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Abstract 

Greening the transport sector is crucial for the achievement of the ambitious decarbonisation goals 
set by the Conference of the Parties (COP21) Paris agreement to keep global warming “well below 2 
degrees Celsius above preindustrial levels, and to pursue efforts to limit the temperature increase even 
further to 1.5 degrees Celsius”. Battery electric vehicles and hydrogen fuel cell electric vehicles will 
play a key role in the reduction of greenhouse gas emissions in the road mobility. Nonetheless, those 
technologies still need to face some technological challenges. Hence, hydrogen enriched natural gas 
(HCNG) can play an important role as bridging technology. This study envisages the upgrade of an 
existing compressed natural gas (CNG) refuelling station (RS) in HCNG-RS. Particularly, an analysis 
regarding the impact of different hydrogen volumetric fractions in the blend on the total CAPEX of 
the HCNG refuelling station is carried out, by evaluating the HCNG fill-up demands for a proper 
refuelling station sizing. The proposed HCNG refuelling station layout foresee the on-site hydrogen 
production by means of an electrolyser fed by PV energy. Each component of the station has been 
adequately sized based on the resulting peak HCNG refuelling demand. The highest CAPEX value is 
recorded for the 30%vol. HCNG, amounting up to 3.52 M€. 
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Highlights 

• HCNG refuelling station sizing from existing CNG refuelling station. 
• Hydrogen impact on HCNG fill-up demand. 
• HCNG refuelling station cost breakdown. 

 

1. Introduction 

The transport sector greening is crucial for the decarbonization goals set by the Conference of the 

Parties (COP21) Paris agreement [1,2]. Indeed, due to the great reliance on fossil fuels, the transport 

segment results one of the main polluting sectors [3,4]. Battery electric vehicles (BEVs) along with 

hydrogen fuel cell electric vehicles (HFCEVs) are the main transport solutions to limit the 

temperature increase to 1.5 degrees Celsius, at least. Indeed, the growing renewable energy 

production, targeted for the close future, can also be exploited with different strategy, such as the 

mobility segment [5,6] and the power-to-Methane [7], ensuring also the system flexibility [8]. 

Notwithstanding, BEVs and HFCEVs still need to face some techno-economic issues mostly related 

to the charging/refuelling infrastructures. Furthermore, the BEVs and HFCEVs greater purchasing 

costs than fossil fuels cars of this phase can represent an obstacle for the light duty vehicles (LDV) 

fleet renewing. Also, the “chicken-and-egg” problem could delay and interfere the transport greening. 

Therefore, bridging technology can be crucial for overcoming some initial issues. In such regard, 

hydrogen compressed natural gas (HCNG) blend can play a key role towards the hydrogen 

employment in LDVs. The main HCNG strengths rely on the vehicles and refuelling stations (RS) 

compatibility with CNG internal combustion engines (ICE) and RS. In the last years, the retrofitted 

HCNG-ICE vehicles have been widely analysed and several improvements regarding brake thermal 

efficiencies and lower emissions have been proved [9,10]. Hence, the usage of HCNG fuels allow to 
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exploit existing CNG fuelled vehicles, by adopting some adjustments concerning the fuel injection 

parameters [11,12] and the cylinder type. Those modifications guarantee the safe and reliable HCNG 

use. The same goes for the HCNG refuelling stations. As a matter of fact, the CNG-RS can be 

upgraded with additional technologies needed for the green hydrogen generation, compression and 

storage. In a previous publication at Ref. [13] the HCNG refuelling station layout has been described 

and illustrated. Lastly, a blending unit is needed for the on-time HCNG refuelling demand. Thus, 

HCNG can be pivotal for a partial immediate road transport decarbonization, along with a bridging 

technology toward hydrogen economy. Furthermore, the natural gas deployment reduction for the 

mobility sector is crucial in this historical phase also for the geopolitical scenarios effects [14]. 

2. Methodology and scope of the article 

This work seeks to envisage how the hydrogen rate of the blend affects the retrofitted HCNG 

refuelling station costs. Currently this topic has not been disclosed yet at the best of the authors 

knowledge. Indeed, despite the hydrogen enriched natural gas has been widely assessed over the last 

decade [15], just few papers concerning the HCNG refuelling station have been assessed. 

Notwithstanding, the latter were neither strongly related to the HCNG-RS CAPEX. Hence, starting 

from an existing CNG refuelling station, the different CAPEX values derived from ranging the H2 

volumetric fraction (f ) between 15%vol. and 30%vol. with steps of 5%vol. have been foreseen and 

compared. Therefore, the existing RS has been upgraded with a green hydrogen production system, 

that comprises an electrolyser fed by a PV plant. Moreover, the hydrogen compressor unit along with 

the low-pressure and high-pressure storage systems, respectively HPSS and LPSS, have been 

included in the hydrogen branch. Thus, the different impacts of hydrogen volumetric fraction on the 

CNG refuelling demand have been evaluated, by considering the respective hydrogen effects on the 

fuel lower heating values (LHVs) and on the engine efficiencies. After assessing the respective fill-

ups demand, each refuelling station has been adequately sized. Thus, the total installations costs have 

been raised and compared. Finally, a cost breakdown between the hydrogen generation, compression 

and storage technologies has been showed and discussed.  

3. HCNG-RS sizing 

In the next subsections the refuelling processes per each H2 volumetric range have been outlined. 

3.1. The hydrogen addition effects on the HCNG fill-up demand. 

Several studies have proved that retrofitted CNG fuelled internal combustion engines benefit of 

several improvements in brake thermal efficiencies and lower pollutants emissions, such as CO, CO2 

and NOX [16], with no power output changing. Such benefits arise from the hydrogen addition to the 

CNG, by applying some modifications regarding the fuel injection parameters and the tank type. 

Indeed, differently from the 20 MPa CNG fuelled cylinder vehicles, the tanks filled by 20 MPa HCNG 

need to overcome the wall embrittlement due to the H2[17]. Thus, similarly to the 70 MPa HFCEVs, 

the IV type vehicle tanks are needed for the blend usage [18]. 

In this subsection the effects of different f have been assessed. Starting from the CNG refuelling 

demand of an existing RS based in Rome, the upgraded HCNG vehicle fill-up transactions have been 

derived by evaluating the H2 effect on the driving range. The HCNG sizing at each f  has been carried 

out by evaluating the final fuelled mass and the respective driving ranges. Indeed, the lower the 

driving ranges, the greater the refuelling demand and the RS sizes are. 

Thereby, the daily resulting HCNG mass demand has been derived for the f values ranging from the 

15% to 30% with steps of 5% in volume, as follows: 
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𝑀30%𝐻𝐶𝑁𝐺 = 𝑀𝐶𝑁𝐺 ∗
𝐸𝐶𝑁𝐺

𝐸30%𝐻𝐶𝑁𝐺
∗

𝐵𝑇𝐸𝐶𝑁𝐺

𝐵𝑇𝐸30%𝐻𝐶𝑁𝐺
    (1) 

Here: 

• 𝑀𝐻𝐶𝑁𝐺: daily HCNG mass to be refuelled in kg. 

• 𝑀𝐶𝑁𝐺: starting CNG demand [kg/day]. 

• 𝐵𝑇𝐸: brake thermal efficiency [%]. 

Since the driving range is strongly affected by the fuels’ LHVs and efficiencies, the resulting HCNG 

mass to provide has been outlined by comparing the CNG driving range and BTE with each blends’ 

values 

The brake thermal efficiency values have been considered as the average values of the BTE at 2000 

rpm, 4000 rpm and 6000 rpm [19–21]. The fuels average BTE values at each rpm have been listed in 

Table 1. 

Table 1. Average fuels’ brake thermal efficiencies. 

 

 

 

 

 

 

 

Moreover, the 𝐸 value in Equation 1 stands for the total available energy in the pressurized tank [MJ], 

to be exploited by the engines. That value has been evaluated as expressed in Equation 2. 

𝐸 =
𝐿𝐻𝑉

𝜌𝑛
∗ 𝜌 ∗ 𝑉𝑡𝑎𝑛𝑘       (2) 

In Equation 2 𝐿𝐻𝑉 shows the fuel lower heating value, 𝜌 and 𝜌𝑛 stands for the fuel density and the 

normal density, respectively in [kg/m3] and [kg/Nm3]. Lastly, 𝑉𝑡𝑎𝑛𝑘 is the average vehicle tank 

considered equal to 0.15 m3 [22].   

The retrofitted refuelling station has to ensure back-to-back fill-ups, likewise the existing CNG 

refuelling station does. The article in Ref. [13] investigates the thermodynamic of HCNG refuelling 

processes in the fastest and safest conditions. Furthermore, considering that the HCNG mass flow 

rate cannot exceed the 60 g/s in accordance with the safety standards of the IV type cylinder tank, 

envisaged in the SAE J-2601 [23,24], a total refuelling time of 6 minutes per vehicle has been 

conjectured. In so doing, a maximum number of 10 vehicles can be fast filled in one hour [25]. Thus, 

the hoses number can be easily derived. Table 2 reports the resulting LHV values, along with the peak 

daily and hourly vehicles refuelling per each fuel. The fuels’ LHVs have been reported on volumetric 

basis and not in mass basis, as by definition. This is due to the changing density and mass, owed to 

the varying hydrogen rates. On the other hand, the tank volume is fixed per each fuel. The peak values 

have been engineered as a conservative approach has been followed for the RS sizing. 

 

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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Table 2. Fuel fill-ups demands. 

    

 

 

 

 

 

 

 

Table 2 envisages that by enhancing the hydrogen volumetric fraction in the blend, the LHV shrinks 

due to the density lowering. Thereafter, the greater the hydrogen rate in the fuel, the lower the driving 

range is. Bigger tank volumes at fixed pressure or greater final pressure levels at fixed cylinder 

volumes are needed to match the CNG driving range. Notwithstanding, as the brake thermal 

efficiency increases at greater f, the minimum hourly and daily refuelling demand is recorded for the 

15%vol.HCNG thanks to the more consistent LHV and density values. This strongly affects the 

HCNG-RS sizing.  

The retrofitted HCNG refuelling stations have been dimensioned by considering 12 daily working 

hours, in accordance with the initial CNG refuelling station. Hence, by harnessing the hourly 

refuelling transactions disclosed by the Nexant et al. [26], the resulting HCNG hourly fill-ups have 

been obtained and depicted in Figure 1. 

Fuel LHV 

[MJ/Nm3] 

 [vehicles/day] [vehicles/hour] 

CNG 35.88 178 15 

15%vol. HCNG 32.11 172 14 

20%vol. HCNG 30.847 176 15 

25%vol. HCNG 29.59 183 15 

30%vol. HCNG 28.33 190 16 



ATI-2023
Journal of Physics: Conference Series 2648 (2023) 012064

IOP Publishing
doi:10.1088/1742-6596/2648/1/012064

5

 

Figure 1. Daily fill-ups demand. 

As foreseen in the Table 1, the 15%vol. and 20%vol. in the HCNG record a lower fast fill-ups demand 

than the CNG.  

3.2. HCNG refuelling stations sizing 

After assessing the resulting demand per each HCNG hydrogen volumetric fraction, arising from the 

initial CNG peak demand of 3459.28 kg/day. In the retrofitted HCNG-RS no new dispenser are 

foreseen, as the hydrogen molar percentage relative to the maximum 30%vol. HCNG corresponds to 

about the 5% of the total fuel. Hence, considering that the same tank pressure is needed, the existing 

CNG dispenser can fit for the assessed HCNG blends. Furthermore, as the hydrogen source is the PV 

energy, the solar stochasticity has been considered. Therefore, optimal oversizing is needed for the 

PV plants, electrolysers and storage systems, in order to optimize the green hydrogen production as 

much as possible. In Table 3 each HCNG refuelling station has been sized, in accordance with the 

peak refuelling demands, recorded on every Friday. 
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Table 3. HCNG refuelling stations sizes. 

 

3.3. Economic assumptions. 

After evaluating some literature surveys, the economic assumptions exploited for this analysis have 

been envisaged in Table 4. 

Table 4. Economic assumptions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

*y refers to the H2 Nm3/h flow rate. 

 

4. HCNG-RS CAPEX 

Having fixed the refuelling stations sizing and the component cost, each HCNG-RS CAPEX can be 

assessed, considering the hourly H2 demand, as aforementioned. The highest CAPEX value is 

recorded for the 30%vol. HCNG, amounting up to 3.52 M€. This value is not due just to the highest 

volumetric fraction in the fuel, but it is also correlated to the lowest fuel density and LHV, as shown 

in Table 1. Indeed, the cost decrease at lower hydrogen volumetric fraction is not proportional to the 

f reductions. Figure 2 shows that the CAPEX decreases of the 13%, 17% and 24% for the 25%vol., 

20%vol., 15%vol. HCNG. 

Fuel Electrolyser 

[kW] 

PV 

[kW] 

LPSS 

[kg] 

HPSS 

[kg] 

Compressor 

[kW] 

Mixer 

[Nm3/h] 

15%vol. 

HCNG 

420 1200 76 91 7.5 43.3 

20%vol. 

HCNG 

550 1500 98 117 9.8 57.2 

25%vol. 

HCNG 

660 1900 119 143 12.2 70.9 

30%vol. 

HCNG 

750 2200 139 166 14.5 84.33 

Component CAPEX Source 

Electrolyser 1327 €/kW [27,28] 

H2 Storage 

(3MPa) 

600 €/kg          [29,30] 

H2 storage 

(22 MPa) 

773.5 €/kg  [31,32] 

Compressor 7,800 €/kW [33,34] 

PV plant 1000 €/kW [35,36] 

Mixer 13,302.378y-0.613* [37] 
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Figure 2.  HCNG-RS CAPEX reduction. 

 

Figure 3 depicts the total cost breakdown per each hydrogen fraction. 

 

Figure 3. Total cost breakdown. 

The electrolyser and the PV plant mostly impact the HCNG refuelling station cost, affecting also the 

levelized cost of hydrogen. The other components regarding the compression, storage and blending 

unit weight just the 9% on the CAPEX per each configuration. The green H2 production affects the 
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total expenditure at the 91%. Notably, the electrolyser weights around the 30% on the green H2 

production. On the other hand, the PV plant is around the 70% of the generation costs, see Figure 4. 

 

 

Figure 4. Green H2 production cost vs H2 compression, storage and blending. 

 

Hence, different hydrogen source or decentralized hydrogen production can strongly reduce the 

levelized cost of hydrogen [38]. Furthermore, the economy of scale can support the hydrogen market, 

thanks to the reduction of the electrolysers’ CAPEX. 

5. Conclusion 

In this work the hydrogen volumetric fractions effects have been evaluated in order to engineer an 

HCNG refuelling station, by upgrading an existing CNG-RS. Specifically, the hydrogen impacts on 

the fill-up demand has been analysed per each blend, by ranging the H2 volumetric fraction between 

the 15% and 20% in step range of 5%. Hence, every HCNG refuelling station has been sized by 

considering the green hydrogen production via an electrolyser fed by PV energy. 

The main outcomes of this assessment can be summarised as follows: 

• The greater the hydrogen volumetric fraction, the lower the driving range and the refuelling 

demand are. Hence, the PV system, the electrolyser and the storage sizes increase, accordingly 

to the total HCNG-RS CAPEX, 

• The blend with the hydrogen volumetric fraction up to 20% reach a greater driving range then 

the CNG fuelled ICE vehicles. 

• The cost decrease at lower hydrogen volumetric fraction is not proportional to the f reductions. 

• The green H2 production affects the total refuelling station CAPEX for the 91%.  

• The PV plant and the electrolyser weight around the 30% and 70% on the final green H2 

production CAPEX. 

• The highest CAPEX value is recorded for the 30%vol. HCNG, amounting up to 3.52 M€. 

As a side conclusion, this work aims to provide instructions and a clear approach for private 

companies, in order to evaluate how to properly design HCNG refuelling station, by upgrading 

existing CNG-RS. 
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Nomenclature 

 

CAC Carbon Avoidance Cost HRS 
Hydrogen refuelling station  

CAPEX Capital expenditure ICE 
Internal combustion engine 

CNG Compressed natural gas LHV 
Lower heating value 

CNG-RS Compressed natural gas refuelling station LPSS Lower pressure storage system 

f Hydrogen volumetric fraction NG Natural gas 

FCEV Fuel cell electric vehicles PV Photovoltaic 

H2 Hydrogen RS Refuelling station 

HCNG Hydrogen compressed natural gas   

HCNG-RS HCNG refuelling station   

HFCEV Hydrogen fuel cell electric vehicles   

HPSS High pressure storage system   
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