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};I%VKIeGr to gas photovoltaic energy. The sizing approach has been addressed by conjecturing a variable hydrogen volumetric

fraction in the blend up to 30% vol. Thereafter, once the HCNG effects on the fill-ups demand have been
Refuelling station considered, 150 refuelling station capacity scenarios have been analysed by iterating PV plant, electrolyser, and
Driving range storage systems capacities. Each configuration has been dynamically simulated via a detailed simulation model
LCOH in the MATLAB/Simulink environment. Hence, by means of the Pareto-based multi-objective optimization and
Utopia point the optimal capacity scenarios have been detected by maximising the hydrogen production, and
minimising the LCOH, HCNG cost and carbon avoidance cost (CAC) as well. The most suitable HCNG refuelling
station ensures an overall Hy volumetric fraction of 23.98% vol., a LCOH of 9.22 €/kg, 1.18 €/kg as HCNG final

Hydrogen blending

cost and carbon avoidance cost of 264.98 €/tCO2 avd-

1. Introduction

Transport sector is crucial in the European economy, contributing
around 5% to EU GDP and employing more than 10 million people. At
the same time, the transport segment contributes to around 25% of the
European’s total gas emission, due to its solid reliance on fossil fuels
[1-3]. The transport sector decarbonisation is pivotal for the European
Climate Law goals achievement of getting to climate neutrality by 2050
[4-6]. Those ambitious targets require a paradigm shift in scoping the
issue. Hydrogen (H3) can play a key role in accomplishing both a clean
and prosperous economy [7]. Due to its similar driving range and
refuelling time with fossil fuels powered vehicles, the internal com-
bustion engines (ICEs), diesel-powered trains and oil-powered ships
replacement with hydrogen fuel cell units is a viable option for the sector
greening. Additionally, the hydrogen carrier suits the aviation decar-
bonisation through synthetic fuels based on Hy, also known as jet fuels
[8]. The European Hydrogen Roadmap aims to install 40 GW of elec-
trolysers capacity by 2030 [9]. Accomplishing those ambitious goals
requires a remarkable step-up of activities along the whole value chain
of each European country. Hydrogen and fuel cell technologies are
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technically ready for most sectors [10], but the hydrogen economy
deployment could fail if insufficient momentum is gained in the trans-
port segment. Coordinated approach by policymakers, industry, and
investors is crucial for not leaving fuel cell electric vehicles (FCEVs) and
hydrogen refuelling stations (HRS) as a niche solution [11], and for
providing economic policy guidelines to develop a solid hydrogen
economy not just a business-as-usual scenario [12]. HFCEVs and HRS
technologies are well proven and ready to step up. Nonetheless, the
“chicken-and-egg” problem associated with the priority of either the
infrastructures or the end uses still represents a hindrance. Additionally,
the lack of adequate policies for zero-emission mobility along with
proper fundings are not conductive to significant cost reductions
affecting the consumer propensity to encompass the new mobility
concept [13,14]. Hydrogen compressed natural gas (HCNG) mixtures
can play the role of a bridging technology towards a real transport
hydrogen economy [15]. The HCNG strength mostly lies in the refuelling
stations, as they do not need to be built from the ground up as the
hydrogen refuelling stations do. Indeed, the HCNG refuelling station
(RS) can be exploited by upgrading the existing compressed natural gas
ones with an additional hydrogen network that envisages the hydrogen
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source, the compression and storage systems together with a mixer for
the enrichment. The HCNG for retrofitted CNG internal combustion
engines is a promising alternative fuel raising ever more attention all
over the world. Several studies in literature show significant improve-
ments in brake thermal efficiencies and lower emissions without sacri-
ficing the power output [16-19]. Some modifications regarding fuel
injection parameters [20,21] and the cylinder type are needed to run on
the hydrogen enriched natural gas fuel, avoiding the tank wall embrit-
tlement. The latter is a topic of considerable discussion regarding the
retrofitting of gas pipelines [22]. Furthermore, HCNG is a viable solution
for an immediate reduction of CO, CO5 and NOx emissions in the
transport sector [23]. Thus, customer willingness to convert their habits
in aid of hydrogen exploitation for mobility can be stimulated.

2. Literature review and scope of the article

The HRS’ sizing process has become one of the main topics related to
the hydrogen refuelling infrastructure [24]. Indeed, the hydrogen pro-
duction and storage capacity along with the cost associated with the
hydrogen refuelling stations received a growing attention in the last
years [25]. On that purpose Greiner et al. [26] carried out an assessment
on the production of hydrogen in Norway for a commuting ferry,
including a grid-connected system and an isolated system with wind
turbines and a backup power generator. By means of chronological
simulations, the main outcomes of that study envisaged hydrogen costs
of 6.2 €/kg and 2.8 €/kg for the isolated system and the grid-connected
apparatus, respectively. The higher hydrogen costs are due to the larger
components’ sizes. A techno-economic modelling and analysis of HRS
has been carried out in Ref. [27] aiming at outlining the most
cost-efficient station design. Here the authors found that the bigger the
high-pressure storage banks volume compared to the low-pressure
storages, the lower the CAPEX and the OPEX values in the lifespan
are. The author proved that the optimal banks number is 4 or maximum
5. Farzaneh-Gord et al. [28] carried out an analysis about the effects of
buffer and cascade storage systems on filled mass, filling time, final
in-cylinder temperature along with entropy generation in HRS. The
buffer storage is the most suitable system in terms of filling time and
entropy generation. Bauer et al. [29] analysed the energy behaviour of
two different HRSs for fuel cell electric vehicles refuelled at 70 MPa with
compressed gaseous and liquid hydrogen. By means of a dynamic
simulation the authors estimated 0.37 kWh/kg and 2.43 kWh/kg energy
consumptions for the liquid and gaseous stations, respectively. Talpacci
et al. [30] evaluated the effect of cascade storage system topology on the
cooling energy consumption in HRS. That study demonstrated that the
greater the cascade storage system volume, the higher the energy con-
sumption for the cooling is. A techno-economic analysis was carried out
by Micena et al. [31] for a solar-powered HRS engineered for a taxi fleet
in a Brazilian city. The analysed hydrogen refuelling station comprised
an on-site electrolyser fed by the power grid along with a PV system. By
changing the taxi fleet supply, the hydrogen costs ranged between 8.96
US$/kg and 13.55 US$/kg. Apostolou et al. [32] investigated the po-
tential of a small-scale autonomous HRS with on-site production via an
alkaline electrolyser, powered by a small wind turbine. The sizing pro-
cess was based on a 6 kg daily hydrogen demand deriving from a fuel cell
bicycles fleet. The retail price of the produced hydrogen was estimated
to be more than 50.2 €/kg. Thus, in 2017 Reddi et al. [33] carried out an
analysis pointing out that the HRS levelized costs for a 200 kg/day
dispensing capacity in California were in the range of 6-8 $/kg and 8-9
$/kg for compressed gaseous and liquid hydrogen, respectively. Those
costs reached 13-15 $/kg by adding the hydrogen production, pack-
aging and transportation costs. The authors stated that the refuelling
station capacity factor affects the final levelized cost up to 40%. Hence,
in future FCEV markets the refuelling station’s levelized cost can be
reduced to 2 $/kg Hy. In Ref. [34] the authors developed an alternative
HRS configuration including orifices instead of dispensers as trade-off
for safety and economic efficiency. Perna et al. [35] presented a
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techno-economic analysis of different HRS configurations (450 kg/day)
with on-site hydrogen production by means of three different technol-
ogies: cracking, autothermal reforming and electrolysis. The main out-
comes of that paper show that ammonia-based configurations are the
best solutions in terms of overall system efficiency and levelized costs,
namely up to 6.89 €/kg. On the other hand, the station with electrolyser
technology integrated with the PV system and the national electric grid
leads to a levelized hydrogen cost of 7.92 €/kg. Griiger et al. [36] pre-
sented a methodology for optimising topology of a wind turbine and
electrical grid connected HRS for carsharing vehicles via an evolu-
tionary algorithm. The authors performed their analysis on three
different scenarios creating also five different sub-cases by changing the
fleet sizes. In Ref. [37] an intelligent operating strategy for electrolysis is
proposed aiming at maximising the wind energy generation and fruit-
fully exploiting the timeslots of low electricity prices. The outcomes of
that paper showed that such an intelligent operating strategy benefits
the hydrogen production costs by up to 9.2%. In Ref. [38] the authors
showed that the most cost-efficient design depends on the grid elec-
tricity price, as the higher energy uptake costs make the bigger Hj
production and storage technologies capacities more economically
convenient. As pinpointed in this literature review, several research
have been carried out on HRS with on-site hydrogen production.
Nonetheless, most of the studies involve the energy uptakes also from
the grid. In so doing, the sizing approaches are addressed bypassing the
RES electrical energy stochasticity.

Numerous progresses in HCNG end-use downstream Power-to-Gas
[39] policies applications have been addressed in ICE for transport
sector [40], household appliances [41], boilers [42] along with com-
bined heat and power plants [43] and network modelling of integrated
energy systems [44]. Notwithstanding, only few research activities
address the HCNG refuelling station [45,46], and it is not even deep-
ening the RS sizing process. Thus, the novelty of this paper lies in
providing the most adequate sizing approach for a HCNG refuelling
stations with on-site green hydrogen production by means of an elec-
trolyser fed by photovoltaic energy. The refuelling station design has
been carried out by upgrading an existing CNG refuelling station into a
HCNG-RS. Hence, the sizing process has been performed after trans-
lating the starter CNG hourly refuelling demand into the blend fill up
demand, taking into account the hydrogen effects on the driving ranges
and on the overall engine performance. Most of the previous research,
that have addressed the HRS sizing process, foresee the energy with-
drawal in shunt from the grid and from the PV or wind plants, or from
biomass as well. In this study the electrolyser is fed entirely from the PV
system. Hence, different technical approaches from the previous studies
are accomplished in the adjustment and sizing phase, especially
regarding the low-pressure storage system, according to the technical
and safety issues. Furthermore, this study aims at providing an inno-
vative sizing approach suitable for determining the HCNG optimal sizes
in terms of hydrogen levelized costs along with carbon avoidance costs.

In so doing, the overview of the technical implications and of future
energy outlook, deriving from hydrogen exploitation in the mobility
sector over the current transition phase, might be valuable for filling the
gap in literature dealing with a specific topic like HCNG refuelling
stations.

3. Methodology

This assessment copes with how to detect the optimal size of a HCNG
refuelling station engineered by upgrading an existing CNG, as depicted
in Fig. 1. The case study is located in Rome where a hydrogen branch,
including electrolyser, high-pressure storage system (HPSS), low-
pressure storage system (LPSS), compressor and mixer device, has
been integrated to the CNG system.

The on-site hydrogen production is accomplished by harnessing the
PV energy. Therefore, a PV plant has been properly sized in order to
achieve hydrogen volumetric fractions in the blend up to 30% vol.
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Fig. 1. HCNG refuelling station layout.

Indeed, various tests carried out in previous research showed that 30%
vol. in the HCNG benefits the vehicle engines in terms of performance
and pollutant emissions [16,23,47]. Yet, the highly varying PV power
generation and its entire exploitation for meeting a constant green Hy
demand is not easy to face, especially in winter months. Thus, in order to
avoid components oversizing due to the PV stochasticity, a variable Hy
volumetric fraction (f) in the blend has been considered, up to 30% vol.
In detail, the hydrogen amount for blending is produced by applying to
the electrolyser a load-following strategy on PV generation. Several HRS
sizing approaches have been widely implemented in the previous
studies. Anyway, to the best of the authors knowledge, no assessment
dealing with the HCNG refuelling system (RS) sizing has been disclosed
yet. In this study a techno economic analysis has been performed in
order to optimise the sizing process of a refuelling station with on-site
electrolysis, powered by photovoltaic energy. Thus, the initial CNG
hourly demand has been translated into 30%vol. hydrogen fraction
demand, by considering the hydrogen effect on the driving ranges
reduction along with the retrofitted ICE increased efficiencies. There-
after, once the hourly and daily hydrogen refuelling demands have been

HCNG-RS sizing

derived, the electrolyser capacity has been identified. Consequently, the
initial PV size has been assumed by conjecturing a proportionality factor
between the electrolyser and PV plant size. Subsequently, the sizing of
the low and high-pressure storage systems has been determined ac-
cording to the daily hydrogen refuelling demands and the target pres-
sures. Auxiliary components, such as the Hy compressor, are assumed to
be electrically supplied by the PV energy excess and electric grid as well.
After setting the first refuelling station scenario, a techno-economic
evaluation has been carried out by simulating the yearly HCNG-RS
operation in hourly time step via a detailed simulation model in MAT-
LAB/Simulink environment. The system comprises alkaline electrolyser,
Hy compressor, LPSS and HPSS sub-models. Additionally, sub-models
for refuelling demand, PV energy generation [48] and electricity spot
market participation are included in the analysis. Thereafter, 150 con-
figurations have been simulated by ranging PV plant, electrolyser, and
the low-pressure storage systems capacities. The HCNG-RS productivity
as well as the levelized costs of hydrogen (LCOH), final blends cost and
the carbon avoidance values have been calculated. Moreover, a
multi-objective optimization process, based on Pareto fronts and Utopia

Refuelling demand

translation from CNG into

Solar Irradiance

> PVplantsize ‘

LCOHCNG

30%vol. HCNG
HPSS size
PR
Y
{Hourly hydrogen demand]
)
Daily hydrogen
production <
Alkaline electrolyser:
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A4
LPSS size
LCOH
CAC
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l
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/

v
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Utopia Point

Sensitivity analytsis

Fig. 2. Main sizing process steps and graphical methodology.
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Point, has been carried out aiming at maximising the yearly average Hy
fraction, and minimising the LCOH, HCNG price, the carbon avoidance
costs (CAC) and the total installation cost. In the end, a sensitivity
analysis on the optimised solutions has been performed by modifying
the electrolyser CAPEX.

The logical pathways associated with the applied methodology along
with the main steps of sizing process have been graphically outlined in
Fig. 2, where the green background subsystems label the iterated com-
ponents capacities.

3.1. HCNG-RS sizing process

In the next subsections the station dimensioning process has been
outlined.

3.1.1. Deriving 30%vol. HCNG refuelling demand

To transpose the share of daily CNG fill-ups into HCNG fuelling de-
mands, the maximum volumetric hydrogen rate per transaction as well
as the total transactions number are to be assessed. The upgraded CNG
refuelling station records the supply of 2810 kg in a typical day, and up
to 3460 kg/day in the peak days. Thus, the effect of the hydrogen
fraction in the blend on the driving range and brake specific fuel con-
sumption has been considered in the updated fill-ups transactions.
Indeed, as clarified in Table 2, the hydrogen addition in the fuel reduces
the driving range up to 21% less, due to the HCNG lessened lower
heating value (LHV) and volumetric density compared to CNG. On the
other hand, the studies carried out in Refs. [16,23,47,49,50] have found
out that the retrofitted internal combustion engines benefit from the
hydrogen rate in the blend in terms of brake specific fuel consumption,
as reported in Table 1. Hence, the respective HCNG demand has been
derived along with the hourly number of maximum fill-ups, as envisaged
in Equation (1).

BTEcng

ESO%HCNG B TE3O%HCNG

Ecne

@

M3oumcne = Mene *
Where Msowucne and Mceng stand for the daily mass demand for HCNG
with 30% volumetric rate and CNG, respectively [kg/day]. BTE is the

brake thermal efficiency [%], and E refers to the pressurised tank energy
content [MJ], as described in Equation (2).

LH
E= v

* P Vtank (2)

Pn

Here, LHV is the gaseous fuels lower heating value (MJ/Nm®), p, is
the normal density (kg/Nm?®) and p is the volumetric density expressed
in kg/mB. Lastly, Vi is the vehicle tank volume. As the total mass
stored in the vehicle cylinder changes according to each blend and the
volume of the tank is fixed, the fuels’ LHVs have been reported on
volumetric basis and not in mass basis, as by definition.

In Ref. [16] Zareei et al. have proved experimentally three different
brake thermal efficiency values at 2,000, 4000 and 6000 rpm. For the
fill-up conversion the average of the three values has been employed for
the CNG and for all the HCNG, as described in Table 1.

In order to meet the customers’ refuelling demand, the RS sizing has
been engineered to ensure the fill-ups peak demand. A maximum ca-
pacity of 10 vehicles per hour per dispenser has been conjectured, by
considering 6 min as the overall refuelling duration per customer,

Table 1

Average fuels’ brake thermal efficiencies.
Fuel BTE [%]
CNG 19.53
15%vol. HCNG 22.50
20%vol. HCNG 22.90
25%vol. HCNG 23.02
30%vol. HCNG 23.13
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including dispensing and paying time [51,52]. Thereby, the upgraded
HCNG refuelling station is equipped with two hoses, similarly to the
initial CNG-RS. The resulting daily and hourly HCNG mass dispensed
and the hydrogen mass refuelled per each vehicle have been reported in
Table 2, by harnessing an average IV type vehicle tank of 0.15 m? [28,
45,53].

Table 2 proves that the hydrogen volumetric fractions up to the 20%
vol. advantage the driving range. Hence, the fill-ups demand shrinks due
to the greater brake thermal efficiencies impact. On the other hand, the
hydrogen volumetric fraction (HVF) values ranging between 20%vol.
and 30%vol. enhance the refuelling demand because of the stronger
impact of the lessened LHV values than the improvements of the
increased break thermal efficiencies. Indeed, the higher the volumetric
fraction of hydrogen in the blend, the lower the LHV of HCNG. This is
because the LHV of Hs is lower than the LHV of natural gas.

After the upgraded HCNG-RS capacity size has been defined,
customer-behaviour information about car refuelling is required.
Despite several researchers have conjectured 24 h as HRS daily opera-
tion [35,52], the retrofitted HCNG-RS has been sized for 12 h per day, in
accordance with the current CNG refuelling station daily working hours.
Furthermore, the new hourly mass transactions rate has been derived in
accordance with the hourly refuelling transactions outlined by Nexant
et al. [51]. Hence, the upgraded HCNG profiles have been built up and
depicted in Fig. 3, by distinguishing the Friday peak demand and the
average profile over the remaining days [54].

Once the HCNG refuelling station capacity size is defined, the initial
sub-models’ capacities can be identified.

3.1.2. Electrolyser sizing

The initial alkaline electrolyser capacity has been designed by
meeting the Friday peak hydrogen mass flow rate demand. Hence, on the
basis of the Hy peak flow rate, namely 129.895 Nm3/h, a starting
alkaline electrolyser capacity of 689 kW and overall efficiency of 67%
(based on LHV) has been assumed [55], taking account that lower loads
lead to greater electrolyser efficiencies [56]. Notwithstanding, the
electrolyser cannot constantly work at its rated power, due to the sto-
chastic and fluctuating direct PV power supply [57]. Thus, the electro-
lyser operational strategy consists of running it in load following mode,
limiting the partial load to 10% of the rated one, as reported in literature
[58-60]. Below this working threshold the oxygen quality is signifi-
cantly reduced owing to the hydrogen contamination and vice versa,
penalising the electrolyser electrical efficiency [61]. Thereby, the
hydrogen mass flow rate resulting from fluctuating PV power supply has
been computed as described in Equation (3).

nely
LHVy,

3

my, :Pely *

where.

e my, is the hydrogen mass flow rate (kg/h);

e P, stands for the incoming electrolyser electrical power (kW);

o 1o, denotes the electrolyser efficiency.

e LHVy, refers to the Hy lower heating value expressed in kWh/kg.

This electrolyser operational strategy differs from the other research,
which foresee to run the on-site electrolysers at narrower partial loads
ranges because of additional grid-connected systems [36,37] and
back-up power generation sources [26,35]. Those approaches greatly
benefit the electrolysis energy efficiency, at the expense of the hydrogen
environmental neutrality. Notably, in Refs. [36,37] the authors have
addressed the electrolyser working strategy by prioritising the wind
farm’s energy over a fixed LPSS threshold pressure, and by off-taking
energy from the electrical grid at lower LPSS pressures levels. The
electrolyser operational strategy is crucial for the green hydrogen pro-
duction, as significant oversizing is required to cover the peaks of
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Table 2
CNG demand upgrade in HCNG demand.
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Fuel LHV [MJ/Nm®] pn [kg/Nm®] Average/Peak Demand [kg/day] Average/Peak Fleet [vehicles/day] Average/Peak Demand [vehicles/hour]
CNG 35.88 0.714 2810/3459.28 144/178 12/15
15%vol. HCNG 32.11 0.62 2366.83/2913.72 140/172 12/14
20%vol. HCNG 30.847 0.589 2300.09/2831.56 143/176 12/15
25%vol. HCNG 29.59 0.558 2258.97/2780.93 148/183 12/15
30%vol. HCNG 28.33 0.527 2216.22/2728.31 154/190 13/16
20 "
e 30%HCNG Vehicles average day
18 = 30%HCNG Vehicles Friday
16
i 14
@
Qo 12
o
210
Q
£ 8
&
6
4
2
0
0 2 4 6 8 10 12 14 16 18 20 22 24
Hours of the day

Fig. 3. 30%vol. HCNG hourly vehicles refuelling demand.

hydrogen demand during overcast days. Hence, this work aims to pro-
vide variable HVFs of the blend accordingly with the proper green
hydrogen production and storage.

3.1.3. Low-pressure storage system sizing

The low-pressure storage system plays an important role in an
optimised HCNG-RS, as it strongly affects the hydrogen production and
the specific compression work. Notably, in the specific case of fluctu-
ating hydrogen production, an undersized LPSS leads to a fast vessel
emptying at low PV generation, leading to unwanted compressor shut-
down and affecting the compressors’ lifetime. Moreover, an undersized
LPSS can penalise the electrolyser. Indeed, at high PV energy generation
a full vessel disables additional hydrogen production, due to lack of
capacity. On the other hand, an oversized low-pressure storage volume
negatively influences the specific compressor work, due to lower inlet
pressure levels. Thus, in this assessment the initial LPSS size has been
conjectured equal to the peak daily hydrogen demand and a maximum
pressure of 3 MPa, as envisaged in Equation (4) [31,32,36].

MLPSS = INpeak vehicles * TMH, vehicle (4)

Here M;pss stands for the total stored mass in the LPSS buffer, Npeak veicies
refers to the total vehicles refuelled with HCNG on the peak day. Finally,
My, vehicle i the total hydrogen mass supplied to the vehicle cylinder
filled-up with 30%vol. HCNG. Thereafter, the LPSS volume can be
designed.

Hence, the low-pressure storage system function is to operate as a
surge buffer [62].

3.1.4. High pressure storage system dimensioning

In order to perform a fast fill-up process meeting the highest
hydrogen refuelling demands, the high-pressure storage system (HPSS)
is engineered downstream from the hydrogen compressor and upstream
from the mixer device. In an upgraded HCNG refuelling station the
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maximum HPSS pressure level is 22 MPa. The high-pressure storage tank
has been conceived as a buffer during the refuelling process, by ensuring
shorter refuelling time. Thereby, with the aim of guaranteeing proper
storage capabilities the HPSS has been designed by following the same
sizing approach of LPSS and including a safety factor equal to 20%.
Equation (5) outlines the designed HPSS stored mass.

)

This sizing approach entails larger stored mass than other studies.
Hence, because of the stochastic green hydrogen production, the high-
pressure storage system seeks to provide long-term storage capabilities
unlike electrical grid supplied electrolysers. Notwithstanding, bigger
HPSS capacity allows lower compressor mass flow rate, benefiting the
specific Hy compression work along with the compressor CAPEX
minimization.

Mppss = 1.2 Npeak,vehicles * My, vehicle

3.1.5. Compressor sizing

Different compression technologies were compared in various
studies [63]. The hydrogen compressor type used in this analysis is a
reciprocating compressor [64]. Typically, the heat loss associated with
reciprocating compressors is 5% or less. Furthermore, in order to reduce
the specific compression work, see Equation (6), an air-cooled multi-
stage compression system has been considered.

k-1

pr :CpTin ﬂ k

1

Mpot — 1 6)

In Equation (6), § stands for the compression ratio, which is correlated
with LPSS state of charge. In order to minimise the specific compressor
work, a double stage compressor has been harnessed and the optimised
Wy, reads as follows:
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Ly

ﬁz

k=1, 1
k1, 1
k"ot 1

z
Wsp = Z Cp Tin @)
v=1

where.

.

ek=2
Tin: inlet temperature.

z stands for the compression stages number.

fpor 18 the polytropic efficiency.

¢y, ¢, refer to the specific heat at constant pressure and volume,
respectively. These values have been calculated by means of the

Langen formula, as shown in Equations (8) and (9) [65].

cp=a+bT €))

¢,=(a—Ry,) +bT 9

The hydrogen Langen constant a and b along with Ry, have been
described in Table 3.

The compressor mass flow rate is an important parameter for eval-
uating the capacity and the energy consumption of the compressor, as
envisaged in Equations (10) and (11) [31,66,67].

Wy .
Pcomp = imcomp (10)
Neomp
P,
Eoomp=—"2 x 1D
Nete

Here P.omp and Ecoyp are the compressor mechanical power and its en-
ergy consumption, respectively. Mc.mp stands for the outlet compressor
mass flow rate, 7.on, and 1, refer to the compression and electric effi-
ciencies. Lastly, t indicates the compressors working hours.

All the coefficients and values exploited for the compressor sizing
and working operation have been outlined in Table 3.

In the simulation the compressor control strategy has been imple-
mented taking into account the LPSS and HPSS states of charge. Basi-
cally, when the LPSS stored mass is higher than 9.375 kg and the HPSS is
not completely full, the compressor is switched on.

3.2. Economic analysis

The other objective of this work is to determine the optimal HCNG
refuelling station sizing by minimising the LCOH and the carbon
avoidance cost (CAC) as well. Both values are strongly related to the
annual hydrogen supply. Greater Hy refuelled amount benefits the LCOH
and the CAC, expressed in €/kg and €/tCOx avd, respectively.

Notably, the LCOH is a valuable economic index allowing to evaluate
the on-site HCNG-RS competitiveness, by defining the final hydrogen
cost [68]. This latter arises from the Hy production, compression and
storage expenditures. Furthermore, engineering, procurement,
commissioning (EPC) and site adaptation costs have been included to get
the LCOH overarching values [69]. Then, the levelized cost of hydrogen

Table 3

Data for compressor sizing.
Parameters Value Ref.
Tin [K] 288 Assumed
ot [%] 91 [35,64]
a [kJ/kgK] 13.8 [65]
b [kJ/kgK?] 0.00222 [65]
Ry, [kJ/kgK] 4.157 Calculated
Neomp [%] 70 [31,66]
Nete [%] 90 [30,67]
Meomp [kg/h] 9.375 Calculated
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reads as follows:

LCOH - et CAPAI::IX + OPEX — Rev
H:

12

2

where.

LCOH: levelized cost of hydrogen [€/kgm2].

t refers to the single station component.

crf: capital recovery factor.

CAPEX: capital expenditure for the component purchase [€].

OPEX: fixed and variable operation and maintenance costs [€/yr].
My, denotes the yearly hydrogen production [kg].

Rey refers to the revenues arising from excessive PV energy fed into
the grid.

The capital recovery factor (crf) reads as follows [70]:
ix(1+10)"

_ix(
A L ()

Here n stands for the technology lifetime and i refers to the nominal
discount rate, which has been considered equal to 3%.

After evaluating several literature sources, all cost assumptions have
been summarised in Table 4.

The dispenser costs have not been included in the LCOH assessment,
because no additional hoses are needed for meeting the updated back-to-
back refuelling demand. Hence, the two existing CNG dispensers can be
adapted for the blend fill-up with an average HCNG mass flow rate of
0.041 kg/s [45], in accordance with the SAE J2601 safety issues
[78-80]. At Ref. [46] the authors carried out a very detailed thermo-
dynamic analysis for the HCNG fast and safe refuelling. Thus, the Hy
mass flow rate dispensed by the single nozzle is 7.5 kg/h at most, when
the HCNG refuelling at 30%vol. occurs.

Furthermore, the EPC and site adaptation costs have been approxi-
mated as 40% of the total CAPEX [36,81]. On the other hand, the PV
plant CAPEX already includes the hardware, installation and soft costs
[75,82]. The variable OPEX has been determined per each HCNG-RS
installation scenario in the simulation process, including energy and
water costs [83]. The grid energy purchase and grid sell-back costs are
0.08 €/kWh [84] and 0.052 €/kWh [85], respectively.

Similarly, the blend levelized cost (LCOHCNG) has been computed as
reported in Equation (14).

LCOHCNG =y, LCOH + (1 - sz) Cene (14)
Here, yy, is the hydrogen mass fraction, see Equation (15), and Ceng
stands for the CNG cost, expressed in €/kgcng. The last has been derived
from the Italian station CNG price [86].

Table 4
Cost assumptions.
Component CAPEX OPEX Life Source
span
Electrolyser 1327 €/kW 2% CAPEX 80,000 [26,36,69]
h
H, Storage (3 600 €/kg 5 €/kg/yr 20 years  [36,71]
MPa)
H, storage (22 773.5 €/kg 8 €/kg/yr 20 years  [27,72]
MPa)
Compressor 4500 €/kW 8% CAPEX 20 years [27,35,73,
74]
PV plant 1000 €/kW 15.4 €/kW/ 20 years [75,76]
yr
Mixer 13,302.378y %613 ¢ 20 years  [77]

2 y refers to the H, Nm®/h flow rate.
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_w,
Yi ‘MWiiend

(15)

In Equation (15) f; refers to the component volumetric fraction, MW; and
MWynq are the single component and blend molecular weight,
respectively.

3.3. Environmental analysis

The potential transport sector greening, hailing from the retrofitted
internal combustion engines fuelled with HCNG, has been evaluated via
a specific indicator. In detail, the CO, avoided emissions (CO2 ava) [87]
have been calculated for each HCNG-RS scenario.

The yearly avoided natural gas mass (NGayq) originated from the
total HCNG fill-ups reads as follows:

NGayq =365 * (Muank 100%cne * N, average,CNGvehicles — Y CNGMltank, HCNG

* N, avemge.HCNGvehicles) (16)
In Equation (16) My 100%cnG iS the total fillable CNG mass in the not
retrofitted tank, Nayerage,cNGrehictes T€fers to the daily average CNG refilled
vehicles and ycng stands for the average CNG mass fraction in the
average blend. Similarly, My gene is the total HCNG mass tank and
Naverage HCNGvehicles 1S the average daily HCNG refuelled vehicles.

Hence, the resulting yearly CO» avoided (CO/2 Am), derived by the
natural gas replacement with green hydrogen has been computed by
Equation (17).

NGay

CO’ZAvd = 0 LHVNGfem‘NG a7

n.NG

Here, p,ng, LHVNG and fenng refer to the normal NG density, lower
heating value and CO; emission factor. This latter is equal to 55.954
tCOo/TJ [88].

Notwithstanding, CO,Z,Avd does not include the CO, emissions
accounted from the grid electrical energy exploited by the Hj
compressor (Egiq). Therefore, by considering the Italian grid CO2
emission factor (fomgiq) equal to 260.5 gCO2/kWh [89], the overall CO2
avoided (CO- a,4) has been computed by Equation (18):

C02.av1 = €0, 5, — Eatgria * fomgria as)
finally, the carbon avoidance cost can be evaluated according to the
following equation:

LCOH * My, — LCONG % NG yq

CAC=
CO, Avd

19

where My, is the yearly refuelled hydrogen mass.
Table 5 summarises all the applied data for the environmental
analysis.

3.4. Multi-objective optimization model

In this study the most environmentally sustainable and economically

Table 5

Italian grid emissions parameters.
Parameters Value Ref.
%RESgriq 36% [87]1
fe 0.914 [871
Nthel grid 0.422 [901]
forel grid 1.571 Calculated
Srenel grid 0.394 Calculated
femng [tCO2/TJ] 55.954 [88]
femgria [8CO2/kWh] 260.5 [89]
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competitive HCNG-RS layouts have been detected by means of a Pareto-
based multi-objective optimal criterium [7]. This approach allows to
identify the optimal PV plant, electrolyser and LPSS capacities that
enhance the overall system efficiency benefitting the customers’ satis-
faction. The multi-objective approach [91] has been mathematically
addressed as in Equation (20), in accordance with Ref [92-94].
minimise: y = F (x) = (F1(x),Fa(x),...,Fx(x)).
,&8m(x))<0.

hx) = (b (x), ha (), ... By (x)) =0 (20)

li<xi<ui,i: ].7 27 ey nn

where: x = (x1,X2,...,Xn ) € X.

Y=01y2, Y )€Y

Here x refers to the iterated values of the n decision variable. These
parameters are listed into a range bounded by lower and upper limits,
defined as [; and u;, respectively, in a decision space X. The overall vector
of k objective functions is associated to y and it is a member of the
objective space, denoted with Y. Moreover, g(x) represents a set of
inequality constraints with feasible solutions. h(x) indicates the set of p
equality constraints. The decision variables of optimization and their
ranging values have been listed in Table 6. Thereby, 150 HCNG-RS ca-
pacities have been analysed and all the x values, meeting Equation (20)
requirements, create feasible solutions set, where some x Pareto solu-

tions dominate other candidate parameters x. Such dominance rule is
regulated as follows [7]:

The not dominated Pareto solutions outline the Pareto front. Each
Pareto scenario represents a solution that cannot be improved in one of
the objectives without negatively affecting another objective.

Finally, the optimal RS capacities have been identified via the
mathematical expedient of the Utopia point (UP). The UP represents an
ideal but unfeasible solution, that meets the best requirements for a
scenario. Particularly, considering a two-objective minimization prob-
lem, the Utopia point is a point whose abscissa is associated to the best
value accounted on the y-axis and as ordinate the best value presented
on the x-axis. Hence, the optimal scenarios are easily identifiable as the
solutions characterised by the minimal distance from the UP, as shown
in the following equations [93,95].

Fi(x) < Fi(x'),¥i € {1,2, -, m}

Fi(x) < F(),3ie (1,2, m) @D

l’l‘lil‘l (Psolution) (22)

E

)? 23)

P solution = § (EiUtopiu -
J

Here, P,uion Stands for the distance between the normalised objective j
function and the detected UP; Fjytopiq is the allowed minimum value of
normalised objective function j. Lastly, F; is the non-minimum possible
value of normalised objective function j.

The scenarios delineated by the Utopia Point represent the potential
optimal scenarios for the total CAPEX, LCOH, LCOHCNG and CAC
minimization along with the total yearly refuelled hydrogen
maximisation.

Table 6

Decision variables of optimization.
Decision variable Range Step size
PV plant rate power [kW] 2400-1400 200
Electrolyser’s rated power [kW] 827-552 69
LPSS stored mass [kg] 154-98 14
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4. Results and discussion

In this section, the outcomes of this analysis have been presented and
discussed. At first, the yearly HCNG-RS simulation has been carried out
in MATLAB/Simulink environment with the conjectured subsystem
sizes, comprising electrolyser capacity of 689 kW, 2000 kW PV plant and
139 kg of Hy in the LPSS with a CAPEX of 3.29 ME. Thereby, an average
yearly Hy volumetric rate of 23.455% has been computed, resulting in
the LCOH and LCOHCNG values of 10.02 €/kgyz and 1.18 €/kgucne,
respectively. Moreover, the CAC value arising from these capacities is
302.06 €/tco2,avd- In light of these values, other electrolysers, PV plants
and LPSS combinations have been simulated, in order to optimise the
overall system efficiency. The outcomes have been presented in the
following subsections.

4.1. Optimal HCNG refuelling station capacities

As mentioned above, the most suitable HCNG refuelling station size,
that addresses both economic and environmental purposes, cannot be
sought just optimising one single parameter among the average yearly
volumetric fraction, LCOH, LCOHCNG, CAC and total investment costs.
Therefore, three regions of feasible solutions have been set, in order to
clearly detect the non-dominated Pareto solutions, by exploiting the
corresponding Pareto front. Figs. 4-6 provide the different placements
of the feasible subsystem combinations in accordance with the opti-
mised parameters. In Figs. 4-6 all the RS configurations have been
represented by dots, coloured according to a cost scale. The light blue
indicates the lowest investment costs. On the other hand, the red sce-
narios record the highest CAPEX values, owed to the greater PV and
electrolyser capacities. Fig. 4 shows the 150 eligible capacity scenarios
arranged according to the simultaneous LCOH minimization and HCNG
hydrogen volumetric fraction maximisation.

From the LCOH minimization point of view, the higher the yearly
hydrogen production the lower the LCOH is. Notwithstanding, in this
analysis the hydrogen is produced by exploiting the stochastic PV energy
only, and a wider PV and electrolyser capacities range has been inves-
tigated in order to find the trade-off between overall system efficiency
and economic profitability. In this phase, the incomes deriving from the
renewable energy excess sell-back have not been considered in the
LCOH analysis, ensuring optimal PV-electrolyser capacities combina-
tions. The LPSS affects the overall system efficiency and consequently
the LCOH as well. Indeed, the low-pressure storage system not merely
operates as a surge buffer, but it strongly impacts the compressor work
as well. Despite greater hydrogen production lessening the LCOH values,
higher average HVF leads to higher LCOHCNG values, due to the higher
hydrogen costs than CNG. Thereby, the red dots record the highest

135 . ®

LCOH [€/kg]
Million €

105

9.5

85
0.20

HVF

Fig. 4. Region of eligible sizing combination, LCOH-H, Pareto front.
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Fig. 5. Region of eligible sizing combination, LCOH-LCOHCNG Pareto front.

levelized costs of the blend, due to the greater on-site green Hy pro-
duction. Fig. 5 depicts the PV-electrolyser-LPSS installation scenario
combinations arranged in accordance with the respective LCOH and
LCOHCNG values.

Fig. 6 shows the feasible HCNG-RS sizes settled according to the
LCOH and CAC minimization. Specifically, lower LCOH values benefit
the final CAC, in accordance with Equation (21). The blends’ average
hydrogen fraction strongly affects the CAC. Indeed, the greater the
hydrogen volumetric concentration, the lower the LCOH, the LHV and
the density are (see Table 2), and the higher the avoided natural gas is.
In the current analysis the daily refuelled vehicle number is kept con-
stant per each resulting hydrogen fractions, as those latter occur at the
30%vol. HCNG fill-up number. Notwithstanding, as the overall driving
range increases at lower blend hydrogen fractions, the daily refuelling
demand shrinks, affecting the NG,,4. The CNG-30%vol. HCNG driving
range parity can be achieved by enhancing the vehicle tank pressure up
to 15% more, having fixed its volume. Similarly, the same driving range
can be attained at equal tank pressure, by expanding the cylinder vol-
ume of 7% more.

The Pareto Fronts of Figs. 4-6 provide different optimal solutions in
accordance with the respective optimization parameters. The most
suitable HCNG refuelling station installation capacities have been
computed via the Utopia Point detection, by assigning equal weight to
the profitability and to the environmental sustainability. The five
optimal PV, electrolyser and LPSS capacity scenarios are shown in
Table 7.

The presented outcomes, arising from this specific case study, reveal
that the 10% electrolyser oversizing in combination with the 20% PV
under-sizing is the most economic and environmental effective solution.
Indeed, despite the optimal scenario envisages a slight increase of green
Hj production compared to the first HCNG size, it ensures the 8% LCOH
saving, along with 12.27% CAC reduction. Thereafter the computed
optimal HCNG-RS size encompasses significant yearly CO, and NG
savings, amounting to 545.43 tonnes and 200.783 tonnes, respectively.

These environmental and economical upgrades are derived by
coupling the electrolyser and the PV plant by applying a capacity ratio
equal to 1/2.11. In the assessment carried out in Ref. [96] the authors
found out that the optimal electrolyser capacity for an HRS is equal to
57.7% of the dedicated PV plant capacity installed in Vietnam. There-
fore, this assessment proves that for a variable hydrogen production, the
most suitable electrolyser capacity is the 47.4% of the dedicated PV
plant installed in Rome.

The multi-objective optimization analysis for the optimal HCNG
system capacities has been carried out not accounting for the electricity
spot market, in order to perform a more accurate optimization and
avoiding a strong LCOH minimization affection by the electricity sell-
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Table 7
Optimal HCNG-RS capacities.
Value Psolution [/] LCOH [€/kg] Hj, volumetric fraction [%] LCOHCNG [€/kg] CAC [€/tcool CAPEX [M€] PV, Electrolyser, LPSS [kW, kW, kg]
UP / 9.020 27.93 1.083 228.992 2.48 /
#1 0.2493 9.222 23.98 1.181 264.98 2.98 1600, 759, 139
#2 0.2524 9.379 23.36 1.172 262.74 2.96 1600, 759, 98
#3 0.2545 9.274 23.91 1.182 267.05 2.99 1600, 759, 154
#4 0.2559 9.404 23.38 1.174 264.78 2.965 1600, 759, 112
#5 0.2598 9.438 23.36 1.175 266.38 2.97 1600, 759, 126

back revenues. Nonetheless, the electricity spot market impact has been
then evaluated in the LCOH, LCOHCNG and CAC computation for the
detected optimal capacities, as shown in Fig. 7. All the scenarios benefit
from a LCOH reduction, ranging between 7% and 9%. Similarly, the sold
PV energy to the grid affects the LCOHCNG, accounting for a reduction
of 4% of costs. Lastly, significant CAC decreases occur up to 19%,
proving the strong LCOH impact on the carbon avoidance costs.

4.2. Sensitivity analysis

The previous analysis has proved the LCOH effect on the LCOHCNG
and CAC. Thereby, considering the significant electrolyser impact on the
CAPEX system, a sensitivity analysis, by changing that parameter, has
been performed to evaluate the potential LCOH variation. Electrolysers’
costs reduction along with longer lifetimes and higher efficiencies can
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Fig. 7. Electricity spot market impact on LCOH, LCOHCNG, CAC.
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open a new development in the hydrogen economy allowing the elec-
trolysers quality leap, by moving from niche technologies to mainstream
technologies. Fig. 8 shows the optimised LCOH values resulting from
electrolysers’ CAPEX variation in a range of 900-1700 €/kW.

This figure points out that the electrolyser’s CAPEX lessening to 900
€/kW leads to a LCOH reduction up to 13.6%; on the other hand, at 1700
€/kW the LCOH increases up to 11.9%. Fig. 7 reveals that the lowest
LCOH value is not recorded at the highest or the lowest LPSS capacity.
Indeed, those capacities allow greater Hy production or lower CAPEX
values, respectively. The lowest LCOH value at the fixed PV and elec-
trolyser capacities is provided by the LPSS capacity that benefits the
global system efficiency, optimising the compressor work and the energy
off-take. The greater the compressor sizes the more impactful the storage
system capacity is.

Moreover, due to the greater f, the final LCOHCNG values of the
lowest LCOH scenarios are the least economically competitive, see
Fig. 9.

Fig. 10 proves that scenarios with the lowest LPSS capacities benefit
from a lower CAC, owed to the reduced compressor work and energy off-
take. In Fig. 11 the LCOH lessening is emphasised, by the comparison
between the initial scenario and the detected optimal scenario.

The main aspect that preponderantly emerges from Fig. 10 is the
significative CAPEX footprint on the final LCOH. The EPC and site
adaptation costs impact the LCOH up to 12% in the optimal HCNG-RS
size. Lastly, the variable and fixed OPEX costs account for only the
18% on the final LCOH. Per each HCNG refuelling station size the
CAPEX weight on the LCOH arises up to 70%. Notably, for this HCNG RS
the 90% of the total costs is associated to the green hydrogen production
and just the 10% to the Hy compression, storage and blending at 22 MPa,
as depicted in Fig. 12.

Particularly, in the best detected scenario the 61% of the green H,
production cost is attributed to the PV plant and the remaining 39% is
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Fig. 9. LCOHCNG variation vs. electrolyser CAPEX.

owed to the electrolyser technology.

A further LCOH lessening can be recorded by considering the elec-
tricity spot market. Hence, the optimal capacity scenario LCOH can be
decreased up to 8.52 €/kg and 7.28 €/kg by reducing the electrolyser’s
CAPEX from 1327 €/kW to 900 €/kW.

5. Conclusion

In this work a techno economic analysis has been carried out in order
to optimise the sizing process of a retrofitted HCNG refuelling station
with on-site electrolysis, powered by photovoltaic energy only. In detail,
the hydrogen amount for blending is produced by applying to the
electrolyser a load-following strategy on PV generation. Hence, a vari-
able HVF in the blend has been considered up to 30%, in order to
mitigate components oversizing due to the PV stochasticity. Thereafter,
once the HCNG effects on the fill-ups demand have been considered, 150
RS capacity scenarios have been analysed with iterating PV plant,
electrolyser, and storage systems capacities. Each configuration has
been dynamically simulated in hourly time steps via a detailed
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simulation model in the MATLAB/Simulink environment. Thus, by
means of the Pareto-based multi-objective optimal criterium and Utopia
point the optimal capacity scenarios have been detected by maximising
the hydrogen production, and minimising the LCOH, LCOHCNG and
CAC as well.

The main outcomes of this paper can be summarised as follows.

@ The HCNG refuelling station can be engineered as a CNG-RS upgrade.

@ Hydrogen volumetric fractions up to the 20%vol. benefit the driving
range, shrinking the fill-ups demand due to the greater break thermal
efficiencies impact. On the other hand, the volumetric Hy rates
ranging between 20%vol. and 30%vol. enhance the refuelling de-
mand because of their more reduced LHV.

@® The CNG-30%vol. HCNG driving range parity can be achieved by
enhancing the stored vehicle tank pressure up to 15% at fixed vol-
ume. Similarly, at same tank pressure, the driving range equality can
be accomplished by expanding the vehicle cylinder volume up to 7%.

@ The greater the hydrogen rate the lower the LCOH is and the greater
the LCOHCNG is.
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@® The 10% electrolyser oversizing in combination with the 20% PV
under-sizing is the most economic and environmental effective
solution.

@ The optimal scenario detected via Utopia point comprises the 1/2.11
electrolyser-PV capacity ratio and ensures a yearly average blend of
23.98%vol. The optimised capacities disclose a CO3 and NG savings,
amounting to 545.43 tonnes and 200.78 tonnes, respectively.

@ The electricity spot market incomes lessen the LCOH values up to
9%. Thereby, CAC and LCOHCNG are diminished by 19% and 4%,
respectively.

@® The HCNG-RS CAPEX affects the LCOH value up to 70%. As a
consequence, by reducing the electrolyser CAPEX to 900 €/kW and
considering the hot spot market incomes, the LCOH value lessens to
7.28 €/kg.

@ The 90% of the total costs is associated with the green hydrogen
production and just the 10% to the Hy compression, storage and
blending at 22 MPa.

As a side conclusion, the results and the envisaged approach in this
article foresee to provide a practical tool useful for private companies, in
order to ensure the cost effectiveness and their investments profitability.
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In this regard, a possible further development of this work could include
an economic analysis that incorporates the return on common equity of
the HCNG RS, including the land costs for the PV plant construction.

Nomenclature
CAC Carbon Avoidance Cost
CAPEX Capital expenditure
CNG Compressed natural gas
CNG-RS Compressed natural gas refuelling station
CO2,Avd Avoided Carbon dioxide
crf Capital recovery factor
f Hydrogen volumetric fraction
FCEV Fuel cell electric vehicles
Hy Hydrogen
HCNG Hydrogen compressed natural gas
HCNG-RS HCNG refuelling station
HPSS High pressure storage system
HRS Hydrogen refuelling station
HVF Hydrogen volumetric fraction
ICE Internal combustion engine
LCOH Levelized cost of hydrogen
LCOHCNG Levelized cost of HCNG
LHV Lower heating value
LPSS Lower pressure storage system
NG Natural gas
NGava Avoided natural gas
OPEX Operational expenditure
PV Photovoltaic
RS Refuelling station
18)4 Utopia Point
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