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Where: Treal are the environmental conditions during the experiment, measured hour by hour. 

TN refers to the “nominal condition” temp = 15 °C.

4. U and M represent ultrasonic and mechanical meters.

5. Different colours were used for the different serial numbers of the meters in order to make the        

         graphs clearer.

The following figures represent the results obtained for the 90% NG / 10% H2 blend:
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The average volume measured by the four meters was calculated for each line (F1 and F2) and the 

deviation of the reading of each meter from the average reading of its corresponding line was 

calculated, in order to analyse the measuring accuracy of all of the meters and the differences 

between the readings obtained:

The evolution of the environmental conditions (temperature and pressure trend) and the test 

conditions (pressure difference between the 2 lines) were also analysed and are shown in the figures 

below:

Table 10. Results for the average measured volume and deviation of each meter reading for a 90% NG/10% 

H2 blend.



66



67

The calculated percentage errors should be analysed as relative errors. Therefore, the actual errors 

would be even smaller than the absolute value.

We have made a few assumptions to explain these small discrepancies:

1. Measurements of volume are temperature sensitive, although the meters are designed and 

calibrated to operate over a temperature range of -25°C to +55°C. However, as can be seen, 

there is no discernible trend between temperature and error. In addition, meters are able to 

support the calculated volume with the temperature range. Therefore, this hypothesis is ruled 

out.

2. Measurements of volume are also highly dependent on atmospheric pressure. However, 

changes in pressure during the day were not significant.

3. The accuracy of the meter varies depending on the flow rate value: at low flow rates (below 

Qmin = 0.06 m³/h, meters and all mechanical meters above that tend to lose accuracy).

4. Due to the shape of the mechanical joint of the 2 F1 and F2 lines (T-shape) and their proximity 

to the meters, there was a hypothesis that the difference between the flow rates of the two 

lines (F1 and F2) could be creating an interference between them (due to the delta pressure at 

the joint).
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Table 11. Meter test results for an 85% NG / 15% H2 blend.

• 85 % NG / 15 % H2

The results for the 85% NG and 15% H2 blend are shown below.
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Table 12. Results for the average measured volume and deviation of each meter reading for an 85% 

NG/15% H2 blend.
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Temp. inicial (ºC)
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Results with 15% H2 indicate that:

1. Temperature does not affect the accuracy of the meters.

2. Atmospheric pressure does not play a role in the deviations of readings between meters.

3. Accuracy at low flow rates:  errors are larger for low flow rates (~0.1 m³/h). However, this is 
normal and the MID standards (EN 1359 and EN 14236) describe this behaviour by considering 
a higher error tolerance at low flow rates, as can be seen in the graphs below.

4. Errors in high flow rates and layout of meter lines: The correlation of the data between the 
different % of H2 confirms the hypothesis that there is interference between the two lines 
when very different flow rates are set on the 2 lines.
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Similar behaviour was seen for the two flow rates, where there was an increase in the relative error 
rate at low flow rates.

This is to be expected as they were calculated on a relative basis and, therefore, based on the average 
of the calculations of the 4 meters on the same line. In any event, we are within the MID error limits 
so it is normal to see some fluctuation.

The errors on all of the meters are shown below and we will tie them in with the difference of the two 
currents, as we did before, but correlating the behaviour of all of the meters (F1-F2).
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The meters correctly measured the flow rate with different blends of NG/H2.

It is also interesting to note that in case of reading differences between meters, measurements for a 
particular metrological technology were consistent with each other:

All of the US meters showed the same trend, as did all of the mechanical counters.

Divergences between the two technologies occurred when the very different flows in the 2 lines 
affected each other.  This was due to the fact that the US meters were much more sensitive to small 
variations and much more accurate than mechanical meters when the pressure was not stable. In fact, 
this represented the difference in the measuring capabilities of the two technologies, and with the 
ultrasonic (US) meter we were able to reveal the interference.  The US counters were closer to the 
joint, so they received the greatest effect from the interference.

8.3.4.2 NATURAL GAS (NG) COOKER

As a result of this test, we were able to obtain a visual result of how well the burners of the NG cooker 

were working.

As can be seen in the images, there is no visible change in the shape and colour of the flame in the 

equipment.

The project also studied the time it took for 500 ml of water to go from 30ºC to 90ºC (near boiling) 

with different H2 blends. The result was that water heated up at the same rate, irrespective of the 

level of H2.

Figure 57. Burners in operation with different NG / H2 blends.

Figure 58. Study of the rate at which water heats up at different NG/H2 blends.

100% NG 5% H2

-

95% NG 10% H2

-

90% NG 15% H2

-

85% NG

20% H2-

80% NG
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It was concluded that the NG cooker can operate with NG / H2 blends with up to 20% vol. of H2.

100 % NG

5 % H2

10 % H2

15 % H2

20 % H2

30

30

30

30

30

90

90

90

90

90

191

189

193

190

194

START TEMP (ºC) END TEMP (ºC) T (S)

Table 6. Dates of the tests carried out with different blends in the H2loop.

Figure 59. Time to boil water with different NG/H2 blends.

Water boiling time (s) (from 30 to 90 °C)

100% NG 5% H2 10% H2 15% H2 20% H2
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8.3.4.3 NATURAL GAS (NG) BOILER

The table below shows the data obtained in the different boiler performance tests:

Fuel consumption was measured at a pressure of 160 mbar(g) in a G4 type domestic diaphragm 

meter.

The composition of the NG used in the tests was sourced from information published by Enagas (GTS):

Results were obtained from these measurements for each of the scenarios studied.

• 100 % NG / 0 % H2

The first test of the boiler's performance was carried out using 100% NG as fuel. The following 

results were obtained from the 2 measurements carried out for this gas composition:

Fuel consumption was as follows:

19-nov-23 11.504

 Daily HHV

11.504

 Monthly HHV

11.504

Two-monthly 
HHV

11.504

LHV

11.504

Relative 
density

11.504

N2

11.504

CO2Date

Table 14. Results on boiler performance for different NG/H2 blends.

1,213 1.317 0 % 11.504 13.633

m³/h Nm³/h % H2 HHV (kWh/Nm³) Energy (kW) LHV

FUEL CONSUMPTION
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• 95 % NG / 5 % H2

The second test of the boiler’s performance used a blend of 95% NG and 5% H2 as fuel.  The 

following results were obtained from the 2 measurements carried out for this gas composition:

Fuel consumption was as follows:

1.232 1.338 5.0 % 11.106 13.374

m³/h Nm³/h % H2 HHV (kWh/Nm³) Energy (kW) LHV

FUEL CONSUMPTION

The useful energy produced in the boiler was as follows:

16.2 32.5 22.4 11.415 83.7 %

HW flow

(l/min) 

Output Temp  
(ºC) Input Temp  (ºC) Energy (kW) Efficiency (%)

USEFUL ENERGY

The useful energy produced in the boiler was as follows:

16.2 32.25 22.35 11.189 83.7 %

HW flow 
(l/min)

Output Temp  
(ºC)

Input Temp  (ºC) Energy (kW) Efficiency (%)

USEFUL ENERGY

Data regarding the boiler’s combustion gases were as follows:

18.2 31.1 4.10 24 9.6

Ambient temp Flue gas 
temp O2 (%) CO (ppm) CO2 (%)

30.0

NOx (ppm)

FLUE GAS PROBE
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•  90 % NG / 10 % H2

The third test of the boiler’s performance used a blend of 90% NG and 10% H2 as fuel. The 

following results were obtained from the 2 measurements carried out for this gas composition:

Fuel consumption was as follows:

1.266 1.375 10.4 % 10.676 13.210

m³/h Nm³/h % H2 HHV (kWh/Nm³) Energy (kW) LHV

FUEL CONSUMPTION

The useful energy produced in the boiler was as follows:

16.2 32.10 22.40 10.963 83.0 %

HW flow 
(l/min)

Output Temp  
(ºC) Input Temp  (ºC) Energy (kW) Efficiency (%)

USEFUL ENERGY

Data regarding the boiler’s combustion gases were as follows:

18.1 30.9 4.40 19 9.4

Ambient temp 
Flue gas 
temp O2 (%) CO (ppm) CO2 (%)

25.0

NOx (ppm)

FLUE GAS PROBE

Data regarding the boiler’s combustion gases were as follows:

18.2 31.0 4.72 15 9.3

Ambient temp Flue gas 
temp O2 (%) CO (ppm) CO2 (%)

20.0

NOx (ppm)

FLUE GAS PROBE
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• 85 %NG / 15 % H2

The fourth test of the boiler’s performance used a blend of 85% NG and 15% H2 as fuel. The 

following results were obtained from the 2 measurements carried out for this gas composition:

Fuel consumption was as follows:

1.299 1.411 15.3 % 10.287 13.059

m³/h Nm³/h % H2 HHV (kWh/Nm³) Energy (kW) LHV

FUEL CONSUMPTION

The useful energy produced in the boiler was as follows:

16.2 32.00 22.45 10.794 82.7 %

HW flow 
(l/min)

Output Temp  
(ºC)

Input Temp  (ºC) Energy (kW) Efficiency (%)

USEFUL ENERGY

Data regarding the boiler’s combustion gases were as follows:

18.2 31.1 5.02 13 9.1

Ambient temp Flue gas 
temp O2 (%) CO (ppm) CO2 (%)

16.0

NOx (ppm)

FLUE GAS PROBE
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• 80 % NG / 20 % H2

The last test of the boiler’s performance used a blend of 80% NG and 20% H2 as fuel. The following 

results were obtained from the 2 measurements carried out for this gas composition:

Fuel consumption was as follows:

1.342 1.447 20.2 % 9.897 12.976

The useful energy produced in the boiler was as follows:

As far as the fuel consumption of the boiler is concerned, it can be seen that the higher the 

percentage of the blend:

• The flow rate of gas consumed increases, with a 10% higher flow rate for 20% H2.

• The primary energy demanded by the boiler decreases. With 20% H2, the boiler requires 14% less

   energy.

16.2 31.95 22.55 10.624 81.9 %

Data regarding the boiler’s combustion gases were as follows:

m³/h Nm³/h % H2 HHV (kWh/Nm³) Energy (kW) LHV

FUEL CONSUMPTION

HW flow 
(l/min)

Output Temp  
(ºC)

Input Temp  (ºC) Energy (kW) Efficiency (%)

USEFUL ENERGY

Ambient temp Flue gas 
temp O2 (%) CO (ppm) CO2 (%) NOx (ppm)

FLUE GAS PROBE

18.2 30.4 5.31 11 9.0 14.0



Figure 60. Flow rate consumed and primary energy demanded by the boiler with different NG/H2 blends.

Figure 61. Boiler efficiency with different NG/H2 blends.
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The analysis of the tests carried out indicates that boiler efficiency is reduced by blending H2 with NG. 

There is a decrease in efficiency for blends above 5% of H2. The decrease in boiler efficiency is 1.8% 

for 20% H2 in the blend.

As far as boiler emissions are concerned:

• The O2 content of the flue gas is higher.

• CO2 emissions are lower.

• Unburned (CO) production is lower

• NOx emissions are lower.

Nm3/h

! !

HHV (kWh/Nm3)

!

100% NG 5% H2 10% H210% H2 15% H2 20% H2

100% NG 5% H2 10% H2 15% H2 20% H2

100% NG 5% H2 15% H2 20% H2

Efficiency (%)



Figure 62. Measurement of O2, CO2, CO and NOx for different NG/H2 blends.
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8.3.5 TESTING MATERIAL COMPATIBILITY IN 
AUTOCLAVES

8.3.5.1 CAMPAIGN 1, 2 AND 3

Campaigns 1, 2 and 3 were carried out beforehand and were documented in the following reports:

• E.1.1. Report on the Characterisation of Materials in Autoclaves. Campaign#1

• E.1.2. Report on the Characterisation of Materials in Autoclaves. Campaign#2

• E.1.3. Report on the Characterisation of Materials in Autoclaves. Campaign#3

The results obtained from campaigns 1, 2 and 3 are summarised below. 

All materials have been exposed to an atmosphere of 100% H2 at a pressure of 16 bar for 1000 hours.

The tables below show the references of the materials and the type of test carried out:


