2
describes the architecture of the PV-battery—electrolyzer-fuel cell en-
ergy system. Section 3 presents the approach for sizing the energy

system with a detailed explanation for each component. Technical and
financial indicators are proposed in Section 4 for system performance
analysis. Section 5 provides the necessary input data and assumptions
to conduct the energy system simulation. Section 6 presents the overall
system performance analysis with a discussion. Finally, a conclusion as
well as future work recommendations, are given in Section 7.

2. The PV-battery-electrolyzer-fuel cell energy system architec-
ture

PV generation and load profiles are seasonal in nature that they
show an opposite trend in different seasons. One attractive option
would be the use of hydrogen as the energy storage medium to make
up for this seasonal difference to make the energy system to be self-
sufficient and independent from the grid. A typical off-grid PV-battery—
electrolyzer—fuel cell energy system is depicted in Fig. 1. The end-users
could be one household or a local community, where the generation is
close to consumption. In this study, the aim is to design a system for
an energy community consisting of several buildings.

Considering the fact that it takes several seconds or minutes for
the fuel cell to ramp up to its full power [33], an energy management
strategy is proposed that the battery is frequently charged by the fuel
cell when PV generation is less than the load demand to ensure the state
of charge of the battery is always above 40%. By doing so, it provides
enough time for the fuel cell to ramp up its power. Therefore, hydrogen
can also be used as the emergency energy supply when the short-term
storage battery cannot provide sufficient energy. The battery will be
charged when PV generation is higher than load demand and the upper
charging limit is not met yet, and discharged when PV generation is
lower than the load demand and the lower limit is not met yet. When
the upper limit is met, the surplus PV generation will be delivered
to the electrolyzer to produce hydrogen and store it in the hydrogen
storage tank. When the lower limit is met (in this study, when the state
of charge of the battery is 40%), the fuel cell will start to produce
electricity to supply the load demand until hydrogen runs out. The
electrolyzer mainly operates in summer times to produce hydrogen
for winter use, while the fuel cell mainly operates in winter times to
produce electricity for supplying load demand.

3. The approach for designing a PV-battery-electrolyzer—fuel cell
energy system

In this section, an approach for designing a PV-battery—electrolyzer—
fuel cell energy system is presented by illustrating components sizing
one by one. The key points of the sizing approach are depicted in Fig. 2.
It is essential to look at the load profile first since the components are
required to fulfill load demand at each instant.
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Inputs: | _________ -
Load sizing factor SF, .
PV sizing factor SF,,, ’ - - | 2. Requir ed‘ battery |
Annual PV generation per kW .., " Average daily load . capacity I
Battery sizing factor SF,, demand E D_ | bat "L ave
Maximum allowed depth of discharge pob,,, ave Cap bat = S |
Production rate of fuel cell 77 I _____ D_O Qﬂux_ 1
Production rate of electrolyzer 77,
Average equivalent sun hours ESH”,
Summer days Day,,,,,
Yearl K |_3 Required fuel cell power |
Annual hourly load demand carly peat rating |
demand g7 | ppeak
| Ly | L Cap FC T E year |
Load demand in Load demand in
summer £, summer winter £ winter
3 + - + 3 r 4. Required hydrogen |
Load supplied by PV Load supplied by Load supplied | storage capacity |
generation £ PV generation by hydrogen
wwnmer o §F p P " Can. < SF Euner |
( L)' winter L " Lowinter | apy, =
+ Mec |
b o —— — =
Required PV generation
PV—Ele
Eier =SEpy -(1=SF)-E,,.,
R
- v - 3 : ; r 5. Required electrolyzer |
Required PV generation Required PV generation | power rating |
i - SF,-E . > o
Emer =SEpp  Epner E;’;Jz = SF,, -—L—viner Cap,, = winter |
| Mer " Mrc | L ESHP DAy, e |
T Lo e T summer
S —— A—— 3
1. Required PV capacity I r 6. Required compressor [
B BB L ity
| Cappy = PR | I Cap,,, =Capy -1y |
S L | —_—— e ——_— — —_— —_— ——

Fig. 2. The flow diagram depicting the basic steps of the proposed sizing approach.

3.1. Load profile

Load profile not only has a daily pattern where peaks happen in the
morning and night hours, but also has a seasonal pattern with increased
electricity consumption in winter times. PV generation has an opposite
pattern compared to the load profile. In summer times, PV generation is
high during the day, and it is easy to satisfy load demand at night hours
with a battery. However, PV generation is so low in winter times that
there is not enough energy stored in the battery to satisfy load demand
at night hours, especially on days with significantly low PV generation.
In the energy system architecture, hydrogen is adopted as the long-term
storage medium, which is primarily used to provide electricity in winter
times. Therefore, it is essential to clearly distinguish the load demand
between summer and winter times.

The total load demand in summer and winter times are given by:

ts
Enmer =/ Pomer@)dtl  t1 € {1,2,...,1s} (€))
1

fw
E inter =/1 Piner@2)dt2 12 € {1,2,...,tw} (@3]

where 71 (hours) and 2 (hours) are summer and winter hours, re-
spectively. Pgme-(t1) (kW) is the hourly load demand at summer
times, and P,;,,,,(12) (kW) is the hourly load demand at winter times.
Egmer &Wh) and E, .., (kWh) are total load demand in summer and
winter times.

3.2. PV generation

PV generation is used to supply load demand either directly or
via the battery or in the form of hydrogen. In summer times, PV

generation is high enough to supply load demand directly or via the
battery. In contrast, in winter times, PV generation is relatively low
compared to summer times, making it difficult to meet the load demand
requirement. In this research, an innovative idea is proposed that load
demand in winter times is divided into two parts. The first part is
supplied by PV generation directly or via battery storage, and the
second part is supplied by hydrogen when PV generation is not possible
and the state of charge of the battery is below 40%. The hydrogen is
produced from PV generation via the electrolyzer in summer times.
In this design, a key parameter of the load sizing factor is adopted
to represent the ratio by which the load demand in winter times is
supplied by hydrogen.
Hy

winter

SF, = 3

winter

where ngnm (kWh) is the load demand in winter times that is supplied
by hydrogen. SF; is the load sizing factor, its range is between 0 and
1. It also determines the capability of achieving self-sufficiency in the
designed energy system.

The PV sizing follows the approach in [34] that annual PV gen-
eration equals annual load demand. The required PV generation for
producing hydrogen is determined by both the efficiency of the elec-
trolyzer and the fuel cell. The required PV generation for each phase is
as follows:

ESI;Zmer = SFPV : Esummer 4)
—El
Elfuitef ‘= SFPV (1= SFL) : Ewinter %)
SF; -E,;
PV-H 9 "
winter 2= SFpy - . e (6)
NeL “NMrc
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where SFpy is the sizing factor for PV generation, which is usually
assumed to be 1.1 [34]. It is used to account for the balance of
system efficiency incorporating cable losses, inverters, and other system
losses [34]. EPY  (kWh) is the required PV generation for supplying

load demand Slﬁnlmgrummer times. EP [.‘:n‘ef’g (kWh) is the required PV
generation for supplying load demand in winter times directly or via
the battery. Ei;;fz (kWh) is the required PV generation for producing
hydrogen for winter use. ng; (kg/kWh) and np- (kWh/kg) are the
efficiencies of the electrolyzer and the fuel cell, respectively.

The total required annual PV generation and the required PV capac-

ity are:

PV _ PV PV —Ele PV-H,
E - Esummer + Ewinter + Ewimer (7)
EPV
Carpy = Crvw ®

year

where EPY (kWh) is the total required annual PV generation.
E;‘;;"W (kWh/kW) is the annual PV generation for per kW installed.

Cappy, (kW) is the required PV capacity.
3.3. Battery

In this energy system, a battery is used as short-term storage to
provide energy supply at night or during periods of limited sunlight.
According to [34], the battery size is determined by the days of auton-
omy of the energy system, which is further affected by the location of
the energy system. In this approach, it is defined that the battery has the
capability to meet the average daily load demand, which is calculated
as follows:

SFyy - ED, ©
DOD

max

Capbat =

where EP (kWh) is the average daily load demand in the year. SF,,
is the sizing factor for the battery, which is similar to the sizing factor
for PV modules already defined in Eq. (7). DOD,,,, is the maximum
allowed depth of discharge of the battery. Capp,, (kWh) is the required
battery capacity.

3.4. Fuel cells

A fuel cell is an electrochemical cell that converts hydrogen and
oxygen into electricity through a redox reaction. It should be noted that
a significant amount of heat, which is around 45%-60% of the energy
content of hydrogen, is produced in the redox reaction process [35,36].
This heat can be recovered and has potential usage in applications
such as space heating and domestic hot water supply [37,38]. Fuel
cells operate continuously as long as hydrogen is supplied. The fuel
cell should produce sufficient electricity to supply the load, even on
the worst weather day when there is no PV generation or the state of
charge of battery is less than 40%. In this design, the power rating of
the fuel cell is set as the peak demand in the year in order to make sure
load demand is fully satisfied:

Cappe = preak 10)

year

where Cappc (kW) is the required fuel cell power rating, and P/ee (kW)
is the peak demand in the year.

3.5. Hydrogen storage tank

Hydrogen storage is used to store the hydrogen generated by the
electrolyzer and compressed by the compressor. The hydrogen storage
capacity is determined by the load demand in winter times and the fuel
cell efficiency since the hydrogen storage should be large enough to
store the hydrogen cumulatively generated in summer times and pro-
vide enough electricity during winter times. Therefore, the hydrogen

Renewable and Sustainable Energy Reviews 181 (2023) 113308

required for generating enough electricity for usage in winter times is
also the capacity of the hydrogen storage tank:

SFL * Einter

Nrc

Capy, = an
where Capy, (kg) is the hydrogen storage tank capacity, which is also
the amount of hydrogen needed to provide for the fuel cell to provide
enough electricity in winter times.

3.6. Electrolyzer

The electrolyzer mainly operates in summer times to produce hydro-
gen when there is sufficient PV generation. PV generation in summer
times is very high that it requires a high capacity of electrolyzer to pro-
duce hydrogen. However, it is not necessary to convert all the surplus
PV generation to hydrogen, as it would result in a high investment cost.
The requirement is that the electrolyzer can produce enough hydrogen
required in the system. In this design, the average number of daily
sun hours (equivalent sun hours) is used for the operating hours of PV
panels. Considering the fact that the electrolyzer mainly operates on
summer days, the required power rating of the electrolyzer is calculated
as follows:

PV—H,

winter
_— (12)
ESHP, - Daysummer

ave

Capg, =

where Capy; (kW) is the required power rating of the electrolyzer,
ESHP  (hour/day) is the average number of equivalent sun hours,

Dayumer (day) is the summer days. The equivalent sun hours are
determined by the solar irradiation data of the location.

3.7. Compressor

Hydrogen has a very low volumetric energy density both as a gas
and a liquid because it has the lowest atomic weight. Hydrogen must
be made more energy-dense to be useful for storage or transportation.
A hydrogen compressor is a device that increases the pressure of
hydrogen to compress the hydrogen and reduce its volume. In the
designed energy system, the hydrogen generated from the electrolyzer
is delivered to a compressor and then stored in a hydrogen storage tank.
The capacity of a compressor is determined by the amount of hydrogen
generated by the electrolyzer. It should be capable of compressing the
amount of hydrogen delivered by the electrolyzer.

Capeom = Capgyp Ny 13)

where Cap,,,, (kg/hour) is the required capacity for the compressor. It
indicates that the compressor should have the capability to compress
the amount of Cap,,,, hydrogen per hour.

4. Indicators for system performance assessment and system siz-
ing determination

Once the energy system design is complete, it is essential to evaluate
its performance. From a technical perspective, it is essential to validate
the system design to see if the selected capacity meets the energy
balance of the energy system. From an economic perspective, the costs
for hydrogen-related components, such as electrolyzers, compressors,
hydrogen storage, and fuel cells, are relatively high. It is also vital to
conduct an economic analysis to see if the energy system is econom-
ically feasible. Several technical and economic indicators are adopted
to assess the performance of the designed energy system. In addition,
the rule for system sizing determination is also presented to achieve the
defined objectives.
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4.1. Technical indicators

4.1.1. Dumped energy and dumped energy ratio

Dumped energy is the energy produced by the energy system that
is neither used for load demand nor stored in the battery or delivered
to the electrolyzer to produce hydrogen. In order to make it easy to
compare, dumped energy ratio is introduced. It is the ratio between
the total energy dumped of the energy system in a year and the total
annual load demand [39]:

Edump
Raiump = Fioad -100% 14)
year

where E,,,, (kWh) is the annual dumped energy, Elo% (kWh) is the

ear
annual load demand, R, (%) is the dumped energy ratio.

4.1.2. Loss of load probability

Loss of load probability (LLP) is defined as the ratio between the
load demand that cannot be met by the energy system in a year divided
by the total annual load demand [34].

E;,;
failed
Nprp = W -100% as)

year
where 1, p (%) is the LLP of the energy system. E;;,, (kWh) is the
load demand that cannot be met by the energy system. The lower the
LLP is, the more stable and reliable the energy system is.

4.1.3. PV utilization efficiency

The PV utilization efficiency is used to present how much PV
generation is used in the energy system, either in the form of electricity
or hydrogen. It is defined as the PV generation used in the energy
system divided by the total PV generation:

EPV
ey = o 100% 16)

where 7, (%) is the PV utilization efficiency, E,fY ‘e’d (kWh) is PV
generation used by the energy system to supply load demand directly,

store in a battery, or produce hydrogen via the electrolyzer.

4.2. Economic indicator: levelized cost of energy

Cash flow over the lifetime of the system is calculated after de-
termining the energy system size and incorporating the costs of each
component. This results in lifetime capital expenditures (CAPEX) and
operational expenditures (OPEX). Another economic indicator of lev-
elized cost of energy (LCOE) is adopted to assess the economic feasibil-
ity of the designed energy system. To calculate this, a depreciation of
money is taken into account for CAPEX and OPEX cost, which is then
divided by the annual PV electricity yield.

Yy CM,
y=0(1+ry
EPV
X

LCOE = a7)

where Y (years) is the lifetime of the energy system. r (%) is the
discount rate, which is used to discount future costs and translate them
into the present value. C, (€) is CAPEX in year y, and M, (€) is OPEX in
year y. E ;’ V' (kWh) is the PV electricity yield in year y. In addition, some
components, such as the battery and fuel cell, have a shorter lifetime
than other components. It is required to take the new investment cost in
the year for replacement. By that time, the capital cost of that specific
component may reduce a lot, which needs to be taken into account in
the calculation.
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4.3. The rule for system sizing determination

The load sizing factor is an essential factor in the system design as
it significantly affects component sizing and system performance. The
energy system can achieve various objectives under different load sizing
factors, such as self-sufficiency, minimizing system cost, or minimizing
or limiting the dumped energy ratio to a certain range in order to not
waste PV generation. Therefore, it is important to select an appropriate
value for the load sizing factor to achieve the defined objectives. These
indicators can be translated into the constraints for selecting a proper
load sizing factor.

In this study, the aim is to design an autonomous energy system
with hydrogen as the long-term energy storage medium and battery as
the short-term energy storage medium. Therefore, the most important
indicator for this design is to make sure the LLP is always equal to 0.
In addition, considering the fact that PV generation is lower in winter
times (the beginning and the end of the year) when load demand
is higher compared to summer timers, it is important to ensure that
there is enough hydrogen stored by the end of the year to supply load
demand at the beginning of the next year for system sustainability
consideration. Therefore, the end state of the hydrogen tank (which is
denoted as EeanJ (kg)) is also a constraint for selecting the load sizing
factor. In this system design, it is assumed that the hydrogen left in the
tank by the end of the year should be able to supply load demand for
the hours at the beginning of the year (which is considered the winter
times). The electricity demand at the beginning of the year is converted
into the hydrogen requirement (which is denoted as Eftlj” (kg)). The
third indicator to look at is the LCOE, as it is the most essential
economic factor affecting the implementation of the energy system. The
three indicators are translated into the following constraints:

LLP=0 (18)
H H-

Ep = Egar 20 (19)

min LCOE (20)

The load sizing factor is selected in a hierarchical manner, us-
ing a one-by-one constraint satisfaction approach to ensure that all
constraints are met.

5. Input data & assumptions

The proposed approach is implemented to design a self-sufficient
PV-battery—electrolyzer—fuel cell energy system to meet the load de-
mand of the buildings at a field lab - The Green Village. The Green
Village is located on the TU Delft campus with an area of 9600 m?. It
is a field lab for sustainable innovation in the built environment. The
current energy system at The Green Village is designed with electricity,
heat, and hydrogen grid. It comprises of four family houses, four stu-
dent one-bedroom apartments, and one office building. Among them,
the four family houses are equipped with electricity and hydrogen grid.
In addition, a hydrogen boiler (central heating system) is installed
in one of the family houses. The four student apartments are fully
electrified. In this section, the relevant input data are presented for this
case study.

5.1. Input data
5.2. Hourly energy demand

The case study makes use of the hourly load consumption data
available from The Green Village buildings: the four student apartments
and three family houses in the year 2020.
5.3. Hourly PV power generation

The hourly PV generation data is obtained from the open data plat-

form Renewables.ninja [43-45] in the year 2020, which corresponds to
the load demand year.
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Table 1
The techno-economic parameters of each component in the energy system.
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Component CAPEX OPEX % of CAPEX Lifetime Other parameters Source
(€/year) (Years)

PV 240 €/kW 0.5 25 - [40,41]

Battery 500 €/kWh 1 12 Minimal state of charge: 0.20 The Green Village
Maximal state of charge: 0.95

Electrolyzer 3750 €/kW 1 12 Production rate: 500 NL/hour The Green Village
Nominal power consumption for Nm3 of hydrogen
produced: 4.8 kW/Nm3

Compressor 300 €[kg 1 25 Throughput: 2 kg/day [42]

H2/day] Power consumption: 0.7 kW

Hydrogen tank 200 €/kg 1 25 The costs for hydrogen tubing, valves, and connectors are The Green Village
around 12000 €

Fuel cell 3044 €/kW 1 8 Rated power 6.8 kW The Green Village

Maximal hydrogen consumption: 77Nl/min at full power
The cost for the surrounding environment is 6000 €

5.4. Techno-economic parameters

The techno-economic parameters for each component in the system
are summarized in Table 1. They include CAPEX, OPEX, lifetime, and
other essential data. The capital costs of the battery, electrolyzer,
hydrogen tank and fuel cells are obtained from The Green Village when
purchasing the components from the manufacturer. The capital cost
data of PV and compressor are not known yet. Hence, some assumptions
are made according to the most recent cost data provided by the
manufacturer. In addition, the OPEX costs are not available from the
manufacturers, some assumptions are also made about them.

5.5. Other relevant input data

In this study, the load demand and PV generation data are based
on the Netherlands. It is necessary to take the weather condition into
account to make the following relevant assumptions. Load demand
is usually classified between summer and winter. Spring and fall are
commonly included as transition periods as load demand decreases
from spring to summer and increases from fall to winter. In this
research, it is assumed that the summer days are from 1 March to 30
October, and winter days are from 1 January to 29 February and 1
November to 31 December. In total, there are 142 winter days and 224
summer days in 2020. The second assumption is that the initial state of
the hydrogen storage tank is filled with 50% of its capacity. The third
assumption is the average number of equivalent sun hours. The average
number of daily sun hours is 3.1 h for the optimal tilt at Delft, the
Netherlands [34]. However, the sun hours in summer times are much
longer than in winter times. In addition, the electrolyzer is mainly used
in summer times. In this research, an average number of 6 sun hours
per day is assumed as the equivalent sun hours for the case study.

6. Results analysis and discussions
6.1. Simulation results: overall system performance

Based on the system design and input data, a one-year simulation
for the energy community at The Green Village is conducted. The
required capacity for each component in the designed energy system
is calculated based on the approach proposed in Section 3. In this
part, the load sizing factor is set to one with the assumption that
all the load demand in winter times is fully supplied by hydrogen.
The overall load demand throughout the year is 4.29 x 10* kWh. And
the required PV generation over the year is 1.05 x 10> kWh, which
is approximately 2.5 times higher than the load demand. The PV
generation is much higher than the load demand because of the low
efficiencies of the electrolyzer (producing hydrogen from surplus PV
generation) and the fuel cell (producing electricity by using hydrogen).

The operational state of the fuel cell and the electrolyzer over the year
when the load sizing factor is one are presented in Fig. 3(a) and (b),
respectively. As expected, the fuel cell mainly operates in winter times
to produce electricity by using the hydrogen stored in summer. While
the electrolyzer mainly operates in summer times to produce hydrogen
by using the surplus PV generation. The energy state of the hydrogen
storage tank throughout the year when the load sizing factor is one is
summarized in Fig. 3(c). At the beginning and end of the year (winter
times), hydrogen storage decreases as the hydrogen is used to produce
electricity via the fuel cell to supply the load demand (corresponding
to the operational state of the fuel cell). When summer comes, PV
generation increases, and surplus PV generation is used to produce
hydrogen via the electrolyzer (corresponding to the operational state
of the electrolyzer). Then, hydrogen storage starts to increase until it
reaches its maximum capacity (which is 1040 kg when the load sizing
factor is one). It should be noted that the energy system is oversized
when the load sizing factor is one. This will be further analyzed in the
following section.

Fig. 4 presents the profiles of load demand, PV generation, the
energy state of the battery, and the energy state of the hydrogen storage
tank on a summer day when the load sizing factor is one. During the
daytime, PV generation is high and surplus generation is first used to
charge the battery until it is full (as shown in the blue line). After that,
the remaining PV generation is used to produce hydrogen as hydrogen
in the hydrogen storage tank is increasing (as shown in the orange-red
line). During evening hours, since there is no PV generation, and the
battery has enough energy to supply load demand as its state of charge
decreases, the electrolyzer stops producing hydrogen.

Similarly, the profiles of load demand, PV generation, the energy
state of the battery, and the energy state of the hydrogen storage tank
on a winter day when the load sizing factor is one are depicted in Fig. 5.
PV generation is only sufficient to meet load demand for 11-13 h. For
the remaining hours during the day, PV generation is so low that the
battery is firstly used to supply load demand. The battery is frequently
charged by the fuel cell as shown in the blue line, to ensure its state
of charge is always larger than 40%. Fuel cells start to operate to
produce electricity for charging the battery and supplying load demand
as the hydrogen in the hydrogen storage tank decreases (as shown in
the orange-red line). The simulation results verify the control strategy
proposed in this research that hydrogen is mainly produced in summer
times for winter energy supply and battery for daily energy supply.

6.2. Sensitivity analysis: the impact of load sizing factor on system design

In the energy system, the load sizing factor is the main factor
affecting the component sizing and overall performance of the PV—
battery—electrolyzer—fuel cell energy system. In the simulation results,
the techno-economic performance of the designed energy system is
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Fig. 3. (a) Operational state of the fuel cell throughout the year (1: on; 0: off);(b) Operational state of the electrolyzer (1: on; 0: off); (c) Energy state of hydrogen storage tank
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Fig. 4. Load demand [kW], PV generation [kW], energy state of battery [kWh], and energy state of hydrogen storage tank [kg] on a summer day when the load sizing factor is

one.

investigated under various load sizing factors in terms of the indicators
proposed in Section 4. The results of LLP (green line), dumped energy
ratio (black line), PV utilization efficiency (blue line), and the end state
of the hydrogen tank (red line) in a year under various load sizing
factors are shown in Fig. 6. These results will be explained one by one
in this section.

LLP decreases as the load sizing factor increases, reaching zero when
the load demand is fully met. The breakpoint occurs at a load sizing
factor of 0.6. The dumped energy ratio is the largest when there are
no hydrogen-related components (electrolyzer, compressor, hydrogen
storage tank, and fuel cells) in the energy system (load sizing factor is
0). The load demand is solely supplied by PV generation and battery.
In this study, the battery is designed to satisfy daily load demand,
resulting in a large amount of surplus PV generation being dumped.

Gradually, with the introduction of hydrogen-related components in
the system (with the increase of load sizing factor), surplus PV gen-
eration is used to produce hydrogen when the battery is full, and the
dumped energy ratio starts to decrease. However, a breakpoint occurs
(for dumped energy ratio) when the load sizing factor increases, as a
larger load sizing factor results in a greater portion of load demand in
winter times being supplied by hydrogen. In turn, it requires higher PV
generation and leads to more surplus generation.

When it comes to PV utilization efficiency (as shown in the blue
line), it indicates the utilization of PV generation either in the form
of electricity or hydrogen. When the load sizing factor is small, the
load demand is mainly supplied by PV generation directly or by the
battery, resulting in high dumped energy (as shown in the black line)
and low PV utilization efficiency. As the load sizing factor increases,
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factors.

PV utilization efficiency also increases. PV generation is used in the
form of electricity directly and in the form of hydrogen indirectly by the
energy system. As the load sizing factor becomes higher, the hydrogen
storage tank capacity increases as well. A large amount of hydrogen is
produced by the surplus PV generation. The PV utilization efficiency
is more or less the same, with a slightly decreasing trend. It indicates
that the energy system is oversized. Based on this, it is also necessary
to look at the end state of the hydrogen storage tank to see how much
hydrogen is left in the tank by the end of the year (as shown in the
red line). When the load sizing factor is small, all of the hydrogen is
used in winter times, leaving no hydrogen in the tank by the end of the
year. As the load sizing factor increases, the amount of hydrogen left in
the tank also increases. Considering system sustainability, it is essential
that there is enough hydrogen left in the tank by the end of the year
for use at the beginning of the next year. However, it is not necessary
to oversize the hydrogen storage size, as it leads to high system costs.

The cost of each component and LCOE of the energy system are also
calculated under various load sizing factors according to the input data
in Section 5.4. The results are summarized in Fig. 7. It is clear that
the total system cost and LCOE increase with the increase of the load
sizing factor. The most influencing factors are the costs of the hydrogen
storage tank, electrolyzer, and battery. Battery costs are fixed for each
load sizing factor because the battery is used for daily energy supply,
and its size is based on the average daily load demand. The costs of
the hydrogen storage tank and electrolyzer increase with the increase

of load sizing factor since the requirement for hydrogen also increases
with the increase of load sizing factor. Overall, the load sizing factor
has a significant impact on the performance of the energy system in
terms of both technical and financial indicators. The selection of the
load sizing factor depends on the objectives of the system design.

6.3. Determination of the load sizing for achieving self-sufficiency and
system sustainability

Based on the system performance and analysis presented in previous
parts, the load sizing factor is determined to achieve self-sufficiency and
system sustainability for the energy system based on the rules proposed
in Section 4.3. These objectives are classified one by one based on
a hierarchical approach. The first two priorities are the constraints
defined in Egs. (18)-(19). It is assumed that the first 1000 h are winter
times. The third layer aims to minimize LCOE based on the first two
layers.

According to the simulation results presented in Section 6.2, a load
sizing factor of 0.7 is selected. Once the load sizing factor is determined,
the size for each component is also determined. At this point, LLP is 0,
and the end state of the hydrogen storage tank is 313 kg, which exceeds
the minimum requirement of 278 kg to meet the load demand at the
beginning of the year. The PV generation over the year is 8.75 x 10*
kWh, which is around 2 times higher than the load demand. The
LCOE is 0.482 €/kWh, which is slightly higher than the current energy
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Fig. 7. The cost of each component and levelized cost of energy of the energy system under various load sizing factors.

price of 0.4156 €/kWh (as of June 2022, including environmental and
energy taxes) [46]. LCOE is relatively high because of the high costs
associated with hydrogen-related components. The LCOE calculated in
this study is specific for the assumed solar irradiance, latitude, and
behavior of local power consumers in a high-latitude cold region. Low-
latitude hot regions may present lower power demand in winter and
a proportionally lower LCOE due to the reduced need for hydrogen
during winter.

6.4. Discussions

System design approach

In this study, an approach is developed to size the components
of a PV-battery—electrolyzer—fuel cell energy system, which is very
practical for real-life applications. The components’ sizes are selected
based on the performance analysis of the energy system in terms of
technical and financial indicators and are achieved by a one-by-one
objective satisfaction rule. Self-sufficiency is the first priority of the
system design, system sustainability is the second objective, and min-
imizing LCOE is the third objective. An appropriate load sizing factor
is determined by satisfying the objectives in a sequential manner. The
technical performance of the energy system is the focus of the objective
over its financial performance, which leads to a high LCOE making it
not affordable for the end-users at this moment. However, it is possible
to make the energy system partially autonomous by connecting it to the
grid, thus making the energy system economically feasible. Therefore,
the objectives of the system design are adjustable depending on the
specific circumstances.

This study assumed that the load demand in winter is higher than in
summer. In low-latitude hot regions, the load demand in summer is usu-
ally higher than in winter, leading to a reduced need for high-capacity
hydrogen generation, storage, and fuel cell system. Also, high-latitude
cold regions such as the Netherlands are subject to snow coverage
over PV modules for several days in winter. Severe snow coverage
reduces PV power generation from 90% to 100% [47]. Assuming a
severe snow coverage on PV modules, the hydrogen storage and fuel
cell capacity should support 100% winter power peak demand during
the snow melting and sliding period. Assuming 14 days of snow in the
Netherlands, a larger hydrogen storage tank capacity would be required
to meet load demand and achieve self-sufficiency, which would further
increase the total system cost. Future studies may explore the possibility
of utilizing an external power supply from the utility grid to address this
power supply gap during winter snow periods to reduce system costs.
Overall, the sizing approach can be applied to any electricity-hydrogen
system with different objectives with minor modifications.
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System design strategy

In this study, the strategy of having hydrogen as the long-term
energy storage medium and battery as the short-term energy storage
is investigated as a solution to the problem of seasonal variation in PV
generation. Surplus PV generation in summer times is used to produce
hydrogen. Hydrogen is mainly used to supply load demand in winter
times. The design strategy effectively achieves the objectives of self-
sufficiency and system sustainability. In addition, hydrogen helps in an
emergent situation to supply load demand, for instance, there is no sun
for a few days in summer times.

There could be also other interesting system design strategies, such
as using the battery as the main energy storage and hydrogen as the
supplement energy storage medium. Under this strategy, surplus PV
generation can be directly used to charge the battery, thus improving
PV utilization and system efficiency. This would result in a larger
battery capacity and a smaller size of the hydrogen storage tank. It
is essential to calculate the supplementary hydrogen required by the
energy system to size the hydrogen-related components. Since the costs
of the hydrogen tank and electrolyzer are the most influencing cost
factors under the system design strategy in this study. It would be
interesting to compare the two system design strategies to see which
one is more economically feasible.

System configurations

In this study, only electricity usage is considered, and hydrogen
is used for producing electricity again when PV generation is in-
sufficient, or the state of charge of the battery is below 40%. The
process of producing hydrogen from electricity and using hydrogen to
produce electricity reduces the overall system efficiency. In addition,
heat demand, which dominates the energy demand in the residential
sector, is not considered. Hydrogen can be used directly by a hydrogen
boiler to produce heat is an option that could be further explored.
Therefore, different energy system configurations with multi-energy
carriers and multiple components could be taken into account for
further improvement. The component sizing approach developed in this
study still applies to different system configurations with hydrogen with
minor modifications. Another important aspect that is not addressed
in this research is the utilization of the heat generated during fuel
cell operation for electricity production. The energy system can be
configured to satisfy multiple energy demands (both electricity and
heat) by incorporating multiple energy generations. It is necessary to
compute the heat produced in the process of producing electricity with
fuel cells. In addition, it is also essential to take heat storage into
account in the system configuration due to the mismatch between heat
generation and consumption.
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Concluding remarks

In this study, a systematic sizing approach for designing a PV-
battery—electrolyzer—fuel cell energy system is proposed with the goal
of achieving self-sufficiency and system sustainability. A straightfor-
ward approach without optimization is adopted in order to size these
components one by one and show their working principles according to
the design strategy. The approach provides results that are appropriate
and valid for system sizing with the defined objectives of the energy
system. The approach is generic in that it can be used to size energy
systems with similar design strategies. An additional remark is about
the system simulation. In this study, the system simulation starts at
the beginning of the year when hydrogen is required to supply load
demand. Therefore, an assumption is made that the initial state of
the hydrogen storage tank is filled with 50% of its capacity to satisfy
load demand at the beginning of the year. Another option is that
the simulation can start at the beginning of summer when surplus
PV generation is high and hydrogen production starts and stores in
the hydrogen storage tank cumulatively. However, regardless of the
starting point, the requirement for the size of the hydrogen storage tank
remains the same for both options in order to satisfy load demand in
winter times.

From a practical application perspective, this type of system can be
used in remote or off-grid locations where access to the grid is limited.
In addition, this type of energy system has the potential to create new
business models in the production and distribution of renewable en-
ergy, as well as in the system design. Furthermore, hydrogen generation
and storage in energy systems can provide flexibility to the grid. This
can ease the burden on the grid if the flexibility is utilized effectively,
for instance, by supplying extra power during peak hours, particularly
in winter times. This can prevent the need for unnecessary capacity
expansion and investments in the electric grid.

Incorporating hydrogen in the existing PV-battery system can help
meet policy targets related to energy security, emission reduction, and
environmental protection. It can also help to increase the penetration
of renewable energy and reduce dependence on fossil fuels. Overall,
this study contributes to the sizing of self-sufficient energy systems with
hydrogen as the long-term energy storage medium. It contributes to the
deployment of green hydrogen in the energy system and thus achieves
the carbon-neutral mission in the coming years.

7. Conclusions and future work
7.1. Conclusions

In this research, a straightforward and systematic approach is pro-
posed for sizing a PV-battery—electrolyzer—fuel cell energy system for
applications in a decentralized energy system where generation is
close to consumption. The strategy of utilizing hydrogen as a long-
term energy storage medium to balance the seasonal variations and
battery as a short-term storage medium to balance the daily varia-
tions of renewable generation and load demand is investigated. The
simulation results indicate that by incorporating hydrogen as a long-
term energy storage medium, the energy system can provide a highly
reliable energy supply, especially in winter times when renewable
generation is limited. The load sizing factor is a flexible and key
input parameter in the system design to achieve different objectives,
such as self-sufficiency and system sustainability. The techno-economic
analysis indicates that the energy cost of such a self-sufficient energy
system is still high compared to the current energy price, thus making
it financially challenging for local communities to afford it. From a
technical perspective, the integration of hydrogen into the existing PV
battery system can definitely increase the reliability and security of the
energy supply. However, as technology advances, the costs associated
with hydrogen storage tanks and electrolyzers are expected to decrease,
thereby increasing the affordability of this type of energy system. In
addition, the efficiencies of electrolyzers and fuel cells will also improve
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at the same time, which will also increase the system’s overall effi-
ciency. Overall, such energy systems have a wide range of applications
in rural areas where transmission and distribution networks are difficult
to access. The designed PV-battery—electrolyzer—fuel cell energy system
has zero carbon emissions during operation. It contributes to achieving
the decarbonization goal in the energy transition.

7.2. Future work

The aim of this study is to design a self-sufficient PV-battery—
electrolyzer—fuel cell energy system with hydrogen as the long-term
energy storage medium, which has potential applications in rural areas.
The primary focus of this study is to analyze the technical performance
to achieve self-sufficiency and system sustainability. However, there is
also future work that could significantly improve the economic feasi-
bility of the energy system. For instance, a hydrogen storage tank is the
main cost driver of the energy system. It is possible to investigate other
options for hydrogen storage, such as in chemical form or underground
hydrogen storage [48,49], to reduce the total system cost. Furthermore,
fuel cells produce both heat and electricity. However, in this study, only
electricity generation is taken into account. In future work, it is worth
investigating the use of heat to meet the heat demand of the end-users
to help them save heat costs as well.
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