
sustainability

Article

Electrolyzer Performance Analysis of an Integrated
Hydrogen Power System for Greenhouse Heating.
A Case Study

Simone Pascuzzi *, Alexandros Sotirios Anifantis, Ileana Blanco
and Giacomo Scarascia Mugnozza

Department of Agricultural and Environmental Science (DiSAAT), University of Bari Aldo Moro,
Via Amendola, 165/A, 70126 Bari, Italy; alexandrossotirios.anifantis@uniba.it (A.S.A.);
ileana.blanco@uniba.it (I.B.); giacomo.scarasciamugnozza@uniba.it (G.S.M.)
* Correspondence: simone.pascuzzi@uniba.it; Tel./Fax: +39-080-544-2214

Academic Editor: Marc A. Rosen
Received: 23 April 2016; Accepted: 28 June 2016; Published: 5 July 2016

Abstract: A greenhouse containing an integrated system of photovoltaic panels, a water electrolyzer,
fuel cells and a geothermal heat pump was set up to investigate suitable solutions for a power
system based on solar energy and hydrogen, feeding a self-sufficient, geothermal-heated greenhouse.
The electricity produced by the photovoltaic source supplies the electrolyzer; the manufactured
hydrogen gas is held in a pressure tank. In these systems, the electrolyzer is a crucial component; the
technical challenge is to make it work regularly despite the irregularity of the solar source. The focus
of this paper is to study the performance and the real energy efficiency of the electrolyzer, analyzing
its operational data collected under different operating conditions affected by the changeable solar
radiant energy characterizing the site where the experimental plant was located. The analysis of
the measured values allowed evaluation of its suitability for the agricultural requirements such as
greenhouse heating. On the strength of the obtained result, a new layout of the battery bank has
been designed and exemplified to improve the performance of the electrolyzer. The evaluations
resulting from this case study may have a genuine value, therefore assisting in further studies to
better understand these devices and their associated technologies.
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1. Introduction

Greenhouses are one of the most innovate expressions of modern agriculture, widespread in
many nations, and it is expected for them to expand numerically with vigor in the future, especially
in those areas with unfavorable climatic conditions [1]. Greenhouse production still requires large
energy inputs; the microclimate conditioning can reach an energy load up to 400 W¨m´2 for heating,
lighting and cooling requirements [2–4]. Nevertheless, the great majority of greenhouses depend
on fossil fuels and the use of this particular source for greenhouse heating has a major impact on
the cost and on the environmental sustainability of vegetable production [5]. In this respect, the
geothermal heating systems are economically advantageous, having a lower environmental impact in
the agricultural sector, especially for greenhouse heating demands [6–10]. In addition, the solar energy
usage in terrestrial conditions is a topic of growing interest in recent years and may be employed for
greenhouse heating. The limiting factor of solar energy is obviously linked to non-stability of solar
rays falling on the earth’s surface; therefore this renewable energy source is restrained by its intrinsic
factor of variability and its unpredictable availability [11]. Although this weak point can be eliminated
by storing the solar energy in chemical form, i.e., in accumulative batteries, it is worth mentioning at
this point that those batteries per se have both limited lifetime and storage capacity. Alternatively, in
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recent years, solar energy accumulative systems in the form of chemical hydrogen energy from water
electrolysis have been created to optimize the efficient use of the electric current coming from the solar
source and its transformation into pure hydrogen gas. In this case, the hydrogen gas behaves as an
energy vector that can store the energy, exceeding the current demand, and with which energy can
subsequently be generated by means of fuel cells [12].

Different processes can generate hydrogen but actually hydrogen is produced worldwide by
fossil sources employing coal gasification or natural gas reforming processes [13]. The hydrogen can
also be obtained by thermic transformation of biomass, such as biomass pyrolysis, and by biological
methods such as dark fermentation processes [14–16]. This last method allows hydrogen generation
by means of micro-organisms that convert organic matter into acids and alcohols with simultaneous
liberation of molecular hydrogen [17]. Water electrolysis is the only method without carbon dioxide
emissions into the atmosphere and generates “zero emissions” if associated with electricity produced
from renewable sources [18]. The incorporation of an efficient and suitable vector as a secondary power
supply also means reducing consumption of imported liquid fossil fuels, and therefore a reduction in
environmental pollution [19].

Even if the efficiency of modern photo-converters and water electrolyzers is respectively 20%
and 80%, and the overall efficiency of the solar radiant energy transformation process in the chemical
energy of hydrogen is 16% [13], hydrogen production systems powered by stand-alone photovoltaic
generators are characterized by considerable superiority [20,21]. Indeed, they can be set in areas not yet
supplied with an electric grid, avoiding expensive investments for a single electric grid implementation;
they will meet local fuel demands, eliminate the transport costs of hydrogen and will contribute even
further by improving the standard of living in those rural areas. Furthermore, they can operate reliably
under dynamic solar irradiance and dynamic loads even though an economic analysis showed that
such systems are far from being cost competitive [22]. Although a lot of research has been carried out
thus far on the solar (photovoltaic and wind)-electrolyzer-fuel cell hybrid power systems with back-up
hydrogen storage systems in support of the feasibility and reliability of solar hydrogen power systems,
they are still currently under development [23,24].

Some studies have investigated the integration of solar hydrogen power systems with greenhouses
and have shown that these systems can provide a viable option for powering stand-alone
greenhouses [25].

The storage of solar energy in the form of hydrogen (H2) can be the basis for a totally renewable
system, aimed at greenhouse heating in a self-sustained way, with photovoltaic, hydrogen produced
by electrolysis, and hydrogen-storage and fuel cells connected to a ground source heat pump.

The authors of this paper are carrying out research aimed at investigating the suitable solutions
of a power system, based on solar energy (photovoltaic) and hydrogen, supporting a self-sustained
greenhouse heated with a geothermal heat pump. A power system formed by photovoltaic panels,
alkaline electrolyzer and fuel cell stacks was designed and assembled in order to feed the ground
sources heat pump supplying the heating system of an experimental greenhouse. Starting from the
heating requirements of an experimental greenhouse operating during the winter season, the research
concerns the evaluation of the technical aspects of the ground source heat pump, the hydrogen
production and its storage, the photovoltaic system, analysing the connection and the relationships
among these members.

In these systems, the electrolyzer is a crucial component with which water is split into hydrogen
and oxygen, and the technical challenge is to make it work regularly despite the irregular power
coming from solar energy sources [26,27]. Several researchers analysed, through numerical simulation,
the operation of alkaline water electrolyzers under both stationary and intermittent conditions [28–31]
and solar photovoltaic conditions [32]. These studies were focused on electrolyzers fed with fluctuating
power supply and the electrolyser reaction was analysed by monitoring the time variation of the stack
voltage, temperature and pressure, current efficiency and the concentrations of hydrogen in oxygen
and oxygen in hydrogen. Even the electrolyzer power consumption was studied through mathematical
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modelling; the operating voltage was considered as a function of current density and parameters
that affect the electrolyzer behaviour, such as temperature, pressure, bubbling and concentration [33].
Conversely, other researchers studied the influence of the structure of the AC/DC converter on the
thermal performance of an alkaline water electrolyzer [34].

This paper mainly focuses on the evaluation of the performance and the real energy efficiency of
the alkaline electrolyzer employed in the power system for supplying the experimental greenhouse.
Operational data were collected under the natural conditions affected by the changeable solar radiant
energy at the site of the plant during a winter season, characterized by a maximum value of solar
radiation density of 900 W¨m´2. The tests were carried out on an integrated power system set up
with the commercially available arrangement of the electrical connections among the components.
The analysis of the measured values allowed evaluation of the real operative achievement of the
electrolyzer and its suitability for the agricultural requirements such as greenhouse heating. On the
strength of the obtained result, a new layout of the battery bank was planned and exemplified to
ameliorate the performance of the electrolyzer. The evaluations ensued by this case study may have
a genuine value, therefore assisting in further studies to better understand these devices and their
associated technologies.

2. Materials and Methods

The experimental set-up consists of a “solar photovoltaic hydrogen” system powering a low
enthalpy geothermal heat pump used for heating a greenhouse through a hot water floor system.
The study was carried out at the experimental farm of the University of Bari located in Valenzano
(Bari, Southern Italy), latitude 41˝N, where a greenhouse-integrated system composed of photovoltaic
panels, an alkaline barometric water electrolyzer, Polymer Electrolyte Membrane (PEM) fuel cell stacks,
a plastic greenhouse and a geothermal heat pump were placed. The electricity coming from the solar
photovoltaic source (PV) feeds the electrolyzer; the hydrogen gas produced by water electrolysis is then
stored in a pressure tank and, when photovoltaic is inactive (both during the night and during the days
with overcast sky), it feeds a fuel cell system producing electricity for greenhouse energy demands.

2.1. The Experimental Greenhouse

The power system passive load was the thermal energy requirement of a 48 m2 double plastic skin
greenhouse. The main structure of the greenhouse, with arched shape roof, was of tubular galvanized
steel; glass-reinforced plastic (GRP) corrugated sheets constituted the base and the gable walls, i.e.,
the East- and West-facing greenhouse surfaces. The covering structure was made of a double film of
ethylene vinyl acetate (multi EVA 33 AD AF), having a thickness of 200 µm, with a 4-cm air gap kept
under constant pressure by an air fan.

Taking into account the main power losses, the following heat balance allowed estimating the
necessary heating power PhG (W) during the winter night time [35]:

PhG “ PcG ` PvG ` PiG (1)

where PcG is the conduction and convection power loss through the greenhouse covering system (W);
PvG is the air leakage/power loss from the indoor to outdoor environment (W); PiG is the power loss
by radiation from the covering (W).

The greenhouse heat distribution system was made of a black plastic pipe; the heat pump
(Model RAA-EF, Riello Company: Legnago, Italy) used R410a as refrigerant fluid circulating inside
its circuit and produced an output of 7.0 kW thermal absorbing 1.5 kW of electricity, with energy
efficiency (COP) equal to 4.7, according to the technical data provided by its manufacturer.
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2.2. The Integrated Power System

The integrated power system was designed with the purpose of using the photovoltaic production
both directly, when the photovoltaic energy production and the greenhouse energy demands are
simultaneous, and when there is no greenhouse energy demand. This in turn meant that the
photovoltaic production can be used for hydrogen production and storage, and the designed passive
loads are seasonally dependent.

The array of photovoltaic panels consists of 24 modules each having 240 W peak power
and maximum operating voltage of 29.64 V. The PV modules have a total area around 39 m2,
South-oriented with an elevation angle of 30˝ in order to maximize annual energy production (Figure 1).
Furthermore, the PV modules are grouped into two series of 12 modules each, which are then connected
in parallel, in order to achieve a nominal voltage of the array of 360 V. The renewable energy produced
by the PV modules is converted to AC power by an inverter in order to feed the water electrolyzer.
AC power can also feed the grid.
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Figure 1. Layout of the integrated power system linked to the geothermal heat pump for
greenhouse heating.

The alkaline barometric water electrolyzer, analysed in this study, is of patented design
VOLTIANA®, linked to an international patent technology by Casale Chemical [36]. The electrolyzer is
made of 33 bipolar circular cells connected in series that constitute the cell stack; each cell, comprising
an anode and a cathode separated by a membrane, has an active area of 10´4 m2. The cells are
fitted with frames containing channels for the distribution of the electrolyte and further channels for
the collection of the electrolysis products [36]. According to the data of the manufacturer, the rated
hydrogen production is 0.5 Nm3¨h´1 at the following operational parameters: maximum pressure:
3 MPa; temperature: 80 ˝C; stack voltage: 62.04 V; current intensity: 40 A. The electrolyte is a stationary
25%–30% wt KOH solution. The electrolyzer is supplied by means of an electric power supply
(3.5 kW-230 VAC) basically consisting of an air-cooled transformer-rectifying capability, which converts
the AC current into DC current. The electrolyzer is able to operate from 20% to 100% of its power
rating, which is 2.5 kW.
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Hydrogen and oxygen generated in the cell stack exit by entraining to separating vessels for
hydrogen and oxygen, whereas the gas phase separates out from the liquid phase, which is restored
back to the cell stack. The two gases are filtered and cross final droplet separators before being
delivered from the unit. Hydrogen is routed through a backpressure controller; oxygen is vented to
the atmosphere. The produced pressurised hydrogen (30 bar) is stored in two steel tanks of 0.6 m3.
Furthermore, the hybrid system is comprised of remaining auxiliary components that altogether
require a constant electric power Paux = 0.6 kW for their operation.

The proton exchange membrane (PEM) fuel cell system has a peak power of 2 kW. It requires
industrial grade hydrogen (99.95%) and oxygen (air) and has as by-products, pure water/vapor and
heat. The output voltage is 48 VDC and the consumption is 30 slpm (standard liters per minute)
at 2 kW (operation temperatures 0–46 ˝C). The energy produced by the fuel cells is affected by the
kinetics of the chemical reaction, which involves the hydrogen and oxygen, and by the irreversibilities,
such as activation losses, internal currents, ohmic losses in the electrodes and in the membrane, and
mass transport or concentration losses [12]. The current coming from the fuel cells is then employed to
charge a battery bank consisting of eight 12V cells connected in both series and in parallel, providing a
global energy of 1200 Ah. Another inverter is connected to the battery terminals in order to be used
as a stand-alone sinusoidal AC voltage provider. A programmable logic controller manages all the
processes and safety of the system.

2.3. Theoretical Foundations of the Electrolyzer Working Conditions

The following electrochemical reaction concerning the water splitting into hydrogen and oxygen
takes place when a suitable DC electric current is applied to the electrodes [34]:

H2O` electrical energy ñ O2 ` H2 (2)

Equation (2) is endothermic and the overall variation of enthalpy ∆H and entropy T∆S can be
calculated considering both the differences between the products (H2 and O2) and the reactants (H2O).
The variation in enthalpy and entropy is linked to the variation of Gibbs energy ∆G through the
following [36]:

∆H “ ∆G` T¨∆S (3)

The variation of Gibbs energy ∆G represents the required minimum reversible work to decompose
water while the overall change of enthalpy ∆H is the amount of energy needed in water electrolysis.
The difference between ∆H and ∆G is supplied as heat (T¨∆S).

At standard temperature and pressure (respectively, 298 K and 105 N¨m´2), the variation of
enthalpy ∆H˝ and Gibbs energy ∆G˝ can be evaluated with reference to pure hydrogen (H2), oxygen
(O2), and water (H2O), supposing hydrogen and oxygen work as ideal gases and water works as an
incompressible fluid: ∆H˝ = 286 kJ¨mol´1; ∆G˝ = 237 kJ¨mol´1 [2]. ∆H˝ and ∆G˝ are also indicated,
respectively, as higher heating value (HHV) and lower heating value (LHV) of hydrogen [33].

Furthermore, the Faraday law allows relating the required electrical energy for decomposing
water to the chemical conversion rate in molar quantities, and then the reversible potential U0

rev to
perform the electrolysis of water is given by:

U0
rev “

∆G0

n¨ F
“

237000
2¨ 96485

“ 1.23 V (4)

where n is the number of charges transferred per hydrogen molecule (n = 2) and F is Faraday’s constant
(96,485 C¨mol´1). Conversely the thermoneutral potential U0

tn is connected to the overall change in
enthalpy ∆H through the equation [37]:

U0
tn “

∆H0

n¨ F
“

286000
2¨ 96485

“ 1.48 V (5)
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An increase in temperature produces a slight decrease in the reversible potential
Urev(Urevp80˝C,100kPaq “ 1.184 V), while the thermoneutral potential Utn can be considered constant
or expressed as a parabolic function of temperature with relative deviation lesser than 2% for a
temperature up to 80 ˝C (Utnp80˝C,100kPaq “ 1.473 V); the pressure increase produces a slight increase in
UrevpUrevp25˝C,3MPaq “ 1.1295 V), whereas Utn remains constant [38].

The actual working electric potential of an electrolysis cell Uc is always higher than the reversible
potential owing to the process irreversibility and, as a result, water electrolysis is accompanied by the
release of heat despite being an endothermic process [39]. The waste heat maintains stable with the
electrolysis temperature and it is produced at a rate directly proportional to the difference between the
actual cell potential Uc and the thermoneutral voltage Utn:

Pwh “ Iel¨ pUc ´Utnq (6)

where Pwh is the power dissipated as heat in a water electrolysis cell operating with an electric current
Iel and a difference of potential Uc between anode and cathode [34].

On the other hand, the required power Pr by the electrolyzer for its working is [40]:

Pr “ Uc¨Nc¨ Iel “ U¨ Iel (7)

where U is the voltage supplied to the electrolyzer. According to Faraday’s law, the production
rate of hydrogen in an electrolyzer is proportional to the transfer rate of electrons at the electrodes,
which in turn is equivalent to the electrical current in the external circuit. Therefore, the overall
hydrogen production rate QH2 (Nm3¨h´1) in the electrolyzer formed with Nc cells connected in
series and a Faradic efficiency ηF, can be calculated considering an ideal gas molar volume of
22.414 ˆ 10´3 m3¨mol´1 at standard temperature of 273 K and pressure of 105 N¨m´2 [18,40]:

QH2 “ 80.69¨ ηF¨
Nc¨ Iel
n¨ F

“ 80.69¨ ηF¨
Nc¨ Pr

U¨ n¨ F
(8)

The Faradic efficiency is a way to assess the electrolysis system and it is defined as the ratio
between the effective and theoretical maximum amount of hydrogen produced in the electrolyzer. It is
often called current efficiency because it is linked to parasitic current losses along the gas ducts. Lower
Faradic efficiencies are caused by an increase in temperature that produces less resistance and more
parasitic current losses.

A commonly used way of expressing the electrolysis system is the energy efficiency or thermal
efficiency ηT assessed as [38]:

ηT “
∆H0

∆H
(9)

This is defined as the ratio between the change in enthalpy corresponding to the thermoneutral
potential U0

tn and the one corresponding to the actual potential Uc. In other words, ηT is evaluated by
the ratio between the specific energy consumption, with respect to HHV, and the actual specific energy
consumption (MJ¨Nm´3). Therefore, for ηT “ 1 the electrolyzer would consume 10.58 MJ for each
Nm´3 of produced hydrogen.

2.4. Experimental Analysis

The performance of the electrolyzer within the experimental plant was evaluated during a trial
period of 6 months from October 2013 to March 2014 using only the electrical power supplied by the PV
modules. Thus, the electrolyzer worked only during the daytime, and its performance was irrational
because of the unstable solar radiation. In detail, the electrolyzer started its hydrogen production cycle
only when the available electric power Pav was higher than the 20% of its power rating. A suitable
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control system provided the calculation of the usable electric power Pav coming from the PV modules
through the following equation:

Pav “ PPV ´ Pgp ´ Paux (10)

where PPV was the power produced by the PV modules; Pgp is the required power for the working of
the geothermal heat pump used for heating a greenhouse and Paux is the appropriate power for the
other auxiliary parts of the plant.

The electrolyzer started the electrolysis process when the available electric power Pav achieved
the aforesaid threshold value but the hydrogen production took place properly only when the pressure
inside the electrolyzer was higher than 2.8 MPa; moreover, the safety system stopped the electrolysis
process if the pressure was higher than 3 MPa [41]. Alternatively, another safety system ended the
process if the hydrogen had a higher oxygen content than the law limit in force. Finally, before
each start and stop of the electrolyzer, a purging process of the plant was carried out using inert gas
(nitrogen) in order to eliminate the air and, under special anomalous conditions, the process gases
were automatically removed by an injection of nitrogen. These restraints further affected the actual
working time of hydrogen production that was usually less than the daytime in which the disposable
electric power Pav was able to supply the electrolyzer suitably.

In this realistic scenario, the values of the hydrogen production rate QH2 and the corresponding
required electric power Pr were collected by means of an inline mass flow meter installed on the output
pipeline of the hydrogen purification unit, and a voltmeter-ammeter assembled on the electric feeder of
the electrolyzer. The controller Horner PLC XL6 OCS processed the electrical signals coming from these
devices with a sampling frequency of 1 min; the controller, equipped with a graphical touch sensing
LCD display, was programmed to adjust and monitor the process parameters in order to maintain
a safe and efficient operation. The process conditions of temperature, pressure and liquid levels, as
well as the power supply conditions represented input data for the controller, which generated output
signals directed to the proper control devices.

Within the aim of this paper, the main component of the measure chain was the thermal mass flow
meter Bronkhorst model Select MFM F-111BI, which allowed measuring the mass flow or standard
volumetric flow, irrespective of pressure and temperature. A stainless steel capillary tube with
resistant thermometer elements formed its sensor. A part of the gas flowed through this bypass sensor
and was warmed up by two different heating elements, which produced two different measured
temperatures drifting apart. The difference between these two temperatures was directly proportional
to mass flow through the sensor. The thermal mass flow meter implemented the standard RS232
and its main technical characteristics were: accuracy: standard ˘ 0.5% Rd (Reading) plus ˘ 0.1% FS
(Full Scale); turndown: 1:50; repeatability: <0.2% Rd; temperature sensitivity: zero: <0.05% FS/˝C,
span: <0.05% Rd/˝C; pressure sensitivity: 0.01% Rd/100 kPa typical hydrogen.

3. Results and Discussion

The 6-month trial period in Valenzano was characterized by either cloudy or clear sky that
remarkably affected the performance of the photovoltaic panels and, consequently, of the electrolyzer.
Figure 2 reports as an example, the photovoltaic electrical production and the power required by the
electrolyzer during two days (22 February 2014–26 March 2014) characterized by a partially cloudy
sky. Only two days have been chosen, randomly, to graphically better highlight the fluctuating
trend and the maximum values of the photovoltaic power production and the fluctuating trend of
the electrolyzer required power during the months examined; however, the described days can be
considered representative of the test period.

Conversely, the trend of the cumulative solar radiation relevant to the test period is shown in
Figure 3, which also shows the collected air temperature (minimum, maximum and average) values.
The standard deviations of the temperature mean values varied in the range 1.3–4.8 ˝C, due to the
daily temperature variations. Data shown in Figure 3 are consistent with data collected on the site in
the same semesters of previous years.
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deviation—collected during the trial period.

During the trial period, the electrolyzer produced hydrogen ready to be stored for 180 hours with a
very unstable hydrogen production rate, varying from 0.05 Nm3¨h´1 to 0.5 Nm3¨h´1. The distribution
of this effective working time among the different hydrogen rates is reported in the histogram of
Figure 4 where the overall range 0.05–0.5 Nm3¨h´1 is split into ranges of size 0.05 Nm3¨h´1 and for
each of them, the percentage ratio between the corresponding employed actual time and the overall
working time of the electrolyzer is shown. Data in Figure 4 are characterized by a standard deviation
of 3.44 and a coefficient of variation of 31%.

The graph (Figure 4) shows that the electrolyzer always operated under fluctuating input current
because it produced hydrogen at the highest allowed flow rate (range 0.4–0.5 Nm3¨h´1) only for the
33.1% of the overall time and in any case, the ratio in all the considered ranges is only between 7.0%
(0.10–0.15 Nm3¨h´1) and 16.9% (0.45–0.50 Nm3¨h´1). The electrolyzer always worked in a transient
state with endless fluctuations of the hydrogen production but during the days characterized by a
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partially overcast or cloudy sky, the effectiveness of the electrolyzer was intermittent with periods in
which the hydrogen production was greatly reduced or in fact, cut off. These temperamental conditions
took place repeatedly during the daylight hours and caused low working periods of the electrolyzer.
Before each cycle/restart, the plant needed to be cleansed with nitrogen and then had to wait until
the pressure inside the electrolyzer reached the threshold value of 2.8 MPa. On the contrary, during
the days characterized by a clear sky, the electrolyzer worked continuously even if the hydrogen
production was affected by the solar radiation. Moreover, the measured required power increased
with the increase in the hydrogen rate flow (Figure 5), even if these two quantities were not directly
proportional due to the changeability of the Faradic efficiency ηF, which in turn was affected by the
operational conditions of the electrolyzer. Nevertheless, the measured required power showed a high
linearity versus the H2 rate flow. Indeed, a coefficient of determination R2 = 0.99178 is obtained fitting
these data through the following least squares second-degree polynomial:

Pr “ ´0.0145¨Q2
H2
` 0.3886¨QH2 ` 0.2082 (11)
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The Faradic efficiency ηF, evaluated by means of Equation (8), is reported in Figure 6. Probably this
result is due to the working manner of the electrolyzer, which had to continuously adjust itself to the
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changeable operational conditions without ever reaching steady–state requirements. Furthermore, the
mathematical model outlined by Equation (8) allows only an approximate approach that does
not consider the physical state of the electrolyzer (pressure, temperature, bubbling, electrolyte
concentration, etc.) therefore, we cannot evaluate appropriately the correlation between hydrogen rate
flow and the required stack power in transient regimens.
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The Faradic efficiency was higher than 90% for hydrogen production greater than 0.4 Nm3¨h´1

(Figure 6) and under these operational conditions, the power required by the electrolyzer was close
to its power rating of 2.5 kW (Figure 5). The energy efficiency, or thermal efficiency ηT , of the
electrolyzer under test was evaluated by means of Equation (9) and is reported in the histogram of
Figure 7. The model linked to this equation is rough because the change in enthalpy ∆H˝ is evaluated
at a standard temperature and pressure and assuming that hydrogen is an ideal gas and water is
an incompressible fluid; furthermore, its accuracy is affected by the experimental measurements.
Nevertheless, this empirical approach allows us to estimate the electrolyzer performance, and to
note that the energy efficiency of the electrolyzer increased in terms of 45% (from 0.46 to 0.67) in the
range 0.05–0.5 Nm3¨h´1 of the hydrogen flow rate (Figure 7). The greater values of energy efficiency
were linked to the highest hydrogen production rates even if these two quantities were not directly
proportional because its efficiency had continuous peaks and troughs as the hydrogen flow rate
increased. These registered values support the aforementioned working behaviour of the electrolyzer.
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Similar results are common in literature when testing hybrid systems comprising photovoltaic
panels and electrolyzer combinations [42]. The average energy efficiency of an alkaline electrolyzer
of 5 kW set-up in Zollbruck, Switzerland, inside a domestic system, was 62%, evaluated over three
summer days. Furthermore, after a morning with clear sky conditions, the first clouds in the afternoon
caused strong current variations in the electrolyzer [31]. Good results in terms of energy efficiency
of the electrolyzer with nearly all kinds of solar radiation profiles were obtained in a hybrid system
set-up in California, USA, used for aquarium aeration; the system was formed by 9.2 kW PV and a
medium pressure bipolar alkaline PEM electrolyzer and was tested during 11 months. The electrolyzer
energy efficiency was higher than 75% for more than 70% of daily averages and results of a single day
operations point out an average Faraday efficiency of 96% apart from starting and ending hours, when
the electrolyzer cycled on and off due to insufficient input current [43]. Furthermore, according to
testing results of a hybrid system built to provide electrical and thermal power to offices and residential
units, it was pointed out that on/off cycling of the electrolyser may cause degradation of the cell
electrode catalyst and, in view of the very rapid variations of power coming from the photovoltaic
panels, it was considered careful to employ advanced batteries to provide short-term energy storage
and minimise cycling of the electrolyser [44]. Also Zini and Tartarini [42], who briefly analysed several
case-studies, reported that, since the electrolyzer can be switched on and off frequently if input current
is highly variable, some back-up systems should be considered to stabilize electrolyzer input power in
order to increase overall system performance.

The acquired results highlight that the electrolyzer under study did not work efficiently because
of the irregular power from the solar energy. Consequently, this did not allow a suitable storage of
pressured hydrogen inside the steel tanks. It needs then to avoid shutdowns of the H2 production,
which require significant idle times before restarting. In this regard, Little et al. [44] reported that
when the electrolyzer is switched off, hydrogen in the cathode causes the potential of the cell stack
to reverse, generating corrosion of the cell membranes and reducing the lifetime of the electrolyzer,
even if a minimum current is also imposed to maintain the hydrogen gas purity. These operational
constraints of the electrolyzer require some form of short-term energy storage to smooth the short-term
fluctuations in electrical input. A different arrangement of the integrated power system could stem or
reduce those drawbacks even if further testing will be necessary to evaluate the feasibility of this new
technical solution. The battery bank able to supply 1200 Ah could be alternatively charged by the fuel
cell or by the PV modules (Figure 8). With conviction, the energy from PV daytime affected by the solar
radiation, should be accumulated by the battery bank; thus, there will be a continuous feed of current
to the electrolyzer. Using the connections shown in the arrangement of Figure 8a, the current coming
from the AC/DC rectifier, affected by changeable performance of the photovoltaic panels, feeds the
battery bank, which in turn is able to continuously power the electrolyzer. Therefore, this device
would operate correctly and produce a suitable flow rate of unbroken hydrogen stored inside the tanks.
Meanwhile, the same bank linked to the fuel cell and to the DC/AC up inverter would furnish the
geothermal heat pump. Employing the links reported in the arrangement of Figure 8b, the nonconstant
current produced by the fuel cells is stored inside the battery bank, which now is connected to the
DC/AC inverter and is able to continuously power the geothermal heat pump. This new layout of
the bank battery will be adopted in future tests and the performance of an integrated power system
will be evaluated once again during an autumnal-wintry trial period using only the electrical power
supplied by the PV modules.

The proposed improvement solution stems from the positive results of a study carried out through
simulations on the on/off-switching of the electrolyzer and fuel cell in an integrated power system
that employed a battery as a short-term energy buffer [12].
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4. Conclusions

The results obtained in these first trials allow some remarks about the performance and efficiency
of the alkaline barometric water electrolyzer within a greenhouse-integrated stand-alone heating
system including photovoltaic panels, hydrogen storage, fuel cell stacks and geothermal heat pump,
even if further experimental tests are required to better assess the electrolyser’s achievement:

‚ The electrical power supplied by the PV modules was greatly affected by the very unstable solar
radiation current during the test period;

‚ The electrolyzer worked without stopping during the days characterized by clear sky even if the
hydrogen production was affected by the daytime variability of the solar radiation;

‚ The electrolyzer worked continuously in a transient state producing fluctuations of the hydrogen
production, never reaching the steady–state conditions.

The performance of the electrolyzer could be improved by changing the arrangement of the
batteries bank so the electrolyzer could be alternatively charged by the fuel cell or by the PV modules.
The resolution does not require expensive technical modifications but needs further testing to evaluate
its feasibility and integrity. Moreover, the whole integrated power system is still in its developmental
stage, and it will have to go through a rigorous evaluation procedure that will take into consideration
its economic efficiency when feeding the geothermal heat pump for greenhouse heating.
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Nomenclature

F Faraday’s number (96485 C¨mol´1)
Iel the electrolyzer’s current (A)
n number of electrons transferred per hydrogen molecule (n = 2)
Nc number of cells in an electrolyzer’s stack
PhG the greenhouse’s necessary winter night time heating power (W)
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PcG conduction and convection power loss through the greenhouse covering system (W)
PvG air leakage/power loss from indoor to outdoor environment (W)
PiG power loss by radiation from the covering (W)
Paux required power by the auxiliary components of the plant (W)
Pd available power from PV modules (W)
Pgp required power by the geothermal heat pump (W)
Pwh waste heat power produced during water electrolysis (W)
Pr required power by the electrolyzer (W)
PPV available power from PV modules (W)
qH2 overall hydrogen production rate in the electrolyzer (mol¨ s´1)
QH2 hydrogen gas flow rate (Nm3¨h´1)
R2 coefficient of determination
T operating cell temperature (K)
U voltage supplied to the electrolyzer (V)
Uc actual voltage of the cell (V)
Urev reversible cell potential (V)
U0

rev standard state reversible cell potential (V)
Utn thermo-neutral potential (V)
U0

tn standard * thermo-neutral potential (V)
∆G change in Gibbs free energy (J¨mol´1)
∆G˝ standard change in Gibbs free energy (J¨mol´1)
∆H change in enthalpy of formation (J¨mol´1)
∆H˝ standard* enthalpy of formation (J¨mol´1)
∆S change in entropy of formation (J¨mol´1¨K´1)
ηF Faradic efficiency
ηT energy or thermal efficiency

* Temperature 298 K; pressure 105 N¨m´2.
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