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Abstract: Hybrid renewable hydrogen energy systems could play a key role in delivering sustainable
solutions for enabling the Net Zero ambition; however, the lack of exact computational modelling
tools for sizing the integrated system components and simulating their real-world dynamic behaviour
remains a key technical challenge against their widespread adoption. This paper addresses this
challenge by developing a precise dynamic model that allows sizing the rated capacity of the
hybrid system components and accurately simulating their real-world dynamic behaviour while
considering effective energy management between the grid-integrated system components to ensure
that the maximum possible proportion of energy demand is supplied from clean sources rather
than the grid. The proposed hybrid system components involve a solar PV system, electrolyser,
pressurised hydrogen storage tank and fuel cell. The developed hybrid system model incorporates a
set of mathematical models for the individual system components. The developed precise dynamic
model allows identifying the electrolyser’s real-world hydrogen production levels in response to the
input intermittent solar energy production while also simulating the electrochemical behaviour of
the fuel cell and precisely quantifying its real-world output power and hydrogen consumption in
response to load demand variations. Using a university campus case study building in Scotland, the
effectiveness of the developed model has been assessed by benchmarking comparison between its
results versus those obtained from a generic model in which the electrochemical characteristics of the
electrolyser and fuel cell systems were not taken into consideration. Results from this comparison
have demonstrated the potential of the developed model in simulating the real-world dynamic
operation of hybrid solar hydrogen energy systems for grid-connected buildings while sizing the
exact capacity of system components, avoiding oversizing associated with underutilisation costs and
inaccurate simulation.

Keywords: hybrid solar hydrogen energy storage system; PV system; electrolyser; fuel cell; hydrogen
storage; energy management

1. Introduction

Increased energy security and global warming concerns have led to tremendous
change in the global energy mix, moving towards more localised renewable generation
while reducing the reliance on imported fossil fuels. According to BP’s 2023 Energy
Outlook [1], the renewables’ share from the global energy mix is expected to increase up to
65% by 2050, with fossil fuel resources falling to 20-50% from the global market share. To
allow the integration of more renewables and help decarbonise the energy supply sector,
there is an increasing need to store the surplus of renewable power generation for backup
usage to secure energy demands. State-of-the-art hydrogen energy storage technologies
have been identified as clean, sustainable solutions to achieve this aim, being at the forefront
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of the Net Zero carbon pathways. Renewable hydrogen energy systems can be used to
absorb the excess of renewable power generation via water electrolysis and then feed it
back as electricity when needed using fuel cell technologies, thus compensating for the
renewables’” intermittency while accelerating the clean energy transition.

A key challenge facing the implementation of renewable hydrogen energy systems
is the ability to precisely quantify the hydrogen production levels of an electrolyser when
powered by a renewable energy source, as well as the hydrogen consumption levels and
output power generation of a fuel cell when operating in response to load demand. While
several models [2-5] are available in the literature for modelling the operating perfor-
mance of electrolysis and fuel cell technologies, a research gap exists in modelling the
dynamic operation of an entire hybrid renewable hydrogen energy system for backup
power applications. When coupled with renewable energy, a real-world electrolyser will be
operated under variable power levels in response to the intermittent nature of a renewable
energy source, thus affecting the efficiency at which a hydrogen quantity can be produced.
Similarly, when a real-world fuel cell is operating in response to variable load demand
requirements, the electrochemical characteristics taking place inside the fuel cell will affect
the output power being generated and thus the amount of hydrogen being consumed. This
will then have a direct impact on the exact sizing of the hydrogen storage system required
to avoid extra storage capacities following a complete cycle of filling and discharging
this on-demand hydrogen fuel. Within the context of sizing and energy management of
renewable hydrogen energy systems, recent research studies [6-9] have developed mathe-
matical models for sizing and modelling the operation of hydrogen storage elements from
techno-economic prospects of minimising the overall system cost while ensuring energy
balance between generation and consumption. However, none of these has considered the
electrochemical behaviour of electrolysers and fuel cell systems at variable power levels.
This represents a significant deviation from simulating real-world renewable hydrogen
energy systems and identifying realistic opportunities for decarbonising different sectors.
In addition to the mathematical models developed, different computational modelling
tools for simulating the performance of hydrogen energy storage systems have also been
documented [10]. However, few software tools were found to be capable of sizing and
simulating the dynamic operation of hybrid renewable hydrogen energy systems. Among
these tools, HOMER 2 software (from National Renewable Energy Laboratories (NREL))
has been commonly used by researchers in recent literature [11-16] for simulating and
optimising hybrid renewable energy systems incorporating hydrogen storage facilities.
However, this tool does not account for the changes in electrochemistry losses occurring in
electrolysis and fuel cell stacks under variable loading conditions [3]. Therefore, this intro-
duces a significant drawback in determining the actual amount of hydrogen production by
electrolysis and output power generation by fuel cells within hybrid renewable hydrogen
energy systems. More emphasised modelling of renewable hydrogen energy systems
can be provided via HYDROGEMS software [17], lately integrated with the TRANSYS
16 simulation platform; however, it lacks a capacity sizing feature for the integrated system
components [18].

It is then obvious that sizing and simulating the real-world operation of renewable
hydrogen energy systems is still in a less-advanced state. To address this challenge, this
paper develops a precise dynamic model for sizing and simulating real-world hybrid solar
hydrogen energy systems (HSHESs) to reduce the carbon emissions of grid-connected
buildings. The developed model enables sizing the rated capacity of the HSHES compo-
nents and accurately simulating their real-world dynamic behaviour, while considering
effective energy management between the grid-integrated system components to ensure
the maximum possible proportion of energy demand is supplied from clean sources rather
than the grid. A set of mathematical models were developed through this research to
allow identifying the real-world hydrogen production levels from electrolysers in response
to the intermittent solar energy powering it, while also simulating the electrochemical
behaviour of fuel cells and precisely quantifying their real-world output power generation
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and hydrogen consumption levels in response to load demand requirements. Combining
the developed individual system component mathematical models together with the em-
ployed energy management strategy has formed the basis of the HSHES dynamic model
presented in this research. To demonstrate the effectiveness of the developed dynamic
system model, it was implemented on a Scottish university campus building in the city of
Aberdeen, and the results were compared to those obtained from a generic model in which
the electrochemical behaviours of the electrolyser and fuel cell systems are not considered.
Analysis of this comparison has highlighted the potential benefits of the developed model
in simulating the real-world dynamic operation of renewable hydrogen energy systems and
sizing the exact capacity of their system components compared to the oversized capacities
obtained from a generic simulation model.

2. The Developed Model of Hybrid Solar-Hydrogen Energy System (HSHES)

The proposed HSHES is composed of a solar PV system, water electrolyser, gaseous
hydrogen storage tank and fuel cell facility. Figure 1 shows the schematic diagram devel-
oped for the proposed HSHES. As can be seen from Figure 1, the outgoings from the PV
system and fuel cell facility are connected to DC/AC inverters as auxiliary components for
serving the AC load demands. In this configuration, the load demands are primarily fed by
the combination of PV system and fuel cell facility. Using the excess of PV generation, the
electrolyser is powered to produce renewable hydrogen, which is subsequentially stored in
a pressurised hydrogen storage tank for backup usage. The stored hydrogen gas is then
converted into electrical power by the fuel cell for feeding the load demands during the
hours of deficiency in PV generation. To maintain energy balance between generation and
consumption, the utility grid is only allowed to take place to cover any remaining loads
unsatisfied by the renewable energy production from PV and fuel cell facilities. In this
way, the proposed hybrid configuration can ensure the security of energy demands and
the power system operation reliability while increasing the clean energy supply and re-
ducing grid energy purchase requirements. The developed model of the proposed HSHES
involved a set of mathematical models for sizing and modelling the integrated system
components and their dynamic interaction with each other under the considered energy
management strategy. Details of the developed mathematical models are given in the
following subsections. More clarification regarding the mathematical equations used in
developing these models can be found in Appendix A.

2.1. PV System Model

The solar PV system represents the main power source feeding the load demands
during hours of high solar power availability. The first step in modelling the operation of the
proposed hybrid system involves sizing the rated capacity of solar PV arrays, considering
the capacity factor of the proposed PV system. In practice, PV capacity factors are highly
dependent on the geographical location where the PV system is planned to be installed
due to variations in weather conditions. Given that PV arrays are rated by manufacturers
with a reference value of solar irradiation at standard test conditions (1000 W/ mz), itis
then possible to estimate the capacity factor of the proposed PV system using actual data of
solar irradiation over a given period at the location the PV system is going to be installed.
The fraction of average actual solar irradiation at the PV installation site to the reference
value undertaken by manufacturers can then be used to estimate the PV capacity factor [18].
With the PV capacity factor determined, the installed capacity of the proposed PV system
can be calculated using Equation (1), where the sized PV capacity average output power
should be at least enough to supply the average power demand. As the surplus in PV
production will be utilised to generate green hydrogen by electrolysis during hours of high
PV production, it is then essential to compute the output power from the sized PV capacity
at a particular time step. This mainly depends on actual values of solar irradiation and
ambient temperature at the given time step to account for losses in PV arrays. For accuracy,
a one-hour time step is considered in this model to account for variations in atmospheric
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conditions over a one-year timescale. The hourly output power from the sized PV capacity
can then be calculated using Equations (2) and (3), as a function of hourly solar irradiation
and PV cell temperature at the PV installation site [6,7].
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Figure 1. Single—phase schematic diagram of the proposed hybrid solar hydrogen energy sys-

tem (HSHES).
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where
Ppy Installed capacity of the proposed PV system
Ppvavg Average output power of the sized PV capacity

CFpy PV capacity factor
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Ppy (t) The hourly output power from the sized PV capacity

Tomp (1) The hourly ambient temperature at the PV installation site
Tc(t) The hourly PV cell temperature at the PV installation site
G(t) The hourly solar irradiation at the PV installation site
Gsre Solar irradiation in standard test conditions (1000 W/m?)
Tstc PV cell temperature in standard test conditions (25 °C)
NOCT Nominal operating cell temperature (46 °C)

TnocT Ambient temperature at which defined NOTC (20 °C)
GnocT Solar irradiation at which defined NOTC (800 W/m?2)

Ky Temperature coefficient of power (—0.38%/°C)

As can be seen from Figure 1, the outgoing from the sized PV system is connected to
DC/AC inverter for serving the AC load demands. Solar PV inverters are often highly
efficient with standard rated efficiencies reaching up to 96% based on the inverter model
and materials [19]. Considering a 90% inverter efficiency, the hourly output power at the
outgoing of the PV inverter could be calculated using Equation (4). The hourly power
served to the load from the sized PV system could then be identified using Equation (5).

PIlJnVU(t) = Ppy (t) X Hino 4)
B Pim’(t), Pinv(t) S P(t)
A = { 50 0 S e ®

where P (¢) is the hourly output power at the outgoing of the PV inverter, Ph,(t) is the
hourly power served to the load from the sized PV system, P,(t) is the hourly actual load
demand, and #;,,;, is the PV inverter efficiency.

2.2. Electrolyser Model

In order to appropriately size the electrolyser to absorb the surplus in PV generation, it
is essential to compute the power mismatch taking place between the hourly output power
at the outgoing of the PV inverter and the hourly actual power demand during hours
of PV surplus power generation. Identifying the maximum power mismatch occurring
throughout the considered time interval then yields the maximum PV surplus power
resulting from the sized PV capacity due to the time shift between hours of peak solar
energy generation and hours of peak energy demand. In terms of cost-effectiveness, it
is recommended to operate electrolysers at higher utilisation rates to compensate for
their associated high capital expenditures, particularly when the maximum PV surplus
power is unlikely to frequently occur over the considered time. To account for the level
of underutilisation of the proposed electrolyser during hours of deficit in PV production,
a reduction in the maximum PV surplus power is undertaken in this model [18], to size
the capacity of the proposed electrolyser as given by Equation (6). It should be noted
that the closest standard capacity to this value is taken into consideration when sizing the
electrolyser based on a conducted market survey of commercially available electrolyser
products. The downside of this method is that there will be time periods where the PV
excess production surpasses the rated power that the sized electrolyser can absorb.

Given that the proposed electrolyser will be operated at variable power levels in
response to the excess in PV production, the electrolyser is then allowed to absorb the
hourly PV surplus power if this is less than or equal to the sized capacity of the proposed
electrolyser as given by Equation (8). If the PV surplus power exceeds the sized capacity
of the electrolyser, then the hourly power absorbed by the electrolyser is set equivalent
to its sized capacity and the remainder accounts for non-utilised PV excess as given by
Equation (9).
max.[AP(t)]

2

AP(t)= PB9(t) — Pi(t), PRO(t) > P(t) @)

Pele = (6)
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_ [ AP(t), AP(t) < Py
PEZE(t) B { Peler AP(t) > Pelel (8)
Peljcv(t) = AP(t) - Pele(t)f AP(t) > Pee )

where P, is the rated capacity of the proposed electrolyser, AP(t) is the hourly PV surplus
power, P,;,(t) is the hourly power absorbed by the electrolyser, P (t) is the hourly non-
utilised PV excess, and max is the maximum value of hourly PV surplus power identified
over the considered time interval.

To simulate the output of a real-world electrolyser running back renewable energy
source, there is a need to develop an accurate dynamic model to account for variations
in hydrogen production levels under electrolyser variable loading conditions. In general,
the hydrogen quantity being generated by the electrolyser depends on the electric current
flowing in the electrolytic cell [3]. Large-scale electrolysers are often comprised of smaller
stacks connected in parallel to increase the output gas flow. Each electrolytic stack consists
of several cells connected in series. Based on industry standards, the power supply unit
(PSU) (with ac to dc converter) is internally integrated with the electrolytic stack as changes
in the power supply output voltage are what controls the current density and therefore the
ultimate gas production rate. Standard voltage ratings of electrolyser units in the MW scale
are typically 400 V, 690 V or 11 kV, depending on the size of the machine. Considering a
400 V large-scale electrolyser unit for absorbing the excess in PV production and given that
an electrolysis unit is formed of multiple electrolytic stacks connected in parallel, it is then
possible to determine the hourly input current per electrolytic stack using the number of
operational stacks and the total input current to the electrolyser unit. It should be noted
that the number of electrolytic stacks that get into operation will vary according to the
electrolyser operating point. The more power absorbed by the electrolyser, the higher
the number of electrolytic stacks that get into operation to increase the output gas flow
and vice versa. Given that smaller electrolytic stacks are stacked together to allow the
absorption of hourly PV surplus power up to the sized capacity of the electrolyser, the
number of operational stacks can then be identified by the selection of a commercially
available electrolytic stack that will be used to build up the whole electrolyser unit.

In order to accurately quantify the hydrogen production levels by electrolysers at
variable power consumption levels, Faraday efficiency is used. Faraday efficiency accounts
for parasitic current losses occurring within the electrolytic cell stack due to gas crossover.
In basic terms, this can be defined as the fraction of actual hydrogen quantity that could
be produced by an electrolyser to the maximum theoretical quantity of hydrogen produc-
tion [20]. The impact of Faradaic current losses on the rate of hydrogen production per
electrolytic stack is modelled using Equation (10) [3]. The rate of hydrogen production per
single cell is directly proportional to the electrons’ transfer rate at the electrodes, which
depends on the electric current passing through the electrolytic cell. An empirical model [3]
is then used in Equation (11) to account for variations in Faraday efficiency as a function
of electrolysis current densities. With the proposed electrolyser running back the excess
in intermittent PV production, Faradaic current losses will then vary with the electrical
current passing through the electrolytic cell. It is then most importantly to account for
hourly variations in the Faraday efficiency as more or less current is absorbed by the
electrolyser. The total hydrogen quantity produced by the whole electrolyser consisting of
multiple stacks can then be accordingly identified by means of the number of operational
stacks as expressed in Equation (12).

hap (8) = (1) el (10

. 2
UF(t) _ (lele(t)/A)

A+ (z‘de(t)/A)ch2 (11)
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My (t) = nip, X M x Ne(t) x 3600 (12)

where

"y (t)  The molar flow rate of hydrogen production per electrolytic stack (mol/s).

e () Faraday efficiency at the value of current absorbed by the electrolytic cell.

fpre(£) The input current per electrolytic cell.

mpoy(t)  The hourly mass of total hydrogen production by the electrolyser unit (kg/h).

Ne(t) Number of operational electrolytic stacks.

ne Number of cells per electrolytic stack.

M Molar mass of hydrogen gas (2.016 x 103 kg/mol).

z Number of electrons transferred per reaction (2).

F Faraday constant (96,485 C/mol).

A Electrode area (m?).

f1 Parameter used in modelling the Faraday efficiency (mAZcm™—*).

f2 Performance coefficient whose value is empirically selected between 0 and 1.

The parameters f; and f, are two factors that have been introduced in the modelling
equation of the Faraday efficiency for hydrogen production, whose values are empirically
selected to help model the non-linear cell characteristic in such a way that best represents
the real-world performance of an electrolytic cell.

2.3. Hydrogen Storage Tank and Fuel Cell Model

The size of the hydrogen storage tank depends on the hydrogen quantity being
consumed by the fuel cell with this on-demand hydrogen fuel being continuously charged
during peak sunlight hours and conversely discharged during night hours on a daily basis
over the considered time interval. Therefore, the electrochemical characteristic of the fuel
cell system is dynamically modelled in this work to accurately identify the output power
generation and hydrogen consumption levels by the fuel cell in response to load demand
requirements and accordingly indicate the maximum capacity of the hydrogen storage tank
following the annual charging and discharging of hydrogen fuel.

The first criterion is to size the proposed fuel cell system. Given that the proposed fuel
cell system will be operating to cover the deficit of PV production in supplying the load
demand, the size of the fuel cell system should be at least enough to cover the maximum
hourly deficit in load demand that can occur during hours of deficiency in PV production
throughout the considered time interval. Accordingly, the maximum hourly deficit in load
demands is identified over the year in this model to size the rated capacity of the fuel cell
system as given by Equation (13). It should be noted that the closest standard capacity to
this value is taken into consideration when sizing the fuel cell based on a conducted market
survey of commercially available fuel cell products.

Prc = max. [Pdgf(t)} (13)

Paes(t)= Py(t) — PRy (1), PE2(t) < Pi(t) (14)

where Prc is the rated capacity of the proposed fuel cell system, Py,f(t) is the hourly deficit
in load demand, and max is the maximum hourly deficit in load demand identified over
the considered time interval.

In common with electrolysers, most fuel cell systems are composed of smaller stacks
connected in parallel to increase the total output current, and each stack has several cells
connected in series. To deliver accurate simulation results, the stack voltage model [18,21] is
considered in this work to dynamically quantify the output power generation by the sized
fuel cell system based on the hydrogen availability in the storage tank and load demand
requirements while accounting for electrochemical losses occurring in fuel cell stacks. The
basic reaction of a single fuel cell implies the transfer of two electrons per hydrogen mole.
Therefore, the hydrogen consumption rate in a fuel cell stack consisting of several cells
connected in a series is given by Equation (15) [21]. Using the hydrogen mass available
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in the storage tank, the hydrogen consumption molar flow rate per fuel cell stack can be
identified given the hydrogen gas molar mass and the number of fuel cell stacks required
to build up the sized capacity of the fuel cell system. The hydrogen mass available in the
storage tank is given by Equations (16) and (17).

[ (t
1) =y Lo (15
Mp2a0(t) = Migu(t — 1) (16)
mtank<t) = mtank(t - 1) + mHZp(t) (17)

where ntp, (t) is the hydrogen consumption molar flow rate per fuel cell stack (mol/s), ¢,
is the number of fuel cells per stack, if.(t) is the fuel cell operating current (A), m 24y (t) is
the hydrogen mass available in the storage tank at time step (t) in kg/h, and m1;,,,(t) is the
hydrogen storage tank hourly mass status.

To identify the output power that the sized fuel cell system can deliver with the
hydrogen available in the storage tank, it is essential to account for irreversible losses
taking place inside the fuel cell. Each fuel cell experiences some losses due to fuel cell
electric resistance, inefficiency of reactant gas transport and slow reactions taking place
inside the cell [21]. These losses are often referred to as activation losses, ohmic losses and
concentration losses [22]. The difference between the actual cell potential and the ideal
(reversible) cell potential represents these losses as shown in Equation (18) [18,21].

ufc(t) = Uyep — Ua(t) - uo(t) - uc(t) (18)

where U (t) is the hourly actual fuel cell voltage, Uyeo is the ideal (reversible) cell voltage,
U, (t) is the hourly activation losses, U, (t) is the hourly ohmic losses and U (t) is the hourly
concentration losses.

The ideal or reversible cell voltage can be defined by the Nernst equation from the open
circuit voltage of a fuel cell. The ideal cell voltage at the standard reference temperature of
25 °C (298 °K) for a fuel cell in which hydrogen and oxygen are gas reactants is 1.229 V [22].
However, the ideal cell voltage is highly affected by the cell temperature and the partial
pressures (concentrations) of reactants, given that the reactant concentrations at the exit
of the cell will be lower than those at the entrance, leading to a reduction in the ideal cell
voltage [22]. This can be expressed by Nernst correction as shown in Equation (19) [21], to
account for variations in cell temperature with respect to the standard reference value and
the reduction in gas reactants concentrations.

1
Uyeo = 1.229 — 085 x 107° x (T — 298.15) + 43085 x 10 °T[In(Pyo) + 51n(Por)]  (19)

where T is the fuel cell temperature in Kelvin (°K) and Pj; and Pp; are the partial pressures
of hydrogen and oxygen gas reactants in Pascal (Pa), respectively.

The activation losses are caused by the activation energy required for slow elec-
trochemical reactions to take place on the surface of the fuel cell electrodes. A small
portion of the generated voltage is consumed in facilitating the transfer of electrons to
and from the anode and cathode electrodes. The activation losses can be calculated using
Equations (20) and (21) [18,21], as functions of the fuel cell operating current.

Ua(t) = —[&1 + & T + &TIn(Con) + &aTin i (1) )] (20)

Poo
Cor = (21)
5.08 x 106 x e(~F)
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where ¢1, ¢, C3,and ¢4 are parametric coefficients of the fuel cell whose values are given by
theoretical equations with kinetic, thermodynamic and electrochemical foundations, and
Cop is the concentration of oxygen at the catalytic interface of the cathode (mol/C3).

The ohmic losses occur either due to internal current losses or resistive losses. Internal
current losses occur when some electrons leak through the membrane instead of passing
through the external circuit, while resistive losses result from electrons flowing through
the resistance of the entire electric circuit. These losses are directly proportional to the
current density. The ohmic losses can be found using Equations (22) and (23) [18], where
the exponential term in Equation (23) represents the temperature correction in membrane
resistivity if the cell is not operating at 30 °C (303 °K) [21].

Uo(t) = ire() oma (1) 5 + Re] @)

1816 {1 +0.03 (ifjf)) + 0.062(%)2. ("fj“)zs]

[ — 0631 —3( 5 ) | explats(I32)]

(23)

pm(t) =

where pj(t) is the membrane resistivity in ((0.cm), A is the membrane active area in (cm?),
L is the membrane thickness in (cm), R, is the resistive coefficient in (QQ), T is the fuel cell
temperature in degree Kelvin (°K), and A is the humidification level of the membrane,
describing the process of water by-product circulation throughout the membrane and
its impact on the fuel cell performance. Dried membranes decrease the conductivity of
protons while humid membranes may significantly increase the voltage losses. Thus, there
should be a process of water management throughout the membrane to maintain a proper
humidity level. The ideal state involves blowing air over the cathode to facilitate the water
diffusion from the cathode to the anode and throughout the electrolyte, thus dehydrating
any excess water and maintaining an appropriate humidity level. However, variations
could occur during this process [21]. Thus, an adjustable design variable (A) is introduced
in Equation (23) to help model the impact of the membrane humidity level on the fuel cell
performance (A = 14 at the ideal humidity state, A = 23 at oversaturated states).

The concentration losses are due to variations in gas reactant concentrations at the
electrode surfaces in each cell and are highly dependent on current densities. A drop
in reactant concentrations is associated with an increased voltage drop, particularly at
high current densities, meaning that concentration losses are more apparent at increased
load operation when more deficit is required to be met by the sized fuel cell system
during hours of low or no PV production. The concentration losses can be obtained using
Equations (24) and (25) [18,21], as functions of the current density.

Ue(t) = —BIn(1— <](t)>) (24)

Jmax

it =4 f) 25)

where B is the parametric coefficient measured in volts, j(t) is the hourly current density in
(A/cm?), and jyqy is the maximum current density in (A/cm?).

With the hourly actual cell voltage determined, the hourly output voltage from the
sized fuel cell system can be obtained as expressed in Equation (26) [4], given that the latter
is formed of multiple stacks connected in parallel and each stack has several cells connected
in series. The hourly DC output power that the fuel cell can deliver with hydrogen available
in the storage tank can be calculated using Equation (27) given that the output current from
the fuel cell system is determined based on the number of parallel fuel cell stacks used in
building the sized capacity of the fuel cell system. With the fuel cell system connected to an
inverter for serving the AC load demands as illustrated in Figure 1, the hourly equivalent
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AC output power that the sized fuel cell system can deliver to the load demands through
the inverter can be calculated using Equation (28):

UPH () = Ugc(t) X nge (26)
PAE(1) = U (1) < 13 (1) @)
PEC(t) = PEE(E) X fino (28)

where U??t (t) and IJ‘Zz‘t (t) are the hourly output voltage and hourly output current from the

fuel cell system with the hydrogen available in the storage tank, respectively; PJ‘?CC (t) is the
hourly DC output power that the fuel cell system is capable to deliver with the hydrogen
available in the storage tank; PJ?E(t) is the hourly output power that the sized fuel cell
system can deliver to the load demands through the inverter; 1y, is the number of fuel cells
per stack; and 77, is the inverter efficiency.

The output power of the sized fuel cell system is then controlled to only allow serving the
load demand requirements during the PV supply deficit hours using Equations (29) and (30).

|y ) Paer(£), Paes(t) < PE(H)
Pre(t) —{ (1), Paeg(t) > PE(H) 29)

Pgrid(t) = Pdef(t) - lefc(t)r Pdef(t> > Paﬁ(t) (30)

where P} .(t) is the hourly power served to the load from the sized fuel cell system during
hours of low or no PV production, and Py,4(t) is the proportion of load deficit met from
the utility grid if the deficit exceeds the hourly output power that the fuel cell system can
deliver through the inverter.

The fuel cell hydrogen consumption levels in response to load demand requirements
are then identified based on the power served to the load from the sized fuel cell system.
In case the power served to the load from the fuel cell system is set equal to the load
deficit, the mass of hydrogen required to be consumed will depend on the number of
fuel cell stacks that get into operation to deliver this deficit. It should be noted that the
fuel cell operating current and the molar flow rate of hydrogen consumption per fuel cell
stack remain unchanged; only the number of operational stacks will vary according to the
required output power. With the stacks connected in parallel, the output voltage from the
sized fuel cell system remains constant independent of the number of operational stacks;
thus, the new value of output current required to deliver this load deficit will be the only
factor driving the required output power from the fuel cell system and, accordingly, the
number of operational stacks. The hourly mass of hydrogen that is required to be consumed
to deliver the deficit in load demand can then be calculated as given by Equation (31). In
case the power served to the load from the fuel cell system is set equal to the output power
that the fuel cell system can deliver through the inverter, the hourly mass of hydrogen
required to be consumed is set equal to the hydrogen mass available in the storage tank.
The hydrogen storage tank hourly mass status is then updated as given by Equation (32).
Following the annual charging and discharging of this on-demand hydrogen fuel, the
hydrogen storage tank is then sized enough to cover the maximum quantity of hydrogen
accumulated in the storage tank throughout the year as given by Equation (33).

nipe X M x Npe(t) x 3600, Pr(t) = P (t)
M (t) = { ‘ i (31)

M (t), Pro(t) = PE()

mtank(t) = mtank(t - 1) - mHZc(t) (32)
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Mignk = max'[mtunk(t)] (33)

where mpp.(t) is the hourly hydrogen mass being consumed by the sized fuel cell system
in response to load demand requirements in kg/h, M is the hydrogen gas molar mass
(2.016 x 1073 kg/mol), N c(t) is the number of operational fuel cell stacks, My is the
storage capacity of the hydrogen storage tank in kg, and max is the maximum value of
hydrogen mass accumulated in the storage tank throughout the year.

It should be noted that the closest higher standard capacity to this value is considered
when sizing the hydrogen storage tank based on a conducted market survey of commer-
cially available pressurised hydrogen storage vessels. The equivalent gas volume and
target pressure of the hydrogen storage tank were accordingly identified based on the sized
mass storage capacity.

3. Case Study: The Sir Ian Wood Building—Robert Gordon University

The Robert Gordon University (RGU), an educational institution in Aberdeen city in
Scotland, has recently initiated a commitment to Net Zero aiming to support the Scottish
government’s goals in achieving the Net Zero ambition by 2045. In line with the university’s
ongoing campaign to reduce its carbon footprint, the Sir lan Wood Building (SIWB), one of
the campus buildings with the largest energy needs, has been selected as a case study to
implement the developed model for planning a realistic and successful building energy
transition. Figure 2a shows the actual data of the hourly load demand profile collected
for SIWB over a one-year time interval. The building annual energy demand is around
4356 MWh, with an average hourly power demand of 497.2 kW and peak hourly power
demand of 738 kW. Figure 2b,c show the hourly data of solar irradiation and ambient
temperature at the building location, respectively, over a one-year time interval. The
illustrated data of atmospheric conditions are collected using the PVGIS web interface.
From the data of hourly solar irradiation at the building location, the average hourly solar
irradiation was found to be around 120 W/m? and, accordingly, the PV capacity factor
is estimated at approximately 12%. The parameters used in developing the electrolyser,
hydrogen storage and fuel cell system models are given in Tables 1 and 2, respectively, and
they were extracted from [4,18], respectively.

Table 1. Parameters used in the developed electrolyser model.

Parameter Description Unit Value
Electrode area m? 0.06
Afifr Parameter used in modelling the Faraday efficiency mAZem—* 280,000

Performance coefficient empirically selected
between 0 and 1
Number of cells per electrolytic stack none 180

none 0.98

cNe Number of stacks used in building up the sized
. none 6
capacity of the electrolyser
pst Rated capacity of electrolytic stack considered in KW 250
ele building up the sized capacity of the electrolyser

Table 2. Parameters used in the developed hydrogen storage and fuel cell model.

Parameter Description Unit Value
Membrane active area cm? 240
ALT Membrane thickness cm 0.0178
Fuel cell temperature K 343
Resistive coefficient (@) 0.0001
RCC 1

Parametric coefficient V/K —1.01286
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Table 2. Cont.

Parameter Description Unit Value
Parametric coefficient V/K 2.883 x 10—-3
Parametric coefficient V/K 3.60 x 10-5
6283bad Parametric coefficient V/K —9.54 x 10-5
Humidification level of membrane none 20
) Parametric coefficient \% 0.0136
Pjmax Maximum current density A/cm2 5
Py Partial pressures of hydrogen Atm 1
Poz Partial pressures of oxygen Atm 1
s Number of fuel cells per stack none 100
N Number of fuel cell stacks used in building none 86
fe up the sized capacity of fuel cell system
Rated capacity of the fuel cell stack
Pjﬁi considered in building up the sized capacity kW 7

of the fuel cell system
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Figure 2. (a) The actual data of hourly load demand profile for SIWB over one year; (b) the hourly
data of solar irradiation at the building location (Aberdeen city); (c) the hourly data of ambient
temperature at the building location (Aberdeen city).

4. Results and Discussion

Table 3 shows the developed model sizing results for the HSHES suited for reducing
SIWB carbon footprint. The sized hybrid system comprised a 4.15 MW PV capacity in
conjunction with a 1.5 MW electrolyser unit, 600 kW fuel cell system and 106 kg of pres-
surised hydrogen storage tank to mitigate the intermittency of solar energy production.
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Figure 3a shows the sized PV system hourly simulation results over an exemplary period
(one summer week). This includes the hourly total PV power production, the hourly PV
power fed to load demand, the hourly PV power fed to the electrolyser and the hourly
non-utilised PV power. Figure 3b shows the hourly hydrogen production levels by the
electrolyser during the hours of PV surplus power generation and, conversely, the hourly
hydrogen consumption levels by fuel cell during the hours of deficiency in PV generation
over the same exemplary period. Consequently, Figure 3c shows the hourly hydrogen
storage tank level over the same exemplary period, indicating that the storage tank is
filling hydrogen during the hours of excess in PV generation while consuming the stored
hydrogen during the hours of deficiency in PV generation. Figure 3d shows the fuel cell
hourly output power generated during the hours of deficiency in PV generation, together
with the hourly power imported from the utility grid over the same exemplary period.
From the obtained results, it can be concluded that the sized electrolyser is operated at
variable power levels in response to intermittent solar energy generation to store the PV
surplus power as green hydrogen during the hours of excess in PV generation. In contrast,
the sized fuel cell system, in conjunction with the utility grid, operates in response to
load demand requirements during the hours of deficiency in PV generation, therefore
maintaining a successful energy balance between the integrated system components while
ensuring an increased proportion of green energy supply.

Table 3. The developed model sizing results of the HSHES suited for SIWB.

PV System Electrolyser H, Storage H, Gas Cylinder H, Gas Target
Component W) Fuel Cell (W) ik (kg) Volume (m?) Pressure (bar)
Sized Capacity 1500 600 106.2 kg 7.21 175

To evaluate the effectiveness of the developed model in quantifying the real-world
hydrogen production levels by electrolysers when running back intermittent renewable
energy sources while also identifying the real-world output power generation by fuel
cells and their corresponding hydrogen consumption levels in response to variable load
demand requirements, the developed model simulation results have been compared to
those obtained from a generic model [23] in which the changes in electrochemical losses
taking place inside the electrolysers and fuel cell stacks are not taken into consideration. For
the purpose of comparison, the hourly operation of the integrated system components is
simulated in both models using the same sized capacities listed in Table 3, together with the
same PV system model included in Section 2.1. Figure 4a compares the hourly hydrogen
production by the electrolyser and the hourly hydrogen consumption by the fuel cell
obtained using the developed model versus those obtained using the generic model over
the same exemplary period. The analysis of comparative results shows that lower hydrogen
production levels are obtained from the electrolyser using the developed model compared
to those obtained using the generic model. This shows the impact of accounting for hourly
variations in Faradaic current losses on the molar flow rate of hydrogen production as
more or less PV surplus power is absorbed by the electrolyser. Similarly, lower hydrogen
quantities are seen consumed by the fuel cell using the developed model compared to those
consumed using the generic model as a result of modelling the changes in the Faraday
efficiency and their impact on the ultimate gas production rate resulting in less hydrogen
availability in the storage tank within the developed model. Furthermore, modelling the
electrochemical losses taking place inside the fuel cell and their impact on the output power
generation that the fuel cell is capable to deliver has consequently lowered the equivalent
hydrogen quantities being consumed by the fuel cell within the developed model. Figure 4b
compares the hourly hydrogen storage tank level obtained using the developed model
versus the one obtained using the generic model over the same exemplary period. As can
be seen from Figure 4b, modelling the real-world dynamic behaviour of the sized HSHES
within the developed model considering intermittency in solar energy production and
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variability of load demand has a great impact on reducing the hydrogen storage tank level
attained using the developed model compared to the one attained using the generic model.
From the simulation results of hourly hydrogen storage tank level over the whole year
interval, the maximum level attained in the hydrogen storage tank was found to be 86.5 kg
of hydrogen using the developed model, versus approx. 315 kg of hydrogen using the
generic model, thus highlighting the potential benefits of the developed model in sizing
the exact capacity of hydrogen storage systems, avoiding oversized storage capacities
associated with additional costs and bulky space requirements.

(a)
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Figure 3. (a) The developed model simulation results of hourly PV power production from the sized
HSHES over one summer week; (b) the developed model simulation results of hourly hydrogen
production by the electrolyser and hydrogen consumption by fuel cell over one summer week; (c) the
developed model simulation results of hourly hydrogen storage tank level over one summer week;
(d) the developed model simulation results of hourly fuel cell output power generation and hourly

grid power import over one summer week.

Figure 5 compares the hourly fuel cell output power and hourly grid power import
obtained using the developed model versus those obtained using the generic model over
the same exemplary period. As can be seen from Figure 5a, the developed model simulation
results show the sized fuel cell system serving the load demand for shorter time intervals
compared to those illustrated by the generic model. This is due to less hydrogen availability
in the storage tank obtained within the developed model as a result of precise dynamic
modelling of the sized HSHES, thus restricting the operation of the fuel cell system for
limited periods of time according to the real quantity of hydrogen available in the storage
tank. Conversely, in Figure 5b, the utility grid is seen operating for longer time intervals
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within the developed model compared to its operation time using the generic model to
maintain the system reliability and secure the remaining load demand unmet by the sized
fuel cell system, as a result of its limited operation within the developed model.

(a)
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Figure 4. (a) Comparison of hourly H, production by the electrolyser and hourly H, consumption by
fuel cell obtained using the developed model versus those obtained using the generic model over
same exemplary period; (b) comparison of hourly Hj storage tank level obtained using the developed
model versus the one obtained using the generic model over the same exemplary period.

Figure 6 compares the annual power flow results of the sized HSHES obtained using
the developed model versus those obtained using the generic model. As can be seen from
Figure 6, the total annual PV energy production fed to the load demand from the sized PV
system has resulted in around 1840 MWh in both models, thus contributing by 42% alone
in feeding the annual building load demand, given that the same PV system modelling
approach is utilised in both models to simulate the solar energy generation from the sized
capacity of the PV system. The share of the sized fuel cell system in feeding the total
annual building load demand was found to be 260.5 MWh using the developed model
versus around 484 MWh using the generic model. This share reduction found within the
developed model reflects the impact of modelling the real-world hydrogen production
levels by the electrolyser when running back the intermittent solar energy generation and,
accordingly, the quantity of hydrogen being available in the storage tank for consumption
by fuel cell. Another reason for this share reduction is owing to the dynamic modelling
of electrochemical losses taking place inside the fuel cell system and their impact on the
output power that the sized fuel cell system is capable of delivering in response to variable
load demand requirements. Consequently, more energy is required to be imported annually
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from the electricity grid to compensate for this share reduction in the fuel cell system in
feeding the building load demand using the developed model (2254.7 MWh annual grid
import), compared to the annual grid energy requirements obtained using the generic
model (2031.7 MWh annual grid import). The total annual contribution of green energy
supply provided to the building load demand from the sized HSHES was found to be
around 48% using the developed model (2100.9 MWh in total from both the sized PV facility
and fuel cell system) versus approx. 53% using the generic model (2324.34 MWh in total
from both the sized PV facility and fuel cell system). While the generic model gives more
optimistic results for decarbonising the building sector, the developed model reflects more
realistic results for measuring the actual uptake of clean energy supply to the building load
demands considering the dynamic electrochemical behaviour of electrolysers and fuel cell
systems under variable loading conditions.
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Figure 5. (a) Comparison of hourly fuel cell output power obtained using the developed model
versus the one obtained using the generic model over the same exemplary period; (b) comparison of
hourly grid power import obtained using the developed model versus the one obtained using the
generic model over the same exemplary period.

The comparative analysis of the developed model results versus those of the generic
model has demonstrated the effectiveness of the developed model in simulating a real-
world dynamic operation of an entire hybrid renewable hydrogen energy system and thus
identifying realistic opportunities for decarbonising the building sector while accounting
for electrochemical losses taking place inside the electrolysers and fuel cell systems towards
addressing future improvements in their efficiencies and operating performances.
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Figure 6. (a) Annual power flow results of the sized HSHES using the developed model; (b) annual
power flow results of the sized HSHES using the generic model.

5. Conclusions

This paper presents the development of a precise dynamic model for sizing and simu-
lating the operation of real-world hybrid solar hydrogen energy systems (HSHESs) suited
for grid-connected buildings. The developed model has proven effectiveness in planning
the building sector clean energy transition while ensuring effective and reliable energy
management between the sized hybrid system components, the utility grid, and the build-
ing load demand. The application of the developed model is expected to bring valuable
outputs to the energy industry by using it as a tool to accelerate the decarbonisation of the
building sector while promoting the deployment of state-of-the-art renewable hydrogen
energy storage systems. Being implemented on a Scottish university campus building,
the developed model has proven effectiveness in simulating real-world hydrogen produc-
tion levels by electrolysers in response to intermittent solar energy production, while also
simulating the fuel cell real-world output power generation and hydrogen consumption
levels in response to load demand requirements. The effectiveness of the developed model
has been assessed by comparing its results with those obtained from a generic model in
which the electrochemical behaviour of electrolysers and fuel cell systems was not taken
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into consideration. Results highlighted the potential benefits of the developed model in
simulating the real-world dynamic operation of HSHES and sizing the exact capacity of
system components while avoiding the generic model oversized hydrogen tank capacity
associated with increased costs and inaccurate simulation of the system operation. Such
benefits are considered key output findings for both the renewable and hydrogen industries
as they allow the simulation and assessment of the real-world performance of a full hydro-
gen energy storage system (from production to end-use application) when integrated with
renewables, thus accelerating the utilisation and upscaling the development of hydrogen
technologies for empowering the vision of the low-carbon economy.

Results showed that the sized HSHES was able to meet around half of the annual
building demands with clean energy supply; however, the remainder of building energy
demands still need to be imported from the electricity grid to ensure reliable system opera-
tion. Future work should look into opportunities for maximising the annual contribution
of clean energy supply to the building demands while maintaining the reliability of the
system operation. Further research is also required to look into minimising the levelized
cost of energy of hybrid renewable hydrogen energy systems when integrated within
grid-connected buildings towards the building sector Net Zero transition.
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Appendix A

This appendix briefly characterises the mathematical equations used in developing
the HSHES dynamic model presented in this research.

Equation (1) defines the PV capacity factor, which measures the actual output energy
generated by a PV system as a percentage of its rated maximum capacity.

Equation (2) calculates the output power generated by a PV system at a particular
time step, considering the impact of actual solar irradiation and PV cell temperature values
at the considered time step and their deviations from their reference values under standard
test conditions.

Equation (3) calculates the PV cell temperature at a particular time step as a function
of ambient temperature and solar irradiation striking the PV array at the considered time
step. Details of equation derivations can be found in [24].

Equation (4) calculates the output power generated by a PV system considering PV
inverter losses.

Equation (5) identifies the output power served to the load from the PV system in
accordance with the hybrid system configuration considered in this research.

Equation (6) is used for sizing the appropriate electrolyser capacity in accordance with
the hybrid system configuration considered in this research.
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Equation (7) calculates the PV surplus power at a particular time step when the output
power at the outgoing of the PV inverter exceeds the load demand.

Equation (8) identifies the power absorbed by the electrolyser at a particular time step
in accordance with the hybrid system configuration considered in this research and the
boundaries of the sized electrolyser capacity.

Equation (9) identifies the non-utilised PV power excess at a particular time step in
accordance with the hybrid system configuration considered in this research.

Equation (10) calculates the hydrogen production rate in an electrolytic stack formed of
multiple cells connected in series, derived from Faraday’s law for modelling the hydrogen
production rate in a single cell. Relevant information can be found in [18].

Equation (11) is an approximated empirical equation used for modelling the Faraday
efficiency with a reduced number of parameters. This formula is used to describe a
phenomenon taking place inside the electrolysis of water, which expresses that higher
parasitic current losses (meaning lower Faraday efficiencies) occur at lower current densities
where an increased proportion of electrolyte takes place, thus leading to less resistive
reactance. Relevant information can be found in [18,25].

Equation (12) calculates the total mass of hydrogen production by the electrolyser unit.

Equation (13) is used for sizing the appropriate fuel cell capacity in accordance with
the hybrid system configuration considered in this research.

Equation (14) calculates the PV deficit in feeding the load demand at a particular time
step when the output power at the outgoing of the PV inverter is less than the load demand.

Equation (15) is used for modelling the rate of hydrogen consumption in a fuel cell
stack formed of multiple cells connected in series, derived from the basic reaction of a single
fuel cell, which implies that two electrons are transferred per hydrogen mole. Relevant
information can be found in [21].

Equation (16) identifies the mass of hydrogen available in the storage tank at a particu-
lar time step.

Equation (17) updates the mass status of the hydrogen storage tank at a particular
time step following the process of filling the storage tank with a given mass of hydrogen.

Equation (18) calculates the actual fuel cell voltage at a particular time step, as rep-
resented by the fuel cell polarisation curve, which describes the V-I characteristics of an
actual fuel cell (this curve is a plot of actual fuel cell voltage against the cell current density,
showing that the actual cell voltage gradually decreases from its ideal value at increased
fuel cell operating currents due to irreversible cell losses) [21,22].

Equation (19) defines the Nernst voltage equation used to calculate the ideal fuel cell
voltage considering deviations of cell temperature from reference value and reduction in
gas reactant concentrations. Details of equation derivations can be found in [21].

Equations (20)—(25) are used for modelling the irreversible losses taking place inside
the fuel cell at a particular time step. Details of equations derivations can be found in [21].

Equation (26) calculates the output voltage of a fuel cell system at a particular time
step, where the fuel cell system involves a number of parallel stacks, and each stack has
several cells connected in series.

Equation (27) calculates the DC output power the that fuel cell system can deliver at a
particular time step, with the hydrogen available in the storage tank.

Equation (28) calculates the equivalent AC output power that the fuel cell can deliver
to the load demand through the inverter at a particular time step, with the hydrogen
available in the storage tank.

Equation (29) adjusts the output power served to the load from the fuel cell system at
a particular time step, in response to load demand requirements.

Equation (30) calculates the power that needs to be imported from the utility grid at a
particular time step in case of any remaining deficit unmet by the sized fuel cell system.

Equation (31) calculates the hydrogen consumption levels of the fuel cell system in
response to load demand requirements.
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Equation (32) updates the mass status of the hydrogen storage tank at a particular time
step following the process of discharging a given mass of hydrogen from the storage tank.
Equation (33) is used for sizing the appropriate storage capacity of the hydrogen
storage tank in accordance with the hybrid system configuration considered in this research.
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