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Abstract

The features and performance of a hydrogen energy storage system included in the microgrid powering
a plant for advanced green technologies is presented. The microgrid is powered by a 730-kW photovoltaic
source and four energy storage systems. The hydrogen storage system consists of a water demineralizer, a
22.3-kW alkaline electrolyzer generating hydrogen, its AC—DC power supply, 99.9998% hydrogen purifier,
200-bar compressor, 200-L gas storage cylinders, a 33—k W proton—exchange—membrane fuel cell running on
hydrogen, its DC—AC power conditioning system. The whole system is housed in three containers provided
with anti—salt filters to remove brine. The whole system is controlled by the microgrid system supervisor.
Operative tests at nominal power show that the round-trip efficiency of the hydrogen energy storage system,

is 8.7% with in pure electric operation and about 20.1% in a heat cogeneration operation.

Keywords: Energy storage system, hydrogen storage system, electrolyzer, fuel cell, microgrid



Acronyms

AEL
CHC
CHP
CSU
DOD
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ELU
EMS
ESS
FC
FCU
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INV
LHV
PCS
PEMFC
PFR
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PMS
PS
PSA
PV
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RTE
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Alkaline electrolyzer

Catalytic hydrogen combustion

Combined heat and power

Compression and storage unit

Deep of discharge

Electric generation unit

Electrolyzer

Electrolyzer unit (including power supply PS)
Energy Management System

Energy storage systems

Fuel cell

Fuel cell unit (including inverter INV)
Hydrogen energy storage system

Hydrogen generation unit

Fuel cell DC/AC inverter, constituting the PCS
Lower heating value

Power conditioning system (made with INV)
Proton—exchange membrane fuel cell

Plug flow reactor

Programmable logic controller

Power Management Systems

Electrolyzer AC/DC power supply

Pressure swing adsorption

Photovoltaic system

Renewable energy sources

Round trip efficiency

State of charge

Solid oxide fuel cell

1. Introduction

Until the 1990s, electricity grids were of the “hierarchic” type, meaning that energy was produced in
large power plants and transmitted over distances (often long distances) to the final users [1-3]. This approach
causes large concentrations of pollution, if the power plant run on fossil fuels, and losses along transmission

lines [4,5]. Today, the need for mitigating climate change, claimed in several occasions as at the COP26
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conference in Glasgow in Fall 2021 [6] and the concern on limited access to strategic fossil energy
commodities, emerged loudly with the tragic event in Eastern Europe in Winter 2022, call for a fast transition
to decarbonized energy sources and a dramatic reduction of the dependance on foreign energy supply, as stated
in the new REPoweringEU program of the European Union. In this framework, distributed generation (DG)
powered by renewable energy sources (RESs) are assets of choice [7-10]. DG includes small generation plants
and energy storage systems located near users and capable of: 1) providing support to the medium voltage
distribution grid which they are connected to; 2) reducing the losses associated with electricity delivery along
transmission and distribution lines [11]. In such an innovative energy generation and delivery paradigm
electricity flows are no longer unidirectional (or hierarchical) but bidirectional, because of local energy
generation and storage, in addition to consumption. This paradigm materializes in smart grids, where
information and communication technologies manage optimal energy flows [12,13] and consumer contribute
to electricity generation with their own RES systems, thus acting as prosumers [14]. The above concept is
implemented also in local grids capable of working autonomously as microgrids [15-17], namely, electric
systems capable of interconnecting users and distributed generation sources within a defined perimeter, acting
as a single controllable entity with respect to the grid (i.e., the national electricity system) [18,19]. A microgrid
has the ability to operate both connected to the grid and disconnected from it, in the “off—grid” or “islanded”
mode. In such a system, it is pivotal that generation, storage and user units are connected not only from an
electrical point of view, but also at information level through the Energy Management System (EMS) that
interacts with Power Management Systems (PMSs) of the grid key units [20-22]. In order to meet the user
demand while in the islanded mode, the microgrid must operate in full autonomy ensuring an adequate level
of power quality, i.e., stable frequency and voltage and low harmonic content, which involves a smart
interaction between EMS and PMSs [23-25]. In some contexts, a microgrid is designed to work exclusively
in islanded mode, with no connected to the grid, e.g. in remoted areas [26]. Microgrids are becoming
increasingly popular not only because of their performance and control capacity, but also thanks to their
advantages from the economic and environmental points of view [27, 28]. In particular, low—impact
microgrids, which include generation from RESs and energy storage systems (ESSs) are progressively
spreading driven by: 1) environmental sustainability of the energy supply from decarbonized sources; 2) cost

decrease RESs (e.g. photovoltaic and wind power plants) and of ESSs; 3) development of intelligent control



systems, which allow the management of power flows toward users and ESSs, resulting in reduced costs of

energy supply; 4) importance in the electrification of rural areas in developing countries [29-31].

In the framework of such evolution, the Italian Ministry for the Environment and the Protection of the
Territory and the Sea (MATTM) and the Municipality of Venice (Italy) signed an agreement on 29 December
2010 for the implementation of low—impact renewable pilot plants in the Certosa Island of the Venetian Lagoon
and in the area of Fusina—Marghera, in Venice mainland. The latter consisted in a redevelopment project of a
compromised industrial site, where Veritas (Veneziana Energia Risorse Idriche Territorio Ambiente Servizi)
SpA was appointed to build a multi—technology pilot plant, with financial support from MATTM [32]. The
plant, called GPLab, had to include advanced facilities for the production of energy from renewable sources
and innovative energy—related technologies (Fig. 1). GPLab is now built and in operation. Few examples of
the implemented pilot systems are outlined hereafter. A prototype green chemistry system produces biofuels
based on a photobioreactor that enhances the growing of microalgal strains collected and selected from the
Venetian lagoon and marine environment. These microalgae can then be used to generate biodiesel, hydrogen,
biogas, and bioethanol. The PHOENIX-P2G project converts electricity into a gaseous fuel, such as methane,
by means of bacteria and ultrasound, to experiment an alternative energy storage technology. A CO»
supercritical system absorbs microalgal lipide that is used in biodiesel production through a transesterification
process. All these pilot systems intend to promote “green” industrial development and to demonstrate that
green economy can be profitable, although often overlooked by conventional chemical engineering at present

[33].

The GPLab is powered by by a microgrid fed from RESs and ESSs, namely a 730-kW photovoltaic
system (PV), while a 170-kW third—generation biodiesel generator fed from waste oils and microalgae is
planned. The microgrid includes four ESSs based on different technologies: a Li—ion battery rated 300 kW and
171 kWh, a So—Ni—Cl battery rated 60 kW and 128 kWh, a Pb—A battery rated 40 kW and 101 kWh, and a
electrolyzer—hydrogen—fuel cell (ELHFC) rated 20 kW and 34 kWh [32]. A fifth ESS using all-vanadium flow
battery is planned. All these power units are connected to the 3—phase 400 V AC bus. Hydrogen is involved in
three units of the GPLab, namely the electrolyzer-hydrogen- fuel cell (ELHFC) that constitutes the hydrogen
energy storage system (HESS), the pilot unit extracting hydrogen from biodiesel and a pilot multidrive vessel

powered by a fuel cell fed with hydrogen. This paper is focused on HESS. In Section 2 a detail description of
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HESS is given and in Section 3 a brief introduction to the control strategies of the microgrid is presented.
Section 4 reports the performance of the whole HESS and Section 5 presents the operation data of HESS and

his components, with a focus on efficiency.
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Fig. 1 — Schematic of the Veritas microgrid at the GPLab in Venice. Colors have the following meanings: azure are the
local services (building lighting, conditioning, ...); orange/yellow are the power sources of the microgrid consisting of a
photovoltaic system (PV) and energy storage systems (ESSs); green/gray are the loads of the microgrid, consisting of
carbon—free low—emissions pilot technologies; and red represents a prototype multidrive vessel powered by a fuel cell fed
with the hydrogen generated in the lab. The red lines represent the 3—phase 400 V AC microgrid bus, where all units are
connected in parallel. Courtesy of IEEE — Industrial Electronic Magazine [32].

2. Hydrogen energy storage system (HESS) architecture

A typical hydrogen energy storage system performs three fundamental operations [34-36]:

1. generates hydrogen and oxygen from pure water by consuming electric energy;
2. compresses and stores this hydrogen, while oxygen is usually released in the air;

3. generates electric energy by converting hydrogen and (atmospheric) oxygen into pure water.

In the case of the Veritas HESS, it was decided to install the devices which perform these operations

in three containers, one for each operation (Fig. 2), provided with anti—salt filters to segregate the devices from



the coastal brackish air and ensure durable performance. In addition, three containers limit fault propagation
and allow climatizing independently the devices. Fig. 3 shows the HESS process flow diagram. The first
container (Fig. 3a) houses the hydrogen generation unit (HGU), where water is demineralized and supplied to
an electrolyzer (EL) generating hydrogen that undergoes a three—step purification. The HGU components and
operations are detailed in Section 2.1. The second container (Fig. 3b) houses the compression and storage unit
(CSU), where hydrogen is compressed and stored. The CSU components and operations are detailed in Section
2.2. The third container (Fig. 3¢) houses the electric generation unit (EGU), where hydrogen and filtered air
are supplied to a fuel cell (FC) and the generated electric power is conditioned for grid connection by a DC—
AC inverter. A part of the heat of the water produced by the FC is recovered by a heat exchanger to perform a

combined heat and power (CHP) generation. The EGU components and operations are detailed in Section 2.3.

it

b) GPLab

c) container 1: d) container 2: e) container 3:
hydrogen generation unit compression and storage unit electric generation unit

Fig. 2 — GPLab and HESS: a) a satellite view of the laboratory (source: Google Maps); b) laboratory building; ¢) Convert:
hydrogen generation unit (HGU), where hydrogen is generated and purified; d) Store: compression and storage unit

(CSU); e) Power: electric generation unit (EGU).
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Fig. 3 — HESS process flow diagram: container 1 houses the Hydrogen Generation Un it (HGU), consisting of a water
demineralizer (1), a water tank (2), an electrolyzer (3), a three—stages H> filter (4,5,6) and a AC-DC power supply fed
from the microgrid busbar (a); container 2 houses the Compression and Storage Unit (CSU), consisting of a gas booster
compressing hydrogen to 200 bar (7) and a storage system made of four tanks (8); container 3 houses the Electric
Generation Unit (EGU) consisting of an expansion valve (9), an air filter (10), a fuel cell (11), a heat exchanger (12) and
a DC-AC inverter feeding the microgrid busbar (b). A microgrid Energy Management System (EMS) supervises the

whole process (¢).



2.1 Container 1 — Hydrogen generation unit (HGU)
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Fig. 4 — HGU (container 1) — Water demineralizer: a) demineralizing device; b) three—step working principle, consisting
of a sediment filter blocking particles up to 10 pm in size, a reverse osmosis equipment eliminating chemical species

dissolved in water, and an ion exchange resin filter removing ions hazardous for the electrolyzer active materials.

The first container houses the hydrogen generation unit (HGU) consisting of a water demineralizer,
an electrolyzer (EL) and a hydrogen purifier (Fig.3a). Fig. 4 shows the demineralizer (Osmo—lab UPW 2,
Tecno—lab S.r.l., Italy) that performs a three—stage water filtering. The first stage uses a sediment filter to
remove particles up to 10 um in size, because particles such as sand grains can clog the flow—channels of the
electrolyzer resulting in severe damages. The second stage uses a partially permeable polymer membrane to
remove any chemical species suspended or dissolved in the water, such as sodium chloride. In this process,
called reverse osmosis, a reverse pressure is applied to overcome the osmotic pressure of salt water, which

depends on the solute concentration according to:



Posmotic = ICRT (D

where 7 is the Van’t Hoff constant, ¢ is the solute concentration, R is the ideal gas constant and 7 is the
temperature. In the third stage an ion exchange resin filter removes specific ions, such as calcium and
magnesium, to avoid precipitation inside the electrolyzer and poisoning of its active materials. Fig. 4b shows
that in such process an ion is desorbed for each ion adsorbed in the resin. In this system, sodium is the ion

desorbed, which does not cause any side effect in the electrolyzer.

0.00 —— ]
02/11-12:37  02/11-12:47  02/11-12:57  02/11-13:07

0, tanks 2

0, tanks 1

Heat exchanger

d)

to filters

Oxygen -

Tank 2

Hydrogen
Tank 2

Oxygen Tank 1

AC-DC
Demi water power supply

Fig. 5 - HGU (Container 1) — Hydrogen generating electrolyzer: a) cabinet housing two electrolyzers, four low—pressure
tanks (< 10 bar), a heat exchanger and a control system; b) control panel; ¢) cabinet internal view revealing two
electrolyzers, a heat exchanger and two oxygen tanks (two hydrogen tanks are hidden in the back); d) operating scheme

of the electrolysis device.



Demineralized water is stored in a tank to be pumped into the electrolyzer (Fig. 3a). An alkaline
electrolyzer (AEL) Mod. G6 by ErreDue S.p.A (Italy) was adopted that uses a potassium hydroxide (KOH)
solution as electrolyte and consists of two stacks in series, each of 70 cells with an active area of 450 cm” and
a power density around 0.35 W ¢cm ™. The electrochemical reactions which occur at the cathodes (negative

poles) and anodes (positive poles) of the cells forming the stacks are respectively [37]:

4H,0 + 4e~ - 2H, + 40H~ E? =-0.83V vs SHE (2)
40H™ - 0, + 2H,0+4e" ES =+040V vs SHE 3)
and the overall reaction is:
2H,0 - 2H, + 0, E%, =E®—E2=-123V  vsSHE (4)
Water electrolysis in hydrogen and oxygen is an unspontaneous endothermal reaction, as attested by
the negative cell potential of the overall reaction (4), which takes place only if energy is supplied. To this aim,
the AEL is powered by an AC-DC power supply (PS) fed from the 3—phase 400 V AC microgrid bus, which
forms the AEL unit (ELU) together with the EL. The manufacturer datasheet reports that the Mod. G6 AEL
unit consumes a rated electrical power of 22.3 kW in producing a rated hydrogen flowrate of 4 Nm® h™' [38].

The efficiencies 77z; of the EL, 7ps of the PS and 7z.v of the whole electrolyzer unit ELU (EL+PS) are:

_ . _ Pgr-H2 _ Ppsout
= NEL Nps with  ng =—"== .,  npg =" )
ELel PSin

PEL-H2
Ppsin

NeLy =
where Prr.m2 is the lower heating value (LHV) rate of the generated hydrogen, Pz« is the electric power
consumed by the EL, Ppsous = Prrer 18 the electric power delivered by the PS to the EL, and Ppg;y is the electric
power consumed by the PS. Given the nominal values provided in the datasheet (reported above) and a H»
LHV = 33.322 Wh/kg, a nominal value 77z,0=54% results. By assuming a reasonable 77ps = 90%, 17z:=60% is
deduced for the sole electrolyzer, which is a pretty good figure for industrial EALs. According to the
manufacturer information, 7ps and 7z are increasing and decreasing functions of the operating power,
respectively, and their combined effects result in a 7z.v increasing with power [39]. A heat exchanger (Fig.
5¢) fed with internally released heat supplies the electrolyzer to keep its temperature in an optimal range of
50-60 °C. Generated hydrogen and oxygen are temporarily stored in two tanks (tank 1 and tank 2 in Fig. 5).
When the gas pressures in these tanks reach of 10 bars, oxygen is vented out while hydrogen is moved to the

purifier.
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Fig. 6 — HGU (Container 1) — Three-stage hydrogen purifier. Picture a) stage 1: gas filter with active carbon and stage 2:
reactor for catalytic hydrogen combustion eliminating any traces of other gases (e.g., oxygen) and consuming 8% of
hydrogen. After this stage a chiller cools down the gas at circa 5 °C. Picture b) stage 3: two columns providing the pressure
swing adsorption process with activated alumina eliminating any traces of water resulting from hydrogen combustion. A

dew point of =70 °C is reached. After the filtering process, hydrogen presents a purity level of 99.9998%.

The hydrogen generated by the EL is processed by the purifier to remove oxygen, water vapor and

other gases to a purity 0of 99.9998%. This high figure is obtained through the three—stage process shown in Fig.
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6. In the first stage an active carbon filter captures different gases, such as carbon dioxide (CO,) and carbon
monoxide (CO), which can poison the FC active materials, notably the precious—metal catalyzers. The second

purifying stage consists of a catalytic hydrogen combustion (CHC), performing the reaction [40]:

2H, + 0, - 2H,0 (9) AH? =-241.8 k] mol™ (6)

This strongly exothermal reaction eliminates molecular oxygen (O;) from hydrogen. Different
catalysts can be used, and most of them are Pt—based catalysts, which allow that this combustion takes place
at low temperature (in the range 35-90 °C), improving the safety and the controllability of the process [40].
The reaction takes place in a plug flow reactor (PFR) sized to trigger a self—fed process when the electrolyzer
reaches about 8% of its nameplate power. 8-10% of the hydrogen is burned in this reaction while a chiller
cools down the remaining outlet hydrogen to 5 °C. The third stage is a pressure swing adsorption (PSA) process
activated with alumina which ensures an optimal hydrogen drying, removing the steam produces in the
electrolysis. Alumina is contained in two adsorption columns which work alternatively: in one column alumina
adsorbs the steam while in the second column it undergoes a regeneration process that reactivates it for the
next adsorption. This third stage provides a hydrogen dew point of —70 °C, suitable for compressing hydrogen

at a pressure of 200 bar in the storing tanks with no condensation.

Water demineralizer and its pump, hydrogen purifier with chiller and container ancillaries have their
power consumption P4pp; that adds to the ELU consumption to give the total consumption Prcu = Pps.in +
P.pp; of the HGU in container 1. In addition, due to the hydrogen burned in the purification process, a larger
hydrogen quantity must be produced respect to the stored one. Correspondingly, the efficiency 7mcu of the
HGU is lower than the efficiency 7zrv of the ELU expressed in eq. (5) and can be derived from this expression

by substituting Ppsi, with Prcy and the Per_m with Prcu-mo:

_ PHGu-H2
Nueu = —,
HGU

_ . _ Ppsin PHGU-H2 __ Ppsin PgrL-H2—PH2comb
= NgLwNappr With  Nappy = 3 b i (7
HGU PEL-H2 psintPapp1 PEL-H2

where 74pp; 1s the efficiency related to the HGU additional devices, clearly lower than 100%. Similar

expressions hold for the energy efficiencies of a whole process of energy storage, provided that the energies
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W, i.e. time integrals of powers P, replace powers. If the operation is managed at constant powers, such energy

efficiencies equate the corresponding power efficiency.

2.2 Container 2 — Compression and Storage Unit (CSU)

Outlet H, (High pressure)
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Inlet/outlet Air —l l— Inlet/outlet Air
? Y
N Air section

i

Air-driven gas booster

Inlet H, (Low pressure)

Fig. 7 — CSU (Container 2) — Storage system: a) standard Hy—COMP XT HP skid for analog signals controlling the
compression of hydrogen at the air—driven gas booster; b) air—driven gas booster; c) storage tanks with a total volume of

200 L; d) schematic of the air—driven gas booster.

The second container houses the compression and storage unit (CSU) (Fig. 7). Compression is
produced by an air—driven gas booster (Hydraulics International, INC., USA) namely a double—action piston
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pump in which a large piston, powered by low—pressure compressed air, drives two reciprocating slim pistons
compressing hydrogen at a pressure up to 220 bar (Fig. 7d). A Hy—COMP XT HP skid (H2planet, Italy) driven
by a programmable logic controller (PLC) controlling the inlet and outlet booster pressures via voltage—free
contacts and analog signals to regulate the gas flow rate up to 3.1 Nm® h™'. High—pressure hydrogen is stored
in an array of four 50-L cylinders capable of 220 bar, fed through a valved manifold connected to the gas
booster (Fig. 7¢). In operation, the hydrogen pressure in the tanks is actually kept between 40 bar and 200 bar,
resulting in a storage capacity of 200 L at 200 bar and a depth of discharge DoD = 80%. The lower limit
ensures a proper and efficient FC operation, while the upper limit constitutes a safety margin with respect to
the 220-bar tank maximum value. The mass of hydrogen produced and stored in the tanks can be calculated

by the Van der Waals equation of state [41]:

nRT n? . 27 R?T? RT,
= -a— with a=——+= , b= —
V-nb 14 64 P, 8P,

(®)

where P is the pressure, V is the volume, T is the temperature, R =8.314 J mol™' K is the ideal gas constant
and n are the moles of hydrogen. T, = 33.19 K and P. = 1.313 MPa are the hydrogen critical temperature and
critical pressure, respectively. Table 1 reports the quantity of hydrogen stored in the four tanks at different
operating pressures, taken from the manufacturer datasheet.

Tab.1: Quantity of hydrogen stored in the four tanks at different operating pressures

Pressure [bar] 10 50 100 150 200 220
Quantity [Nm®] 1.86 9.08 17.62 25.66 33.22 36.11

Considering the hydrogen lower heating value LHV = 33.322 Wh/kg, 33.22 Nm® (m = 2.93 kg) of
hydrogen stored at the maximum operating pressure of 200 bar contains the stored energy Wu> = 99.43 kWh,
[41]. In the compression process, the quantity and thus the energy Wu> = Wru.mz of the stored hydrogen do
not change from the value delivered by the HGU, but the energy Wesy used in compressing the gas in the CSU
increases further the power demand of the storage process Wi, = Wesu + Wrgu. Correspondingly, the efficiency
nsto of the whole storage system (HGU+CSU) is lower than the efficiency nucu of EGU expressed in eq. (7)

and can be derived from this expression by substituting Wrey with W,

WHeu-H2 _ Wneu _ Wheu

0 = ————= =1y with = 9
Nsto W NHGU Ncsu Ncsu Wi Whev+Wesy )
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where 7¢suis the efficiency of the CSU, clearly lower than 100% due to the consumption in the compressor
and auxiliaries. More generally, all efficiencies considered in egs. (5), (7) and (9) imply that every phase and

component of the H» storage process shrinks the overall efficiency.

2.3 Container 3 — Electric Generation Unit (EGU)

N
ﬁ N
ESTINTORE

Fig. 8 - EGU (Container 3) is divided in two zones, hosting the PEM fuel cell system and the DC—AC inverter: a) PEMFC
with the air filtering device and heat exchanger; b) DC—-AC inverter and the electrical switchboard forming the power

conditioning system (PCS).

The third container houses the electric generation unit (EGU) and is divided in two compartments, one
hosting an expansion valve that reduces the hydrogen pressure in a dissipative process, the FC, its air filtering
system and heat exchanger, and the other compartment hosting the power conditioning system (PCS) and the
electric switchboard and connection to the 3—phase 400 V AC microgrid bus (Fig. 8). The FC is a PEM type
(PEMFC) HyPM®HD30 by Hydrogenics (CAN) that uses proton—exchange membranes (PEMs) as an
electrolyte and consists of 120 cells with an active area of ca. 19 cm x 40 cm. It works on hydrogen and air
which are fed at a pressure of 10 bars, the latter being filtered to prevent catalyst poisoning from coastal brine.
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The electrochemical reactions taking place at the cell anodes (negative poles) and cathodes (positive poles) are

respectively:
2H, > 4HY + 4e™ Ed=0V vs SHE (10)
0, + 4H* + 4e~ - 2H,0 E? =+1.23V  vsSHE (11)

and the overall reaction is:
2H, + 0, - 2H,0 ES,, =E2—E2=+123V vsSHE (12)

The efficiency 7rcof a FC is:

P e
Nrc = el (13)

PFc-H2
where Prc.. is the electric power delivered by the FC and Prc.i is the lower heating value (LHV) energy rate
of the consumed hydrogen. Due to internal losses, this efficiency decreases with increasing the load current
(and power) [39]. The HyPM®*HD30 datasheet reports a maximum electrical power of 33 kW and a nominal
(maximum) efficiency of 53% at 9 kW, that reduces at 37.7% at maximum power [42]. Since 1.5 kW of the
generated electric power are consumed in internal FC services, the FC delivered electric power is Prc.=31.5
kW. The exothermal reaction (12) produces an entropic thermal power Wrc.pea: = 52 kW, that is removed by
means of a cooling circuit fed with demineralized water. About 67% of this power is recovered and used in air
conditioning the GPLab in a combined heat and power (CHP) generation that raises the overall FC CHP
efficiency at full power to 73.6%. A DC—AC inverter operates as PCS of interface to the grid, i.e. manages the
stack power flow by stepping up the 60—120 V DC stack voltage and converting it to 3—phase 400 V AC. The
manufacture datasheet reports a maximum efficiency 7pcs = 89.3% at an input power Ppcsin = 11.2 kW that
gradually reduces at 84.1% at the maximum input power Ppcsin = 31.5 kW, so that the maximum power

delivered is Ppcsous = 26.5 kW, given its efficiency 7pcs:

_ Ppcsout
Npcs = 5 (14)
PCSin

Since the inverter is fed with the net power generated by the FC, Ppcsin = Prces, the efficiency 7rcu of the whole

FC unit FCU (FC+PCS) is:
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P
Nrcu = % = TMNFc Npcs (15)

Given the PEMFC and PCS rated values reported above, eq. (15) implies that the FCU delivers a
maximum power Ppcsow:=26.5 kW at maximum FC power Prce = 31.5 kW, with an electric efficiency 77rcv =
31.7%. The power P4pps;consumed by the fluid-circulation pumps reduces the generated power to give the net
released power Py = Ppscour — Papps of the EGU in container 3. Correspondingly, the efficiency 7z¢u of the
EGU is lower than the efficiency 7rcv of the FCU shown in eq. (15) and it can be derived from this expression

by substituting Pipcsous With Poy:

Pout _ Ppcsout—Papp3 (16)

NeGgy = = NrcuNapp3 with Napp3 =

Prc-Hz Ppcsout Ppcsout
where 74pp31s the efficiency related to the EGU additional devices, clearly lower than 100%. Also in this case,
similar expressions hold for the energy efficiencies of a whole process of energy delivery, provided that the

energies W, i.e. the time integrals of powers P, replace powers. In an operation managed at constant powers,

such energy efficiencies equate the corresponding power efficiency.

3. HEES Control

Since the HESS is included in the microgrid of the GPLab, it is operated together with the other
microgrid power systems by a central control system, the energy management system (EMS), that incorporates
advanced strategy to guarantee high levels of reliability and efficacy [32]. Major issues for the safe operation
of the microgrid include: 1) maintaining the stability of the microgrid to minimize the probability of failures,
interruptions and blackouts; 2) control voltage and frequency in the any critical operating modes (such as off—
grid, black start, grid connection, etc.; 3) managing bidirectional power flows within the microgrid; 4)
minimizing the operating costs of the energy source; 5) synchronizing the microgrid with the grid (connected
mode); 6) managing the power flows between microgrid and while purchasing/selling electricity from/to the
grid based on actual prices of the electricity market. To ensure flexible and effective operation, the control
system of a microgrid must include: 1) a telecommunication system that interconnects all the microgrid
systems; 2) data systems capable of efficiently producing and exchanging data and measurements; 3) advanced

control algorithms; 4) decision support and human interface.
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Fig. 9 — Hierarchical structure of the microgrid highlighting the master PMS, the slave PMSs, the PMS dedicated to grid
connection and the EMS. Courtesy of IEEE — Industrial Electronic Magazine [32].

To perform these tasks, the GPLab microgrid uses a 3—level hierarchical architecture with an Energy
Management System (EMS) at top level and Power Management System (PMS) in each system (RESs and
ESSs) at medium level [31-32]. Since all units are connected in parallel to the microgrid bus (Fig. 9), only one
PMS acts as a master system, while all the others, including HEES, act as slave systems, thus avoiding
instabilities and critical conditions to the microgrid. The master system is the PMS of the 300-kW Li—ion ESS,
which can operate in two ways, i.e. as a voltage source when the microgrid is islanded (off—grid mode)
supplying the bus voltage reference to all slave systems and as a current source when the microgrid is connected
to the grid (on—grid mode) that provides the voltage reference to the microgrid. All slave ESSs operate as
current sources, in both off—grid and on—grid modes. The control logic conforms a hierarchical structure, alike
its physical architecture, following the different importance and needed timing of the control functions.
Accordingly, the HESS PMS performs autonomously a primary level control, which uses local measurements,
reacts immediately to local events with predefined action, and does not require any communication. In

addition, the HESS PMS commands secondary and tertiary level actions, under the control of the EMS.
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4 HESS nominal performance

In the implemented configuration described in Section 2 and in the framework of the microgrid control

architecture described in Section 3, the HESS provides the following functions and performance:

1. it consists of three main units housed in three independently climatized containers allowing to apply
differentiated climate control aimed at optimized unit operation;

2. generates and compresses up to 3.1 Nm® h™' of 99.9998% pure hydrogen;

3. stores 200 L of hydrogen at a pressure up to 200 bar;

4. provides brine—free air to the FC to ensure long operative life;

5. generates electric power up to 26.5 kW;

6. discharges the stored hydrogen down to 40 bar, reaching a depth of discharge (DOD) of 80%;

7. recovers 35 kW of thermal power from the FC and uses it in a CHP process to air conditioning the GPLab
building;

8. allows remote control of both hydrogen and electricity generation from the microgrid EMS for a flexible

and efficient management of the HEES.

Table 2 summarizes the nominal data of the units forming the HESS, as provided by the manufacturers.

Tab.2: Technical data of the main units and components of the HESS as stated by manufacturers

Values Units
Water demineralizer
Demi water consumed 4 Lh'!
Demi water quality 5 uS cm™!
Electrolyzer (EL) and AC-DC power supply
Maximum hydrogen flow rate 4 Nm' h!
Maximum consumed power 223 kW
Noisiness 72 db
Hydrogen purifier
Work pressure 10-12 bar
Dew point of outlet H> =70 °C
Consumed power 2.70 kW
Compressor
Inlet H> pressure 8-12 bar
Maximum outlet Hz pressure 220 bar
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Operative outlet H» pressure 200 bar

Hydrogen flow rate 3.1 Nm' h!
Consumed power 7.5 kW
Fuel cell (FC)

Current 0-500 A
Voltage 60-120 v
Nominal (gross) electric power 33.0 kW
Net maximum electric power 31.5 kW
Maximum electric efficiency at 27% of max power 53.0 %
Electric efficiency at nominal power 37.7 %
Maximum generated thermal power 52.0 kW
Temperature of the outlet cooling liquid 50-70 °C
DC-AC Inverter

Input voltage 5-200 V DC
Input current 0-500 A DC
Output voltage 400 V AC
Maximum input power 31.5 kW
Maximum output power 26.5 kW
Maximum electric efficiency at 28.5% of max power 89.3 %
Electric efficiency at 100% full power 84.1 %

4.1 HESS instrumentation

The instrumentation of the HESS allows monitoring, control and testing the whole system. Power
analyzers QNAS500 by Asita srl (Italy) measure the voltage, current, and electric power exchanged by the
containers which house the subsystems HGU, CSU and EGU and provide relevant figures including active,
reactive, apparent powers, power factor, and active and reactive energies at a precision of +0.2% in compliance
with ISO50001, ISO14001 and IEC 62053-22 standards. Hydrogen flow rates in HGU and EGU are computed
from the EL and FC electric currents via the stoichiometry of reactions (2) and (10), respectively. A Siemens
Pressure Transmitter 0-400 Bar 4-20 mA measures the pressure of the hydrogen produced in the HGU. Two
thermometers by Fimet provide the cooling water temperatures at the inlet and outlet of the FC heat exchanger
at a precision of 2 °C while the cooling water flow rate in the heat exchanger is provided by Grundfos Magna3

electronically controlled pumps. From these last measurements the FC thermal power is computed.
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4.2 HESS Round trip efficiency

A round-trip operation consists in an energy charge-discharge cycle in which: a) a hydrogen mass m
containing the energy Wi, = m LHV is generated, compressed, and stored (; b) the same hydrogen mass m is
discharged to release its stored energy. Since the same hydrogen mass m generated in charge is used in
discharge, Wi, corresponds to the energy Wrgu.n2 of eq. (7) and to the energy Wrc.n» consumed by the FC at
the rate Prc.m2 0f eq. (13). In the charging process the overall consumed electrical energy Wey = Wi, is provided

by the grid and, by applying egs. (5), (7) and (9), the charge efficiency results:

New =3, £ = 1gL Nps Napp1 Nesu (17)
CH

In the discharge process the same stored energy Wi is discharged to the grid through the FC and PCS,

at the net of the auxiliary consumption Wpis=W,. at the rate P, of eq. (15). By applying egs. (13), (14), (15)

and (16), the discharge efficiency results:

w
Npis = WLHIZS = Nrc Minv NaDD3 (13)

The round-trip efficiency RTE of a whole charge-discharge cycle of a storage system in the ratio
between the net energy released in discharge and the total energy consumed in charge. By combining egs. (17)

and (18), the RTE results:

w
NrT = ﬁ = NpisNca = NeL MpsNabp1 Nesu Mrec Ninv Nabp3 (19)

all factors forming the right-hand side being lower than 100%. In the case of a CHP operation, the heat

produced by the FC and recovered Wrcnea: adds to the net released electric energy Wpis and the RTE becomes:

NRT—cHp = WDIS"V;/WFCheat = Nr + Wl;li—heat (20)
CH CH
5. HESS operation

The HESS has undergone test campaigns to assess its performance. Operations were run in steady
state conditions, thus avoiding the issues which may arise from highly dynamic operations [29]. Experimental
profiles of the electric power exchanged in the HGU+CSU and EGU together with stored energy and state of

charge (SOC) in a typical operation are reported in Fig. 10. SOC is here defined as the ratio between the
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available and the maximum hydrogen stored moles n/ny, namely, in isothermal conditions, the ratio between
the actual and nominal hydrogen pressures, so that SOC=100% indicates a tank pressure of 200 bar. The x-
axis indicates the time needed to charge/discharge from 40 bar to 200 bar and vice versa. The charge process

is carried out at an average consumed power of 29,03 kW over 12.5 hours (Fig.10a), consuming a total energy
of 363 kWh (Fig.10c). Although the ELU generation potentiality is 4 Nm3 h™', the charge process was run at

3.1 Nm3 h™" due to bottleneck flow rate of the compressor. A slowdown in the compressor operation at ca. 500
minutes is shown. After charge, the EGU operated for 1.2 hours to discharge the tanks from 200 bar back to
40 bar, generating an average power of 26.5 kW (Fig.10b) and an electric energy of 31.53 kWh (Fig.10d).

Taking the ELU system at steady power required ca. 25 min.
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Fig.10 — Experimental power and energy profiles during a typical charge—discharge cycle. a) Electric power consumed
by the HGU+CSU in hydrogen production and storage — fluctuations are mainly due to the high-pressure compressor; b)
electric power produced by the EGU during discharge; c) electric energy consumed by the HGU+CSU in an energy
storage process SOC from 20% to 100% (hydrogen pressure from 40 bar to 200 bar); d) electric energy generated by the
EGU during a discharge process with SOC from 100% to 20% (hydrogen pressure from 200 bar to 40 bar).
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Tab.3: Summary table of the performance of the HESS during average operation and nominal conditions.

Nominal Experimental
Item Units values values
Hydrogen Generation Unit — HGU
H: flow rate Nm’ b 4.0 3.1
H: energy flow rate kW 12.0 9.28
ELU consumed power kW 223 17.5
ELU efficiency % 54.0 52.9
Duration of charging operation h 9.6 12.5
ELU consumed energy kWh 215 225
H: purifier consumed energy kWh 29.6 544
Generated hydrogen volume Nm’ 38.6 38.6
Generated hydrogen energy kWh 115.6 115.6
Net hydrogen volume Nm’ 33.22 33.22
Net hydrogen energy kWh 99.43 99.43
HGU efficiency % 40.7 35.6
Compression and Storage Unit — CSU
H; flow rate Nm’h™! 3.1 3.1
Energy consumed in H> compression kWh 78.4 78.4
Energy consumed by auxiliary items kWh 4.6 4.6
Compressed hydrogen volume Nm’ 33.22 33.22
Compressed hydrogen energy kWh 99.43 99.43
CSU efficiency % 54.5 54.5
Electric Generation Unit — EGU
Supplied hydrogen energy kWh 99.43 99.43
PEMFC net generated electric power kW 31.5 31.5
PEMFC electric efficiency at maximum power % 37.7 37.7
Duration of discharging operation h 1.2 1.2
PEMFC generated electric energy kWh 37.5 37.5
DC-AC Inverter efficiency at maximum power % 84.1 84.1
Electric energy generated by the FCU kWh 31.5 31.5
PEMFC generated useful thermal power kW 35.0 35.0
PEMFC generated useful thermal energy kWh 41.6 41.6
Energy consumed by auxiliary items kWh 1.25 1.25
Energy efficiency of EGU — electric only % 313 313
Energy efficiency of EGU — CHP mode % 72.7 72.7
HESS - RTE - Cycle efficiency (electric only) % 9.2 8.7
HESS — RTE — Cycle efficiency (CHP) % 21.3 20.1
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Fig.11 — Energy flow diagram of the HESS in normal operating condition.

Measured and deduced performance value of the system devices and of the whole HESS in a typical
operation are reported in Tab. 3, whereas fig.11 shows an energy flow diagram. The experimental efficiencies
were obtained from devices datasheets or computed from the energy measurements, based on the expressions
given in the previous equations. The RTE efficiency was computed as the ratio between the net energy
delivered by the EGU (either electric or electric plus heat) and the total energy consumed by the HGU and
CSU according to egs. (19) and (20). In the charge phase, 33.22 Nm® of hydrogen (containing 99.43 kWh of
energy) were generated, compressed, and stored, and to obtain this outcome 225 kWh were consumed in the
ELU, 55 kWh in the purifier and auxiliaries and 83 kWh in the compression unit, which sum up to ca. 363
kWh. The energy efficiency of the ELU was 52.9% and the energy efficiency of the whole HGU was 35.6%.
Compression and storage resulted particularly energy consuming, with an efficiency of 54.5%. In the discharge
phase, the FCU generated an electrical energy of 31.53 kWh at an efficiency of 31.7%. Due to other internal
consumption, the EGU efficiency resulted in 31.3%. In addition, 41.6 kWh of thermal energy were recovered
and used for air conditioning in a CHP mode, that raised the EGU efficiency of 72.7%. As a result of such
charge/discharge operation, the round-trip efficiency (RTE) of the HESS resulted of 8.7% in the electric mode

and 20.1% in the CHP mode. The different charge and discharge times, 12.5 h and 1.2 h, respectively, depend
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partially on the different operating power of the EL and FC, ca. 20 kW and 33 kW, respectively, and mostly
on the low RTE of the HESS, which implies W,,; =8.7% Wi,. Some further comments on the system efficiency
are worthwhile. Just considering the maximum efficiency of the electrolyzer 77::=60% and of the fuel cell
nrc=53%, a purely theoretical efficiency of the electricity-hydrogen-electricity process 7z/=31.8% can be
deduced. By considering the two devices operated at nominal power (7::=57.3% and 77rc=37.7%) this figure
reduces to 7r7=21.6%. However, EL and FC do not work without their power supply and power conditioning
system, and when we account for the efficiency of these PS and PCS, considering 77z,0=52.9% and of
nrcv=31.7%, the RTE reduces further to 7zr=16.8%. In addition, a real system EL needs that water is
demineralized, hydrogen purified and compressed and FC fluids be flown. When all the energy consumed by

these devices are also taken into account, the RTE drops to 7z:=8.7%.

5. Conclusions

In this work, a hydrogen energy storage system included in microgrid of the GPLab of Veritas S.p.A.
is presented. This HESS consists of three units. The first one, HGU, includes a water demineralizer, a 22.3-
kW AEL and a three—step purifier providing hydrogen with 99.9998% purity. The second unit, CSU, includes
an air—driven gas booster for compressing hydrogen in four tanks with a total storage capacity of 33.22 Nm’
at 200 bar. The third unit, EGU, includes a 33—-kW PEMFC stack, an air filtering and blowing system, a heat
exchanger recovering the FC thermal power and a DC—AC inverter managing the power flow toward the grid.
Each unit is installed in a container provided with air filtering and conditioning. In nominal condition the
alkaline electrolyzer produces a hydrogen flowrate of 4 Nm*h™' at a maximum efficiency of 60% and the PEM
fuel cell produces 33 kW of electric power, having a maximum efficiency of 55% at reduced power. However,
these efficiencies reduce significantly in normal operation at nominal power and energy is also consumed by
electric power interfaces and ancillaries of the ESS, including water filtering, hydrogen purification and
compression, fluid flow. As a result, the nominal efficiency of the HESS drops to 8.7%. By recovering 35 kW
of the thermal power produced by the FC in a CHP generation, the nominal efficiency of the HESS rises to
20.1%. It must be said that the system here presented is not fully optimized, despite resorting to top-quality

components. Just to mention one issue, a solid oxide fuel cell (SOFC) can provide an efficiency 10%—12%

25



higher than a PEMFC [43], while requiring less pure hydrogen, so that purification and compression are
simpler and less energy demanding, and producing at the same time high-temperature entropic heat, which can
be better recovered in a CHP operation. That said, the experimental results here presented evidence that it is
unrealistic to qualify the performance of a HESS by means of a theoretical efficiency given by the multiplying
the top electrolyzer and fuel cell efficiencies, as it is sometimes claimed for this type of energy storage systems,
because they require a number of energy-consuming devices and components. Secondly, the electric round-
trip efficiency of a better optimized HESS would range around 20%, that is a quite modest figure if compared
to other ESSs. More technological development is needed to bring hydrogen energy storage to better
performance, but a large gap is likely to remain with respect to other electrochemical energy storage systems
(namely, batteries) some of which can even offer power/energy independency, which is a main feature of a

HESS.
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