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1. Abstract 
 

The project aims to analyze a pilot plant for the direct combustion of hydrogen that must be realized by the 

company Stork Thermeq B.V. together with DNVGL. The system in consideration has a nominal power of 500 

kW (LHV) and is designed to operate in a power range between 10% and 100%. Under stationary and standard 

conditions, hydrogen is burned with pure oxygen, produced by electrolysis of water, the reaction creates 

steam, which is recirculated to cool the combustion chamber at temperatures that are sustainable for the 

equipment. Moreover, the recycled steam is used to cool the combustion to avoid the production of NOx 

pollutants that would be created if the reaction was cooled with air.   

 The plant can also operate with air or a mixture of nitrogen and oxygen introduced separately. The system 

also has the possibility to be powered by natural gas, in order to analyze the differences in combustion of the 

two different types of fuel and to implement the system for future commercialization.  Since Stork Thermeq 

B.V. is a leading company in the production of boilers and burners, these two components will be analyzed in 

detail. The target is to give a flexible plant which can offer the chance to substitute the single parts of the 

system  and measure the differences.  The project therefore focuses on analyzing the plant from the point of 

view of the energy and mass balance in various conditions, standard and transition; analyzes various 

possibilities that can be developed. After defining a set-up for the plant, the individual equipment are sized 

and designed to be printed in 3D, P&ID’s and  PFD’s are drawn for standard conditions. Finally, a proposal for 

the internal HAZOP analysis and a related philosophy of operation of the plant are drawn up. 

2. Introduction 
 

Due to the carbon-free nature of hydrogen gas, hydrogen has been considered as future energy in 

replacement of hydrocarbon resources. Hydrogen could be produced by varies means including water 

electrolysis, reforming, thermocatalytic cracking, thermolysis, biotechnology, photonic and etc. It can be 

stored and when energy is required it can be used for combustion in a boiler such that the resulting flue-gas 

only consists of steam. The direct combustion of hydrogen can be used to generate electricity by a semi-closed 

hydrogen combustion turbine, which emits no COx, SOx, or NOx [1-2]. If such a system could be realized it 

allows to have a production of energy with a clean combustion. The applications of H2 in various energy 

devices, such as fuel cell, internal combustion engine, have drawn many interests. However, the application of 

H2 on industrial burner for thermal supply has not widely applied. [1-3] 

The combustion of hydrogen with oxygen results in temperatures that current boilers cannot withstand. This 

problem was chosen as focus for the current research in order to create a better understanding of the 

technical challenges and possibilities. In order to reduce the high temperature during combustion the 

recirculation of the steam produced is considered. First a simplified thermodynamic model was created to gain 

insight in the system parameters. This was used to determine the mass and energy balances for a system 

according to preliminary design considerations and to determine system optimization. Then a set-up of the 

system is provided and P&ID’s and PFD’s will be designed to serve as a basis for defining a system operating 

philosophy. The hydrogen combustion reaction can be cooled either with recycled steam or air, or with a 

mixture of nitrogen and oxygen introduced separately. In this way the combustion differences can be analyzed 

with different types of oxidizing gases and during the first tests of the plant it will be possible to precisely 
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define the parameters for a functioning in optimal conditions. The report focuses on defining the design of the 

instrumentation of the system; the burner and the static mixer are drawn, the optimal sizes of the pipes of the 

plant lines are calculated and the characteristics of the recirculation fan, of the air fan and of the electric 

heater are defined. Furthermore, the operating philosophy of the system and of the control (DCS) and safety 

(BMS) systems are analyzed. Finally, a hazard and operability study ( HAZOP ) is drawn up and will serve as a 

reference for the future internal analysis that will be conducted by Stork Thermeq B.V. together with DNVGL, 

before the installation of the system. The designed plant is meant to generate hot water as  final product, 

which can be used as a heat source. Future implementations of the system will have to consider the 

production of superheated steam in order to produce electricity in steam turbines. 

3. Mass And Energy Balances 

3.1 Stoichiometric Case 
 

The analysis of the system begins considering the chemical reaction that takes place inside the boiler, in 

which hydrogen and oxygen are burnt together to obtain steam ( standard condition ). The combustion of 

hydrogen in oxygen has an adiabatic flame temperature higher than 3000°C [1-4]. The boiler that is used in the 

plant is thought to be used with natural gas as fuel, hence it doesn't support such high temperature. The 

recirculation of the steam produced by the combustion in the boiler is analyzed to reduce the adiabatic flame 

temperature up to 2000 ° C. To this end, a simple thermodynamic model is created in order to study the 

temperature variation as a function of the recirculated steam mass flow rate.  As first estimation the adiabatic 

temperature results to be 4171°C, which is much higher than the value indicated from the literature, this is 

because the recombination effect is not considered in this calculation; in fact the partial combustion of 

hydrogen can also give 𝑂𝐻−𝑎𝑛𝑑 𝐻3𝑂+ as well as the steam produced can recombine with oxygen creating 

𝐻2𝑂2, subtracting energy from the reaction.[1-3] Recombination has a greater effect with high temperature[1-

2], hence lowering the temperature to 2000°C will also reduce this undesired effect. 

In order to give a first estimation of the required amount of recycled steam it is necessary to define the 

operating condition of the plant. Nitrogen, oxygen, natural gas and hydrogen are supposed to be stored in 

cylinders at a pressure of 7 bara and at atmospheric temperature. Oxygen is expanded to a pressure of about 

50 mbarg with the use of a control valve and inserted in the burner at a pressure of about 40 mbarg. 

Correspondingly when the system is powered by oxygen and nitrogen, the nitrogen is expanded to the same 

oxygen pressure. Hydrogen and Natural gas are instead expanded to a pressure relatively equal to 2 bara and 

1,6 bara before enter the burner, they both are considered to be at a ambient temperature of 25°C.  This 

temperature has a wide impact on the amount of required recycled steam or combustion air, in fact the higher 

the inlet temperature, the more cooling medium is required which can either be air or recycled steam. This 

analysis could lead to the statement that if the hydrogen and oxygen are provided to an enough low 

temperature the recycled steam can be reduced to a minimum level; but in this case the low temperature of 

the inlet gases would condensate the small amount of recycled steam. Condensation is an unwanted 

phenomena which can leads to a reduction of the steam inside the combustion chamber, and a relative 

temperature rise, furthermore the water has to be removed from  the burner and the wind box, complicating 

the design. [1-5] Previous analysis conducted [1-1] found out that the minimum inlet temperature of oxygen 

and hydrogen, to prevent condensation, are around 21°C; for this condition the minimum inlet temperature of 

the recycled steam for which condensation doesn’t  occur is roughly 132°C. It is considered that the recycled 
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steam is mixed with oxygen at a temperature of 150°C, in order to prevent any possible condensation. Using 

these data the dependency of the temperature on the recycled steam  is plotted. Calculation made can be 

seen in Appendix {1}. 

 

Figure 1: Dependency of the adiabatic flame temperature on the recirculation ratio 

The recirculation ratio is defined as the ratio of the mass flow rate of the recycled stream and the sum of the 

mass flow rate of the hydrogen and oxygen supplied. 

�̇�𝑓 =
�̇�𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑 𝑠𝑡𝑟𝑒𝑎𝑚 

�̇�𝐻2
+ �̇�𝑂2

 

The results obtained shows that the ideal adiabatic temperature can be reached with a recycled mass flow 

rate ratio of about  1,5. Unfortunately the large variation of the heat capacity factor of the three gases 

involved doesn’t allow to determine precisely the adiabatic temperature with simple calculation. 

In order to give a better estimation of the required recycled steam the software AnsysPlus is used to analyze 

the thermodynamic  model. Results will be presented further on. 

3.2 Excess of Oxygen Case 
 

The combustion of hydrogen has been considered complete, but in reality the incomplete mixing of fuel with 

oxygen could lead to a percentage of hydrogen in the flue gases, thus creating problems for safety ( unburned 

hydrogen ) and reducing the potential producible energy. For this reason an excess of oxygen is required for 

the complete combustion of the fuel. Unfortunately it is impossible to estimate the excess of oxygen actually 

necessary for the complete combustion, in fact this depends on too many factors, among which many are not 

measurable, in particular the efficiency of gas mixing, both in the static mixer and in the boiler itself. The 

optimal excess of oxygen can be adjusted manually and will be fixed during commissioning.  

Then through the use of AspenPlus the recycled steam, necessary to reach 2000 ° C in the boiler, was 

measured for different lambda “𝜆" values ( excess of oxygen supplied ). The graph has been plotted for the 

interested range of operation. 𝜆  is defined as: 

 

𝜆 =
𝐴𝐹𝑅

𝐴𝐹𝑅𝑠𝑡𝑜𝑖𝑐ℎ
= 1 +  𝜀            ;  𝑤ℎ𝑒𝑟𝑒 𝐴𝐹𝑅 𝑖𝑠 𝑡ℎ𝑒 𝐴𝑖𝑟 𝑡𝑜 𝐹𝑢𝑒𝑙 𝑅𝑎𝑡𝑖𝑜 

 

 
[1] 

 

In this case the reaction equation will become: 
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𝐻2 +
1

2
(1 +  𝜀)𝑂2 → 𝐻2𝑂 + 𝜀

1

2
𝑂2 

[2] 

 

 

Figure 2: Dependency of the adiabatic flame temperature on the recirculation ratio for different excess of oxygen 

The graph clearly shows that the increasing amount of oxygen leads to a reduction of the recycled steam. 

However in standard condition at 100% load the recycled stream ratio �̇�𝑓 varies from 1,79 to 1,83. 

It is important to note that the situation analyzed is not the same if the load is changed. In the case in which 

the plant power is 50 kW (10% of the nominal power; which is the minimum load limit that can be applied to 

this system) the speed of the gases introduced into the boiler will be much lower, in fact, by reducing the gas 

flow and keeping the pressure unchanged by the 100% case, the speeds are reduced by about 10 times, as it 

will be explained later. For this reason it will be more difficult to obtain a complete mixing of the fuel with 

oxygen. Therefore the lower is the load, the more excess of air is necessary to ensure a complete combustion. 

It is assumed that for the 100% case the excess of oxygen in the flue gases has to be around 3% in volume, 

instead the 10% case is assumed to work with an excess of oxygen equal to 20,73%. These will be optimized 

during the tests.  

As it will be described later, the boiler's heat exchanger, which is designed to cool the combustion product 

gas and at the same time produce hot water, is sized for 100% load, when switching to a 10 times lower load 

some problems arise in the transfer of heat, as the heat exchanger area will be too large. One of the possible 

solutions that will be adopted is to reduce the adiabatic flame temperature, increasing the recycled steam. For 

this reason the 10% case is analyzed in a lower range of temperature ( between 515 °C and 1750°C ).    

 

 

Figure 3: Dependency of the adiabatic flame temperature on the recirculation ratio for different excess of oxygen for a larger range 
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According to the hypothesis, the results shows that when the excess of oxygen increases the required 

recycled steam decreases, whereas lower adiabatic temperature can be reached increasing the recycled steam 

flow rate or increasing the excess of oxygen.  

3.3 Combustion with Air 
 

The pilot plant is designed to be able to study and optimize the equipment necessary for combustion of 

hydrogen with different set-ups. For this reason it is important to study the combustion of hydrogen with air. 

The plant has been designed in such a way that the air used for combustion can either be normally introduced 

through a fan, or oxygen and nitrogen can be supplied from two different pressure storage (roughly 7 bara) 

and expanded through a control valve to the burner working pressure. In both cases the oxygen-nitrogen 

volume ratio remains at 29-71. 

In this case the reaction can be written as: 

 

𝐻2 +
1

2
(1 +  𝜀)𝑂2 +

79

21

1

2
(1 +  𝜀)𝑁2 → 𝐻2𝑂 + 𝜀

1

2
𝑂2 +

79

21

1

2
(1 +  𝜀)𝑁2 

 
[3] 

 

The analysis has been conducted for all the two limit cases ( 100% load and 10% load ). The adiabatic 

temperature is only function of the excess of air in this case, because there is no presence of the recycled 

stream. In any case, the variation of load doesn’t influence the results.  

The same method has also been applied to the case in which the fuel is natural gas, instead of hydrogen. For 

simplicity the natural gas is considered to be completely composed of methane, also because the detailed 

analysis of the combustion of natural gas is not the mean subject of the study.  In this case the reaction can be 

written as:  

 

𝐶𝐻4 + 2(1 +  𝜀)𝑂2 +
79

21
2(1 +  𝜀)𝑁2 → 2𝐻2𝑂 + 𝐶𝑂2 + 𝜀2𝑂2 +

79

21
2(1 +  𝜀)𝑁2 

 

 
[4] 

The graph below shows the results: 

 

Figure 4: Dependency of the adiabatic temperature of Methane and Hydrogen on the excess of oxygen in the wet flue gases 
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The graph shows the variation of the adiabatic theoretical temperature of combustion in function of the 

percentage of the excess of oxygen in the wet flue gases. For the same excess of oxygen level the adiabatic 

flame temperature of hydrogen firing is higher than with natural gas firing.  

3.4 Memo with Data sheet 
 

In order to proceed with the analysis of the plant it is necessary to establish the conditions of standard 

operability, i.e. the situations in which the thermodynamic cycle is stable. In this way the bases are laid to 

define the dynamic conditions of transition from one standard condition to another. 

Memos with the design data were created for each individual condition. For reasons of space these are 

presented in Appendix {2}, while here the results obtained will be explained and described. 

The system is supposed to work with a thermal load of 500 kW, an adiabatic combustion temperature of 

about 2000 ° C and an excess of oxygen in the wet exhaust gases of 3% in volume. Exhaust gases coming out of 

the boiler are splitted into two streams, one is recirculated by a fan back to the wind-box and the remaining 

goes into the stack, it is important to note that the composition of the two streams does not vary from the 

original. Therefore a part of the oxygen introduced into the boiler inlet is also recirculated. To find a mass 

balance between the oxygen coming from the recycled stream and the oxygen coming from the storage it is 

necessary to know the amount of steam necessary to maintain the temperature at 2000 ° C. The calculations 

are shown in Appendix {2}; the results were compared and adapted to the simulation made with AspenPlus, in 

order to obtain more reliable values. 

For standard conditions at 75% and 50% of the nominal load, the same flame temperature is assumed, while 

the excess of oxygen in the wet exhausted gases is brought to 4% and 6% in volume, respectively. Besides 

these two conditions is also analyzed with an excess of oxygen equal to 3% in volume, because in the case 

where 3% was sufficient for the complete combustion, it would be preferable to use the same stoichiometric 

fuel-oxygen ratio of the 100% case, to simplify  the operability. 

The case in which the load is reduced to 25% has been studied keeping the adiabatic temperature constant 

and varying the excess of oxygen in the exhausted gases to 6% and 10.4% in volume. Furthermore, the case in 

which the excess of oxygen is 10.4% has also been studied for an adiabatic temperature of 1745 ° C. The same 

method has been applied to the case in which the load is 10%: this condition was analyzed by maintaining the 

excess of oxygen equal to 20.73% and changing the adiabatic temperature of flame to 1750 ° C, 1500 ° C and 

515 ° C. The decision to reduce the temperature in the boiler to lower loads is given by the fact that by 

reducing the load, the amount of steam necessary to cool the system is also reduced, in this way the quantity 

of gas flowing in the boiler will be reduced to such an extent that it could cool too much. Furthermore there is 

a need to keep the amount of combustion gases inside the furnace at the same level of the 100% load case 

also because when reducing the flow rate of the gases, all the stream’s velocity will be reduced and this could 

cause a bad mixing of the gases in the static mixer, a reduction in the speed of rotation of the gases inside the 

wind-box. For the 10% case, in which the adiabatic temperature is 1750 ° C the amount of recycled stream is 

almost 10 times less than in the case 100%, instead if the desired adiabatic temperature  is 515 ° C the amount 

of recycled stream needed is similar to that required in the 100% case, ensuring a better functioning of the 

entire system, as the equipment is designed to operate in optimal conditions at 100% load. The recycled 

stream in the latter case is 264 kg/hr with a recycled stream ratio �̇�𝑓 equal to 13,64 and it is actually higher 

than the recycled stream in the 100% case which is 254 kg/hr. Substantially  it is advisable to decrease the 

adiabatic temperature of flame when decreasing the load ( by increasing the recirculation stream flow rate) to 

assure a better functioning of the system. The optimal adiabatic temperature for the 10% case will be 

optimized during the tests.  



 
 

CONFIDENTIAL Pag. 8 
 

Furthermore, the cases in which hydrogen is burned using normal air or a mixture of nitrogen and oxygen 

from storage have also been analyzed. Both cases were analyzed for two different conditions: considering the 

adiabatic flame temperature to be 2000 ° C which gives a lambda equal to about 1.2 and a lambda equal to 1.1 

which increase the adiabatic temperature to 2113 ° C.  

The same procedure is applied in case the fuel is changed to natural gas, the cases considered for this 

condition are: lambda = 1.16 and adiabatic temperature = 1845 ° C. and lambda = 1.1 and adiabatic 

temperatures = 1916 ° C. Both the cases have been analyzed for the situation in which the air is provided from 

the environment and from the two storages.   

4. Boiler  
 

The boiler used in the system is a Novumax H2R 475, of which the technical data sheet and a drawing are 

noticeable in Appendix {3}. The considered boiler is normally used for the combustion of methane or natural 

gas, for this reason its physiology has numerous limitations, among them the most important requires that the 

cooling water leaving the boiler does not exceed the temperature of 110 ° C. For this reason the gases leaving 

the boiler will have a temperature slightly higher than 110 ° C, while the recycled stream requires a 

temperature of about 150 ° C. This problem will be treated later and possible solutions will be investigated. 

The boiler itself can be divided into two parts: in the first part the heat is transferred by radiation to the water 

flowing in the walls of the furnace; in the second part the flue gases pass through a heat exchanger cooled by 

the same water that flows in the walls, this part is characterized by a convective heat transfer.  

Analyzing the system it is natural to wonder why the steam produced by combustion is used to heat other 

water and is not used directly e.g. to produce electricity. the reasons are numerous: first of all the plant is 

designed to study in particular the burner and the boiler and there is no interest in complicating the 

thermodynamic cycle, secondly the steam produced by combustion should pass into a turbine, be condensed, 

heated again and reintroduced in the boiler; being able to accumulate impurities during this long path and 

requiring an instrumentation much more complicated than necessary, thirdly, the walls of the boiler still need 

to be cooled in some way, so a second cycle of water would still be necessary. 

4.1  Radiation Heat Transfer 
 

The following analysis will provide a simplified calculation method for quantify the  amount of radiation heat 

transferred from the gases inside the furnace to the walls in boilers with a dominating thermal radiation 

component. Analysis are performed for the designed combustion chamber with water-cooled walls.  In order 

to measure the absorbed radiation heat flux in the first part, it is best to measure the enthalpy increase of the 

process medium. This method is used in practice to monitor the total thermal output of a furnace or boiler. [2-

1]. Hence it is necessary to define an energy balance for the entropic variation that occurs inside the furnace, 

which is given by the following formula. It is assumed that fuel combusts completely instantaneously at the 

burner exit and reaches adiabatic combustion temperature Ta, and that heat transfer only occurs in the radial 

direction of the furnace axis; ignore heat transfer in the axial direction (one-dimensional model).  

 
𝑄[𝐾𝑤] = 𝜚 �̇�𝑓𝑢𝑒𝑙(ℎ𝑎 − ℎ𝐹) 

 
[5] 
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Where ℎ𝑎 and ℎ𝐹  represent respectively the enthalpy of the gas at theoretical adiabatic combustion 

temperature and at the exit of the furnace; 𝜚 is the heat preservation coefficient which takes into account the 

heat loss due to the cooling effect of the furnace wall (assumed to be 0.80  from reference [2-5]). 

Furthermore the radiation heat transferred to the walls can be written as: 

 

𝑄 = 𝜎𝑎𝐹𝐴(𝑇𝑔
4 − 𝑇𝑤

4) 

 
[6] 

 

Where σ is the Stefan-Boltzman constant; 𝐴 is the total area of the furnace ( first part ). 𝑇𝑤 is the average 

temperature of the wall assumed to be ( 25°C above the cooling water outlet temperature) and 𝑇𝑔 is the 

average temperature of the gas inside the furnace. The latter will vary with the three dimensions; to simplify 

the calculation 𝑇𝑔 represents the average of all the temperatures of the gas. 𝑎𝐹 is the emissivity factor which 

depends on the characteristic of the gas and the geometry of the boiler. Values are assumed from reference 

[2-7] and can be seen in Appendix {4}.  

The combination of the equations of the heat released by the gas and absorbed by the walls lead to two 

different expressions for the average temperature 𝑇𝑔 in function of the temperature at the boiler outlet 𝑇𝐹: 

 

𝑇𝑔
4 =

3𝑇𝑓
4

(
𝑇𝐹

3

𝑇𝑎
3) + (

𝑇𝐹
2

𝑇𝑎
2) + (

𝑇𝐹
𝑇𝑎

)

 

 
[7] 

 

𝑇𝑔
4 =

𝜚 �̇�𝑓𝑢𝑒𝑙(ℎ𝑎 − 𝐶𝑝(𝑇𝐹)𝑇𝐹)

𝜎𝑎𝐹𝐴
+ 𝑇𝑤

4 

 
[8] 

 

Detailed calculation is visible in Appendix and the results are plotted in the following graphs:  

 

Figure 5: Radiation heat transfer - Determination of the outlet temperature of the flue gases for different cases of combustion of 
hydrogen with oxygen and recycled stream 
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From the analysis conducted it is possible to know approximately the temperature of the flue gases at the 

entrance of the convective heat exchanger in the second part of the boiler for all the standard cases analyzed 

and the relative heat exchanged with the walls. For the first case (100% load) the temperature of the gases 

after the boiler area characterized by the transfer of radiant heat is approximately 1085 ° C and the heat 

exchanged in this area is 267 kW (53.4% of the primary source) .It is important to note that since the 

temparature of flue gases is still high, there is still a considerable amount of heat which has to be assorved by 

the second heat exchanger.The average temperature of the gases inside the furnace is approximatly 1440°C  

For the 10% case instead, all three situations have been analyzed in detail and the results are as follows: 

- case with T adibatic equal to 1750 ° C - Gas outlet temperatures equal to ~ 290 ° C and radiation heat 

transfered equal to ~ 43 kW (86% of the input power) 

- case with T adibatic equal to 1500 ° C - Gas outlet temperatures equal to ~ 270 ° C and radiation heat 

transfered equal to ~ 39 kW (78% of the input power) 

- case with T adibatic equal to 515 ° C - Gas outlet temperatures equal to ~ 220 ° C and radiation heat 

transfered equal to ~ 32 kW (64% of the input power) 

It is possible to notice that decreasing the adiabatic temperature the efficiency of the system decrease, in 

fact, not only is the radiativ heat transfer less, but also the temperature exiting the first part of the boiler 

decreases; thus reducing the exchangeable heat in the second heat exchanger. This effect occurs because 

while the power supplied by the fuel is always the same the heat is transferred to a larger ammount of 

recirculated steam, depleting the usable energy. 

The same method of analysis was used to calculate the radiation heat transfer in case the system works with 

air as oxidant or with the mixture of nitrogen and oxygen. The study was applied both in the case where the 

fuel is hydrogen or natural gas. The results are visible in the following graphs. 

 

 

Figure 6: Radiation Heat transfer - determination of the oulet temperature of the flue gases for the combustion of Hydrogen and 
Methane with air 

- The results of the first case  “100% load Hydrogen burned with air with adiabatic flame temperature = 

2000°C” are very similar to the one obtained using fresh oxygen and the recycled stream as oxydant (standard 

condition ). In fact the average temperature of the gases inside the furnace is 1430°C, (1440°C for standard 

condition)  while the oulet gas temperature is ~ 1070°C ( 1085°C for standard condition ). The calcualted 

radiation heat transfer in this case is 260 kW, 52% of the inlet power  ( 267 kW for standard condition ). This 

result demonstrate that is possible to obtain a similar condition of radiation heat transfer of the standard case 

by cooling the combustion chamber with air instead of with the recycled steam.  

- in the case where the natural gas is used as fuel the results are similar too. The average furnace 

temperature is about 1400 ° C, the gas outlet temperature is 1030 ° C and the energy exchanged by irradiation 

is about 253 kW. (50.6%). As well as the previous situation, the condition of radiation heat transfer are similar 

to the standard case.  
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This analysis demonstrated that is possible to obtain a similar behaviour of the fluegases in furnace for 

different condition and types of fuels. This fact guarantees that it is possible to use the boiler in all the 

analyzed situations avoiding substantial variations in the thermodynamic conditions of the cycle. 

4.2 Heat exchanger 
 

This chapter is purely theoretical and is meant to make understand the problems that may occur due to a 

wrong sizing of the heat exchanger. The boiler is divided into two parts, one characterized by radiated heat 

exchange and one by convective heat exchange. This second part of the boiler is considered removable or 

internally exchangeable with other types of heat exchanger. This analysis will in fact deal with three different 

types of system set-ups based on three different heat exchanger concepts. Calculation and data assumed can 

be seen in Appendix {5}, the results will be discussed here. All the cases are analyzed using the same method: 

in first place the heat exchanger is sized in order to produce the desired proprieties of the streams in case the 

system runs at 100% load; this is done by using the LMTD method. LMTD is the Logarithmic Mean 

Temperature Difference and it is calculated in two different ways according to the type of heat exchanger ( 

cross or parallel flows ). Subsequently the results obtained are used to see the behavior of the heat exchanger 

when the load is reduced to 10%. In particular the case study has been done in the case in which the adiabatic 

temperature is 1750°C because the amount of  flue gases in the boiler is the least in this case, hence it can be 

defined as the limit condition, since a positive result in this case would result in a positive behavior in all the 

intermediate cases between 10% and 100% load. 

The inlet  temperature of the hot side is assumed to be equal to the oulet temperature of the radiation boiler 

part:  for the 100% load the inlet temperature is 1085°C and for the 10% load is 280°C ( from radiation heat 

transfer analysis).  

 

-The first case analyzes the normal heat exchanger already present in the boiler with a counter-current 

operation. Working fluid is considered to be water that enters at a temperature of about 60 ° C and exits at a 

temperature of about 105 ° C. In this case it is necessary the introduction of a pump to have a forced 

circulation inside the heat exchanger and an electric heater to bring the flue gases from about 107 ° C to the 

desired temperature of 150 ° C to be mixed with the fresh oxygen. The cooling water is pressurized to 4,5 bar 

at the inlet of the heat exchanger and it assumed  that it will have a pressure drop of 0,5 bar. 

The obtained results shows that the energy subtracted from the flue gases to cool it up from 1085°C to 107°C 

is 152 kW. Together with the heat transfer by radiation, the total energy given to the water will be 

267+152=419 kW which is 83.8% of the input power. On the other side 0,11 kg/s of  water are heated up from 

60°C to 105°C, extracting 152 kW.  The cooling water flows in 40 pipes with an intern diameter of 18 mm, a 

thickness of 2 mm and a length of 1,4 m with a velocity of 27 m/s (velocity is assumed ). These pipes are 

surrounded by flue gases which flow in a larger conduct of about 7 cm diameter. Hence the heat exchanger 

can be easily sized for the standard condition at 100% load. In this case the work needed for the pump is about 

0,1 Kw and the required energy for the electric heater is about 5 kW. The total efficiency of the system can be 

calculated : (419 kW-5,1kW)/500kW= 82.8%. 

Applying the calculated dimensions to the 10% load case it is possible to see that the exchanging area is way 

too large for the small amount of flue gases. For this reason is not possible to achieve a desired setup, in fact if 

the mass flow rate of cooling water is very large the flue gases will cool down to about the inlet temperature 

of the cold side (60°C) and condense. If instead the mass flow rate of water is low this will be heated up to the 

inlet temperature of the hot side (274°C) almost reaching  the inlet temperature of the hot side ( 280°C); this 

temperature exceed the safety limit of the boiler.  
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-The second case considers that the flue gases are cooled with air at room temperature in a heat exchanger 

dimensioned according to the 100% case in cross flow. In this case the flue gases would be cooled up to the 

required temperature of 150° C, requiring no heater, but requiring a compressor for the cooling air. 

In this case the flue gases flow in the inner pipes surrounded by the air streamflow. The heat exchanged is 149 

kW, lower than the previous case  because the flue gases are cooled down to 150°C. On the other hand air is 

heated up from 25°C to 370°C. In this case the flue gases flows in 100 pipes with intern diameter of 18 mm, a 

thickness of 2 mm and a length of 1,37 m; while the air flows in a larger conduct with an intern diameter of 

about 25 cm at a speed of 20 m/s. The air is considered to be pressurized at 70 mbarg, which requires a 

compressor work of about 1 kW. The total efficiency in this case is 82.6% if we consider the heat given to the 

cooling air as an useful product which is not in reality. In fact in this case only the heat transferred by radiation 

is considerable as useful and all the heat given to the air can be considered wasted; according to this 

consideration the efficiency  is (267 kW-1kW-1,1kW)/500kW=53.2%.  

When applying the calculated sizes of the heat exchanger to the 10% load case the same previous issue 

occurs. In fact the exchanging area is so big that doesn’t allow, in this condition, to have a temperature 

difference between the hot and cold outlets: if  the amount of air is large the flue gases will be cool down to 

25°C provoking condensation and if it is low the air will reach 280°C. Since in this case the heat exchanger is 

considered to be external to the boiler it is not influenced by the safety limits of the boiler, hence  this set up 

could actually be applicable to the system. 

-The third case considers that the flue gases are cooled in a huge vessel of saturated water at ambient 

pressure. In this way the flue gases are cooled to the water saturation temperature of 100 ° C and must be 

reheated with an electric heater to 150° C. Nerveless, to keep the amount of water steady during the 

operation of the system, the water which evaporates has to be replaced with other saturated water that 

somehow has to be heated up from environmental temperature to 100°C, this is supposed to be done using an 

electric heater. The flue gases flow in 8 pipes with an intern diameter of 58 mm, a thickness of 2 mm and a 

length of 4,67 m. Of course the total exchanging area has to be larger than the two previous cases because in 

this case the cooling medium is not flowing, reducing the convective heat transfer. 

In this situation the flue gases release 194 kW to the vessel, because they are cool down to 100°C. This 

amount of energy is entirely used to change the phase of water. In standard condition at 100% load the 

evaporated water rate is 0,09 Kg/s. This vapor has to be replaced with saturated water, which has been heated 

up previously. The power required to increase the temperature of 0,09 kg/s of water of 75°C is about 28 kW. 

The power required to heat up the recycled stream from 100°C to 150°C is about 7 kW. As the second case the 

useful energy can be considered only the radiation heat transfer and this fact gives an overall efficiency of 

(267kW-28kW-7kW)/500kW=46,2%.  

As it is possible to foresee there are no problems for the case in which the load is 10%, in fact the water vessel 

is considered so large as to have no temperature gradient inside it and whatever the quantity of flue gas to 

cool, the temperature at the end of the process will always be equal to the saturation temperature of the 

water. In particular, if the quantity of flue gas is lower, it will reach the temperature of 100 ° C even more 

quickly than in the case of 100% load. 

From the point of view of the simplicity of the system, the last case is certainly the best because it does not 

require particular control and safety instruments, does not imply the use of a real heat exchanger, but only a 

vessel and an electric heater and ensures a constant temperature of the flue gases at the output of the heat 

exchanger, in this way, whatever the load is, there will be no problems of condensation or ultra- heating of the 

cooling medium. However, it should be considered that this is the case with the least efficiency and would also 

require a large  amount of space. The “air cooled” case instead requires a smaller space (about 25 cm x 150 
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cm), but problems occur when the load has decreased. Furthermore both of these cases have a lower 

efficiency compared to the first one. 

Another consideration, which favors the first case, is that the most economical option is certainly to use the 

heat exchanger already present in the boiler itself, in this way only an electric heater should be purchased. For 

this reason it is necessary to rethink the sizing of the first heat exchanger; it has been thought that using this 

exchanger in a parallel flows configuration it would force the cooling medium to have the desired temperature 

at the outlet. Calculation and data assumed can be seen in Appendix {5}. 

In this case the total heat extracted remains the same, what changes is the sizes of the heat exchanger, in 

fact to extract the same amount of power a parallel flows heat exchanger requires around 1,5 times the area 

of a cross flow heat exchanger [2-3]. Keeping the size and the number of the inner pipes the same, the length 

of the heat exchanger becomes 2,8 m. By varying the size and the number of pipes, the length can be reduced; 

however, because this is a just a demonstrative analysis, the real surface doesn’t really matter.  

With the data obtained is possible to estimate the outlet temperature of the cooling water which will be the 

same as the flue gas outlet temperature (107°C). This configuration insures that the outlet temperature of the 

cooling media doesn’t exceed the safety temperature imposed by the boiler. By adjusting the mass flow rate of 

water ( regulating the pump load ) it will be possible to optimize the outlet temperature of the boiler. This last 

configuration will be used in the pilot plant and the required mass flow input will be adjusted for all the 

standard cases during the operation of the system. 

5. Sizing of the pipes 
 

For the sake of completeness of the project and for the drafting of the PFD it is necessary to know the 

dimensions of the pipes used in the plant. In order to achieve this target it is required to know the maximum 

volumetric flow rates that the system will have to support, therefore the size of the pipes is based on the 

standard 100% load combustion case. Furthermore it is essential to know the speed of the streams that is 

desired to obtain. To this end, some references were analyzed [4-4] and then compared with the company's 

experience. The basic idea to keep in mind is that the pressure losses, both localized and distributed, are 

proportional to the square of the speed, for this reason it’s necessary to reduce the speed in such a way that it 

allows an optimal operation of the system while minimizing the pressure losses. 

The speeds assumed are the following: hydrogen should flow approximately at a speed of 50 m/s, Natural gas 

at 30 m/s, while the oxidizing gases (oxygen, nitrogen and air) should have a speed of about 20 m/s, then 

recycled stream needs to flow at about 15-17.5 m/s and finally the cooling water should flow at 1.5 m/s. 

Assuming these speeds, the optimal diameter of the pipes can be calculated and compared with those available 

on the market. Although an infinite number of tube sizes are available on the market, the most easily available 

ones are the 1/2 inch multiplexes. So only these will be taken into consideration. However, for all the cases it 

was decided to choose the available size just bigger than necessary, in order to reduce the speed of the streams. 

The results are shown below:  
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Figure 7: Sizing of the pipes section of the plant 

As can be seen from the table the feed lines have been divided into "control valve upstream" and 

"downstream". this is because after the control valve the gases are expanded to the desired pressure (from 6 

barg to 50 mbarg for oxygen and nitrogen and to 2.5 barg for hydrogen). It is therefore necessary to make sure 

that the pressure losses that occur before reaching the valve are not reducing the pressure below the desired 

level. In Appendix {6} it can be seen how the calculations of the localized losses were made. The result is that 

the pressure losses are between 100 mbar and 300 mbar, reducing the pressure from 6 barg to about 5,7-5,9 

barg and therefore causing no problem. The distributed pressure losses have also been calculated for the air 

line, resulting in a pressure loss of about 20 mbar, which must be taken into account when sizing the air fan. It is 

important to know that the storages of nitrogen, hydrogen and oxygen become empty over time, thus reducing 

the pressure inside the cylinders. So there will be a time when the storage pressure will not be enough to 

counter pressure losses in the pipes and deliver the gas to the optimal burner pressure. This situation, as will be 

seen below, will be safeguarded by the security and control transmitters of the system. In any case it is desirable 

that the storage is re-filled before this limit point is reached. 

6. Burner and wind box 
 

Once the mass balance of the system, the thermodynamic conditions at each point and the dimensions of the 

pipes have been defined, it is possible to proceed with the planning of the necessary equipment. The first one 

that will be analyzed is the burner and its wind-box.  

A burner is a device that produces a controlled flame by mixing a fuel gas such as  natural gas, methane or 

hydrogen  with an oxidizer such as the ambient air or supplied oxygen, and allowing  for ignition and 

combustion. The  wind box instead  is a large pressurized cavity,  from which the burner takes its combustion air 

or oxidizing gas. [3-1].  

A compact burner will be used for this pilot plant; the basic dimensions were given directly by the company 

Stork Thermeq B.V., as one of the core buisiness of the company are precisely the burners. The objective of this 

assignment was to design the burner in AutoCad 3D and divide it into components so that the burner itself can 

be removed and the individual parts replaced; to make possible to analyze the behavior of the system with 

different burner set-ups.  

In addition, the design of the burner must be appropriate to the requisites necessary for 3D printing; since at 

the end of the internship the entire burner could be printed. 

https://en.wikipedia.org/wiki/Flame
https://en.wikipedia.org/wiki/Fuel_gas
https://en.wikipedia.org/wiki/Natural_gas
https://en.wikipedia.org/wiki/Air
https://en.wikipedia.org/wiki/Oxygen
https://en.wiktionary.org/wiki/ignition
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To simplify the understanding of how the burner has been designed, an image showing the assembly of the 

burner and the burner in its entirety are shown below. The 2D drawings of the individual parts are visible in 

Appendix {7}. 

 

Figure 8: complete 2D and 3D drawing of the burner and wind-box 

The burner has 6 spuds (OD Outside Diameter = Ø 12 mm, thickness = 2 mm) and a central gas gun (OD = Ø25 

mm, thickness = 2,8 mm) that run the entire length of the burner. The fuel gas is introduced through the central 

gun and the 6 spuds, while the oxidizing gas is introduced by the entrance of the wind box. From the wind box 

the oxidizing gas can enter the burner through two perforated sections which are the primary air inlet and the 

secondary air inlet. Both of these two inlet can be adjusted via a sliding plate that can cover the holes or not. 

The front of the burner is made so that the set of blades, used to get swirl inside the burner, can be removed 

and changed if necessary. These blades are divided into three parts. The first set of blades has an angle of 70 °, 

while the second one has an angle of 40 ° and the third has an angle of 30°. These dimensions have been given 

directly by the company and are studied in such a way that the triangles of speed of the fuel and of the oxidizing 

gas allow an efficient and complete mixing. The length of the blades has been calculated in such a way that 

there is 0.5 mm overlapping between a blade and the next one. In other words, the gas passing through the 

blades will certainly be deflected and will create a swirl; it will never enter the burner in a direction parallel to 

the burner geometry. 

The first and second set of blades ( smallest diameters )  are meant for the passage of the primary combustion 

air, while the third set of blades (wider) is designated at the inlet of the secondary combustion air. All the three 

set of blades were thought to have 12 blades each, after a first sketch of the drawing, it has been notice that it 
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was necessary to increase the number of blades of the wider set to 17, in order to reduce the length of those 

blades from 35 mm to 25 mm, in this way there is more space left for a possible entrance of the ignitor, as will 

be discussed later.  

The set of blades in the middle is instead designed so that every two blades there is enough space for the 

insertion of a spud. In other words, the second set has 12 blades interspersed every two by a hole for the 

passage of the spud. 

The entire set of blades is mounted on the burner by a joint on the central gun and another on the section that 

connects primary air to secondary air. Drawings are visible in Appendix {7}. 

 

Figure 9: representation of the burner and wind-box assembly 

The primary and secondary air inlets are designed in such a way that the pressure inside the wind box is such 

as to keep a vortex around the burner and to ensure that the oxidizing gas enters the burner in a homogeneous 

manner. The perforated part of the primary and secondary air inlet are 15 mm and  40 mm long, respectively. 

both of these two parts have holes with a diameter of 1 mm and the number of holes is calculated in such a way 

that the surface is about 50% perforated. 

For each of the two air inlets there is a sliding plate that can be adjusted in such a way as to reduce or increase 

the air intake in the burner (in this way it is also possible to vary the split ratio between the primary and the 

secondary air). These two sliding plates have the same length as the relative perforated part of the burner and 

are supported by 4 bars with a diameter of 4.5 mm. To adjust the position of the sliding plates there are 4 other 



 
 

CONFIDENTIAL Pag. 17 
 

threaded bars, (two for each sliding plate); these threaded rods adjust the position of the sliding plates using a 

screw drive system. The air inlet regulation system is usually done through a register, in this case the burner 

geometry does not allow such a complicated instrumentation; the sliding plate system was designed during the 

internship using old projects of the company as reference. 

The burner and the wind box are both divisible into two parts, so that both the front and the back can be 

replaced. the back part of the burner is slightly wider than the front part and this allows an interlocking of the 

two components; unfortunately this decision implies that there may be leakage of gas from primary air to 

secondary air and vice versa. However, considering that the fuel gas flows only in the central gun and in the 

spuds, there can be no leakage of fuel; therefore the system should not encounter serious problems from this 

configuration, as the only effect that can slightly vary is the ratio between primary and secondary air. It is also 

possible that part of the air in the wind box unwantedly enters the burner from this connection; this effect 

should be marginal as the backlash should be smaller than 0.5 mm. However, this fact can lead to a small 

pressure drop in the wind box which can be reduced by partially covering the air and secondary air inlet. 

Once the design of the burner and the wind box has been defined, it is necessary to understand where the 

ignitor can be inserted. The complete technical characteristics of the selected ignitor are visible in Appendix {7}: 

it has a power of 2 kW, which is sufficient for ignite boilers up to 500 kW. The external diameter of the ignitor is 

15 mm. At first, it has been thought of inserting the ignitor between the central gun and the spuds, so that the 

ignitor outlet is positioned just behind the blades for secondary air. Unfortunately for reasons of geometry, 

there was not enough space to insert it in this position. Hence it was decided to insert the ignitor perpendicular 

to the burner, near the burner outlet (25 mm from the end of the burner). For this reason the length of the 

secondary air blades had to be reduced, increasing the number of blades from 12 to 17 in order to maintain the 

same angle of curvature, as already mentioned. The pilot flame created by the ignitor is 8 cm long, so a distance 

of 2.5 cm is sufficient for the ignition of the boiler. The end of the ignitor is positioned perpendicular to the 

burner outlet and the pilot flame will bend according to the direction of the air toward the end of the burner.  

Another possible solution to this problem is to substitute one spud with the ignitor. For this reason one of the 

hole in the wind box and in the burner meant for the spud is expanded to a diameter of 15 mm instead of 12 

mm. In this way there is a double choice for the ignitor position and the two different configurations can be 

analyzed. In any case it is preferable to use the standard configuration with 6 spuds and the perpendicular 

ignitor, so that the distribution of fuel gas in the boiler is more homogeneous, resulting in a more stable flame. 

 

7. Static Mixer 
 

A static mixer is a device inserted into pipeline with the objective of manipulating fluid streams. As a result of 

these alterations in the fluid flow, mixture components are brought into intimate contact. [4-1] 

Flow in an empty pipe produces some degree of radial mixing but in most cases, adequate mixing can only be 

achieved by an impractical length of pipe. Inserting a static mixer significantly accelerates inline mixing. From all 

static mixers, the Kenics mixer or K-mixer has been analyzed most. The General K in-line mixer consists of a 

number of elements of alternating right and left-hand 180◦ helices. The elements are positioned such that the 

leading edge of each element is perpendicular to the trailing edge of the preceding element. The length of the 

elements is typically one and a half tube diameters. [4-2][4-3]  The twisted elements with left- and right-hand 

twists caused the material to move from the wall to the center and from the center to the wall. The flow in each 

channel circulates around its own hydraulic center causing radial mixing. After traveling through a number of 

these elements, the fluid is homogenized with respect to age, composition, and temperature.[6-3] The best 
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static mixer is the one that delivers the mixing quality desired at the lowest pressure drop, for lowest installed 

cost and fits in the space available. 

The static mixer that will be used for this pilot plan is a K-mixer designed appositely for the system; its 

objective is to homogeneously mix the recycled stream and fresh oxygen in case of standard condition, but also 

to mix the fresh oxygen with nitrogen in case the system works using these as oxidizing gases.  

In the situation in which air is used as an oxidizing gas, it too will pass through the static mixer, although there is 

no need for it. The reason is that otherwise the burner’s wind box should have a double input, one for the 

stream coming from the static mixer and one for the air, thus complicating the system.  

To determine the size of the static mixer it is necessary to know all the proprieties of the gases that are 

supposed to be mixed, in particular the speed of the stream  plays a main role in determine the pressure drop 

caused by the mixer.  

The intern diameter of the static mixer will be equal to 110% of the largest inlet pipe which is connect to it: in 

this case the largest pipe is the one of the recycled stream ( ID 104.7 mm); thus the intern diameter of static 

mixer is considered to 108 mm. The length of single element is 1,5 times the ID and it will result in 160 mm. The 

number of elements can be selected by looking at the Reynold number of the mixer inlet stream. In this case, in 

standard condition at 100% load the Reynold number is about 15000, while in standard condition at 10% load 

and adiabatic temperature=1750°C it results to be about 1700. For Reynolds number included between 1000 

and 10000 the number of required elements is 6, instead for Reynold number higher than 10000 only 4 

elements are required. We have opted for a configuration with 6 elements, so as to ensure complete mixing 

even for low loads; to the detriment of pressure losses when the load is high. Hence the total length of the 

mixer will be 0,96 m.  

It was evaluated whether it was better to buy the static mixer directly or print it in 3D and it was decided that 

printing could be of greater interest to the company. For this reason the static mixer has been divided into three 

parts connected by flanges (because of the length restriction of a 3D printer). In this way it is possible to 

eliminate a pair of elements and check if 4 elements are still sufficient even for low loads. The following picture 

shows the drawing of the designed static mixer.  

 

 

Figure 10: 2D drawing of the Static Mixer 
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Furthermore it is important to know the pressure drop that will occur in the static mixer. Since there are a host 

of parameters affecting pressure loss in the Kenics static mixer, it is convenient to represent pressure drop 

correlation in terms of fewer dimensionless groups. It is well known that the pressure drop correlation in an 

empty tube is simply given in terms of the friction factor (Cf ) and Reynolds number (Re).[4-4] Different 

correlation have been used to analyze the pressure drop inside the static mixer, the only one which gives a 

reliable result is the following [4-5]. In Appendix {8} it is possible to see all the correlation which has been used 

and the calculation made for three different cases: 100% load – hydrogen burnt with oxygen and steam; 10% 

load- Hydrogen burnt with oxygen and steam at adiabatic temperature equal to 1750°C and 100% load- Natural 

gas burnt with mixture of nitrogen and oxygen provided by the storages (which is the same as if it is burnt with 

air). 

∆𝑃𝑑𝑟𝑜𝑝 = 4,59 ∗ 𝑅𝑒−0.22 ∗ 𝜌 ∗ 𝑣2 (
𝐿

𝐼𝐷
) 

 

[9] 

The pressure losses in the standard case at 100% load is about 5 mbar, while for the standard case, 10% load is 

about 0.2 mbar. The results obtained are optimal for the pre-established functioning of the system. In fact it was 

assumed that the static mixer had at most a pressure loss of about 10 mbar. In the case 100% with natural gas 

the pressure losses are about 11 mbar. Any value below this ensures that the oxidizing gas has enough pressure 

to reach the burner. The velocities of the fluids considered have been selected with the help and experience of 

the company and have been modified in such a way as to minimize pressure losses, not only in the static mixer, 

but also in their normal flow in the pipes. In fact, both localized and distributed pressure losses are proportional 

to the velocity square. 

8. Electric Heater 
 

The flue gases coming out of the boiler ( which consist out of steam and oxygen in standard condition) has a 

temperature of about 107°C, these will be mixed with fresh oxygen in the static mixer and recycled back to the 

boiler. The required temperature of the recycled stream at the mixer inlet is 150°C; hence a heater is required. 

For the sake of simplicity of the system it has been decided to use an electric heater. To determine and chose 

the optimal electric heater which can be used in this system, it is necessary to know the thermodynamic 

proprieties of the stream that is supposed to be heated. The memo design data which has already been 

presented is the base to define the electric heater data. 

The load of the electric heater can be calculated with: 

𝑃[𝐾𝑤] = (�̇�𝑂2𝑖𝑛 𝑟𝑒𝑐.𝑠𝑡𝑟𝑒𝑎𝑚 ∗ 𝐶𝑝̅̅̅̅
𝑂2

+ �̇�𝐻2𝑂 𝑖𝑛 𝑟𝑒𝑐.𝑠𝑡𝑟𝑒𝑎𝑚 ∗ 𝐶𝑝̅̅̅̅
𝐻2𝑂) ∗ (150°𝐶 − 107°𝐶) 

 

[10] 

The aim of this chapter is to provide a memo design data for the electric heater, in order to simplify the 

selection. Therefore the minimum and the maximum load that the heater should have has to be defined; The 

formula used  doesn’t consider any efficiency of the heater or pressure drop along it. Hence the real load which 

will be required should actually be slightly higher that the value indicated. For instance a reliable value for the 

efficiency of an electric heater could be in a range of 85% to 93%. 

In the 100% load case the recycled stream has to absorb a power of 6,1 kW. For the 75%, 50% and 25% load 

cases the required powers are 4,6 kW, 3,1 kW and 1,6 kW respectively. The 10% load case instead has been 

analyzed in the situations in which the adiabatic temperature in furnace is 1750°C and 515°C; the former 

represent the minimum load that the heat exchanger should have because in this case the amount of recycled 

stream will be the least. In fact the required power in this case is 0,8 kW. For the latter situation, the amount of 
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recycled stream is  the highest among all the other cases ( even higher than the 100% load), hence  this 

condition represents the maximum load of the heat exchanger: the power required is about 6,3 kW. In appendix 

{9} it is possible to see the table with the calculation for all the cases; while the main results are presented 

below: 

 

Figure 11: Design Data for the Electric Heater 

 It has been thought to use an “Air Duct” electric heater from the company Sinus Jevi, which could be either 

rectangular ( model EEFK ) or circular ( model EEF) [5-1]. The final selection of the heater will be done by the 

company.  

9. Recirculation Fan 
 

The analysis of the gas recirculation fan was made analogous to that of the electric heater. The aim is to 

produce a memo design data to which the company can refer for the selection of the fan. Exactly as in the 

previous case the analysis is based on the thermodynamic properties of the affected streams. The fan in 

question is downstream the electric heater and its purpose is to bring the pressure of the recycled stream to a 

level that allows it to overcome pressure losses in the static mixer and be inserted into the burner wind-box. It is 

important to note that both the electric heater and the recirculation fan only work when the system uses fresh 

oxygen and recycled steam as an oxidizer. In all the other cases where the oxidant is different these two 

components are not used. 

It was assumed that the fan doesn’t increase the temperature of the recycled stream, despite the fact that there 

is a slight increase of about maximum 1 degree.  

The determination of the required load of the fan was done using the difference of enthalpy of the stream 

between the inlet and the outlet. ( values are obtained by the use of AspenPlus ) 

𝑃[𝐾𝑤] = �̇�𝑂2𝑖𝑛 𝑟𝑒𝑐.𝑠𝑡𝑟𝑒𝑎𝑚(ℎ𝑂2;50 𝑚𝑏𝑎𝑟𝑔−ℎ𝑂2;0 𝑚𝑏𝑎𝑟𝑔) + �̇�𝐻2𝑂 𝑖𝑛 𝑟𝑒𝑐.𝑠𝑡𝑟𝑒𝑎𝑚(ℎ𝐻2𝑂;50 𝑚𝑏𝑎𝑟𝑔−ℎ𝐻2𝑂;0 𝑚𝑏𝑎𝑟𝑔) 

 

[11] 

In order to define the data necessary to select the recirculation fan it is essential to analyze the pressure drops 

that will occur during the path of the gas. It was considered that the gases needs to reach the inlet of the wind- 

box with a pressure of 40 mbarg. It is assumed that the in the burner and in the wind-box a pressure drop of 25 

mbar and 15 mbar respectively  will occur. The pressure at the inlet of the fan is close to the ambient pressure 

1,01325 bar and the pressure increase is supposed to be 50 mbar. The pressure drop in the static mixer where 

considered to be maximum 10 mbar ( in reality it’s even lower: 5-6 mbar); however it has already been 

calculated for some of the standard cases and the same method of analysis was used for missing situations. 

Furthermore the localized pressure drop along the pipe was considered. The same procedure used previously 

was exploited for this analysis. In this case it has been considered that the localized pressure drop are caused by 



 
 

CONFIDENTIAL Pag. 21 
 

two ball valves ( friction factor - K=0,17), one flow meter ( K = 7 ); one damper ( K = 6,4 ) and two 90° curves ( K = 

4 ).  [5-1] 

The following table presents the results, while the calculation table is visible in Appendix {10}. 

 

 

Figure 12: Design Data for the recirculation fan 

As well as the heat exchanger the maximum and minimum load are defined for the 10% load case; respectively 

for the situations in which the adiabatic temperature of combustion is 515°C and 1750°C.  

The maximum load of the fan is about 1.01 kW; while the minimum load corresponds 0,24 kW. When the load 

is 100% the pressure drop in the static mixer and along the pipe are respectively equal to 5,2 mbar an 15,2 

mbar, which means that the recirculation fan will have to increase the pressure of around 60,3 mbar. A similar 

result is obtained for the case with 10% load and adiabatic temperature equal to 515°C; in fact the total increase 

in pressure that the fan must give is 61 mbar ( the static mixer pressure drop and localized pressure drops are 

equal to 5,7 mbar and 15,3 mbar ). When the adiabatic temperature is set to 1750°C for the 10% case the 

pressure drop are the least (0,2mbar in the static mixer; 0,3 mbar along the pipe and 40,5 mbar in total).  

All the cases with a load within the maximum and the minimum will require a pressure increase between 60 

mbar and 40 mbar.    

 The selection of the fan will be finalized by the company.    

10. Air Fan 
 

The study method for the selection of the air fan is very similar to that used for the recirculation fan. In this 

case, however, the system is analyzed in the situation in which it works with the use of air as oxidant. In this 

situation it is also considered that the pressure losses in the static mixer vary with the speed of the stream 

which in turn varies with the volumetric flow rate. In other words, the lower the load, the lower the pressure 

losses in the pipes and in the static mixer. For this analysis the localized pressure losses were also considered. 

These have already been calculated previously and the same iterative method has been applied to the other 

cases. In this way it was defined that to have an air pressure at the entrance of the wind box of 40 mbarg, it is 

necessary that the pressure increase of the fan is about 75 mbarg for cases where the load is greater; while for 

cases with 10% load the pressure increase can be limited to about 50 mbarg. Using the enthalpy variation 

formula given above for the gas conditions considered, the required power of the fan can be defined. All the 

situations reported in the main design data in which air is used as oxidant have been taken into consideration; 

the calculation table is available in Appendix {11}. Here below the results are presented: 
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Figure 13 

 

The power required by the air fan is slightly more than the one required by the recirculation fan: the maximum 

power required is about 1,35 kW and the minimum 0,15 kW (11%). This is because the required pressure 

increase is slightly higher as well as the volumetric flow rate, the reason is that in this case the oxygen is not 

coming from the storage, but from the air and it has to be pressurized to the desired level, while in the other 

case the control valve expands the oxygen and it doesn’t have to pass through the fan. Furthermore it has been 

considered that the air is flowing at around 20 m/s while the recycled stream flows at around 15 m/s. Since the 

speed has a huge effect on the pressure drops, the air fan will absorb an higher power than the recirculation 

fan. The tables in appendix {11} shows that for the case with 100% load – combustion of hydrogen with air with 

the adiabatic temperature set to 2000°C the pressure drops in the SM and along the pipe are respectively 9,8 

mbar and 21,3 mbar, about one third more than the pressure drops when using the recycled stream. For the 

combustion of methane with the adiabatic temperature set at 1845°C the pressure drops are similar to the 

hydrogen case: 11 mbar in the static mixer and 22,7 mbar along the pipes.  

It has been considered that when the hydrogen is burning with air the adiabatic temperature should be around 

1620°C with an excess of air in the wet flue gases equal to 7% in volume. This case cannot be compared 

functionally with the case in which the recycled stream is used because in that situation the adiabatic 

temperature is set in a different range of temperature. However it is expected that to reach the same adiabatic 

temperature the pressure drops in the static mixer and in the pipe are about one third more than the relative 

case with the recycled stream. However for the 10% load case (H2) analyzed the pressure drops in the Static 

Mixer and in the pipes are 2,5mbar and 7,8 mbar. For the 10% load case (NG) they are 2,9 mbar and 8,1 mbar.  

 

Both for the recirculation fan and for the air fan also the pressure losses in the burner and in the wind-box 

actually change with the variation of flow rate quantity. However, these are considered constant in the applied 

calculations. It is assumed that in the case in which the system works with 10% load it is better to use a much 

lower adiabatic temperature compared to the standard conditions of 2000° C. If an adiabatic flame temperature 

of 515° C is considered, the amount of flow rate is similar to that of 100%. In any case it is advisable to have 

higher temperatures inside the boiler. For this reason during the tests the adiabatic flame temperature will be 

optimized for the 10% case in such a way as to be between the two limit conditions (1750 ° - 515 ° C). 

11. Operating Phylosophy and Control & Safeguarding 
 

This chapter is dedicated to the design of the plant's safety and control system. To this end, during the 

internship, the P&ID (Piping & Instrumentation Diagram) and the PFD (Process Flow Diagram) were designed. 
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The former shows all the valves, connections and transmitters that will be employed by the system. The latter 

instead shows the size of the pipes and the optimal values of pressure, temperature and mass flow rate that 

each line should have for every standard condition. 

The realization of the P&ID was made with the guidance of the experience of the company Stork Thermeq B.V.. 

It describes the control system, also called DCS (Distributed Control System), and the security system, namely 

BMS (Burner Management System). The transmitters on each line can belong either to the DCS or to the BMS, 

and transmit the detected measurements to the relative CPU ( Central Processing Unit ). Each of the two 

systems is controlled by a different computer which will act differently on the equipment of the installation. 

The BMS is responsible for the safe start-up, operation and shutdown of the boiler. It monitors and controls 

igniters and main burners; utilizes flame scanners to detect and discriminate between the igniter and main 

flames; employs safety shut-off valves, pressure, temperature, flow and valve position limit switches and uses 

blowers to cool the scanners and/or provide combustion air for the igniters. Its proper operation is crucial to the 

safety of the boiler. 

The DCS consists of a large number of local controllers in various sections of plant control area and are 

connected via a high speed communication network.  The data acquisition and control functions are carried 

through a number of DCS transmitters distributed functionally over the plant and are situated near area where 

control or data gathering functions being performed. These controllers are able to communicate among 

themselves and also with other controllers like supervisory terminals, control valves, fans, dampers, etc. 

11.1 Process Flow diagram 
 

One of the objectives of the internship was to produce PFDs for a better understanding of the operation of the 

plant. The diagrams were created for the 100% standard conditions in several cases: 

- 100% load – hydrogen- combustion with oxygen and recycled stream (excess oxygen in wet fumes = 3% in 

volume and adiabatic flame temperature = 2000 ° C ) 

-100% load – hydrogen- combustion with oxygen and nitrogen (excess oxygen in wet fumes = 2,89% in volume 

and adiabatic flame temperature = 2000 ° C ) 

-100% load – hydrogen- combustion with air (excess oxygen in wet fumes = 2,89% in volume and adiabatic 

flame temperature = 2000 ° C ) 

-100% load – Natural Gas combustion with air (excess oxygen in wet fumes = 2,63% in volume and adiabatic 

flame temperature = 2000 ° C ) 

-100% load – Natural Gas combustion with nitrogen and oxygen (excess oxygen in wet fumes = 2,63% in 

volume and adiabatic flame temperature = 2000 ° C ) 

The diagrams are visible in Appendix {12}. 

11.2 Description of the P&ID 
 

The P&ID has been divided into three parts. The first shows the lines for the supply of hydrogen and natural 

gas. The second presents the supply  lines of the oxidizing gases (oxygen, nitrogen and air) to the static mixer 

and the last one shows the combustion chamber, the recirculation line and the cooling system of the boiler. The 

P&ID are visible in appendix {12}. 

The lines that come from the storages (natural gas, hydrogen, oxygen and nitrogen) are more or less all similar 

and have more or less all the same equipment: the storages are connected to the line with a ball valve and a 
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flange that separates the line from the storage, both can be operated manually. A filter ensures that there are 

no solid residues inside the gas or impurities. After that, all the lines present 7 transmitters. The first one is a 

pressure indicator used to show the pressure level of the storage; then three different transmitters for flow, 

pressure and temperature gives a signal to the BMS, the measured  values are elaborated by the CPU and in this 

way it is possible to identify possible storage leaks, pipe obstructions or control valve malfunctions. Other three 

transmitters of temperature, flow and pressure report the measured values to the DCS, which processes them 

and acts on the control valve of the corresponding line, increasing or decreasing the incoming flow. It is 

considered that under the operation of the system the position of the control valve will vary continuously with 

respect to a stable position. 

Subsequently the lines have two safety valves called "shut-off valves", which are solenoids valves managed by 

the BMS and can only be either closed or open; between the two valves there is another safety valve called 

"vent valve" which is open, when the two shut-off valves are closed (allowing the release of gases remaining in 

the line into the atmosphere) and it is closed when the shut-off valves are open (allowing the gas to normally 

flow in the line). After these, there is the control valve  which is managed by the DCS and expands the gases to 

the required pressure, the correct functioning of this valve is measured by two pressure transmitters 

downstream the control valve (one for the BMS and one for the DCS). The lines end with a manual ball valve, a 

flexible pipe and a flange that allow the connection with the rest of the system. 

The instrumentation described above is common to all the lines coming from the storages, but there are some 

differences among them: 

The natural gas (NG) line has a second line ( ignition line ) that starts upstream the shut-off valves. It is 

connected by a manual ball valve to the main NG line and also has two shut-off valves, one vent valve, 

(controlled by the BMS) and a control valve, in this case self-regulated to the pre-set pressure, and ends with a 

manual valve, flexible pipe and flange which will then be connected to the ignitor. 

The principal NG line is connected at the end with the hydrogen line; the properties of the flow are detected 

by a pressure and a temperature transmitter (downstream the connection ) linked to the DCS, both the 

transmitters are meant mostly for indication and their detected measures do not actually act on any 

instrumentation. This line is then connected to the burner through a flexible pipe and a manual ball valve. In this 

way it is possible to supply different fuels to the burner without the need to change the connection.  

The oxygen line has a deviation, upstream the shut-off valves, which is connected to the burner flame scanner. 

This part of the line has a manual valve and a safety valve (shut-off valve) and is then connected to the flame 

scanner with a flexible pipe and a flange. This ensures that the flame scanner is cooled during the system 

operation. It has been chosen to use oxygen as cooling media, while air is normally used, because if the system 

works using fresh oxygen and recycled stream for hydrogen combustion, there could be some trace of nitrogen 

in the boiler if air was used. 

The air supply line is slightly different from the rest of the supply lines: the air is taken from the environment, 

so there is no need for a flange connection and manual valve, in fact the first instrumentation on the line is the 

filter, after which there are the temperature and flow transmitters (for the DCS and for the BMS) upstream the 

air fan and pressure transmitters right downstream the air fan. A damper allows to close the line or reduce the 

incoming flow. A safety valve is positioned before the flexible pipe, manual valve and flange. In this case the 

transmitters connected to the DCS operate on the load of the air fan and on the damper and regulate the flow 

according to the request. The air supply line and the nitrogen line are connected together at their ends with the 

line of the recycled stream. This common pipe is then connected with a manual valve, a flexible pipe and a 

flange to the static mixer. The reason for this configuration has already been explained previously.  

The static mixer outlet is then connected with a flange to the wind-box supply line. On this line there are three 

transmitters linked to the DCS (for pressure, temperature and composition) and it is entirely thermally insulated, 

to allow the recycled stream not to lose the temperature given by the electric heater and therefore not to allow 
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a temperature drop or condensation of steam inside the pipe. Thanks to the three transmitters it is possible to 

know the pressure losses in the static mixer, the temperature reached by the mixture, in case the system works 

with the recycled stream, and the composition. If, for instance, there is a trace of incombustible hydrogen in the 

flue gases, it is possible to know it from this measurement. Furthermore it is possible to know the volume ratio 

of nitrogen and oxygen ( in case they are coming from the storages ) and adjust the flows in order to have the 

proper ratio.  

The CPU of the DCS analyzes the data measured by the transmitters (described above), calculates the 

volumetric oxygen-fuel ratio and adjusts the control valves (or the air or recirculation fan) so as to obtain the 

desired ratio for the selected standard condition. 

 

The burner has a flame scanner meant to detect the presence of the pilot flame which is connected to the BMS; 

another flame scanner, linked to the safety system, is positioned on top of the burner right upstream the 

cooled-water heat exchanger. This scanner is cooled by the oxygen line described above. In this position there 

are also two pressure transmitters and two temperature transmitters (for both, one is linked to the BMS and the 

other to the DCS ). The safety transmitters make sure that the pressure and the temperature are in the range 

suitable for the optimal functioning of the system, in fact if the temperatures and pressures are too high the 

boiler could be damaged, while if these were too low there could be condensation inside the combustion 

chamber. The control transmitters indicate the temperature and the pressure values at the end of the part of 

the boiler characterized by the radiation heat transfer and they will be essential to define the quantities of 

oxidizing gasses and cooling water that are optimal for the standard operation of the plant. 

At the boiler outlet the exhausted gases are divided, using the pressure difference caused by the recirculation 

fan; the gases directed towards the stack pass through two transmitters linked to the DCS. These two 

transmitters indicate the temperature and pressure of the stream directed towards the stack, but also of the 

recycled stream, since the properties of the two streams will be the same. On this line there is also a transmitter 

which will detect the level of oxygen inside the flue gases. These information, elaborated by the CPU, acts on 

the control valves of the fuel and oxidizing gases (or on the recirculation or air fan), so that there are no traces 

of unburnt fuel in the flue gas and so that the temperature is in the desired range. To this end, these 

measurements can also influence the load of the cooling water pump and adjust it in such a way as to obtain an 

outlet gas temperature of about 107 ° C. The stack line has a damper which can be closed or opened to force the 

exhausted gases to enter the line of the recycled stream. This damper is used in particular for the purge of the 

system and to regulate the split ratio between stack and recirculation line, as it will be explained later. 

The recycled stream line is thermally insulated in order to avoid temperature losses. The line has a 

temperature indicator before the electric heater and a temperature transmitter after, the latter is linked to the 

DCS and regulates the load of the electric heater in such a way that the outlet temperature remains 150° C. 

After this there is the recirculation fan, followed by  pressure, temperature and flow transmitters for both the 

DCS and the BMS. These transmitters work for the same purpose as the transmitters on the supply lines already 

described above. The transmitters of the BMS make sure that the recirculation fan works ( positive pressure ), 

that there is no leakage from the pipes and that there are no obstructions in the pipes. While the DCS 

transmitters regulate the flow rate of the recycled stream by acting on the fan load and on the damper 

positioned on the line. This damper can force the gases to pass through the stack line when it’s closed and can 

help to regulate the recirculation stream flow rate. The line is then connected with a ball valve, a flexible pipe 

and flange to the air line. Which is then connected to the nitrogen line and then to the static mixer. 

Finally the cooling water line has a flow transmitter before the pump, this is linked to the DCS, and regulates the 

pump load. Downstream the pump there is a temperature control transmitter that indicates the inlet 

temperature of the cooling water into the boiler; this should be fixed at 60 ° C, but slight variations may occur, in 
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this case the water flow should be adjusted so as to maintain the outlet temperature within the boiler maximum 

limit temperature of 110 ° C and the outlet flue gases temperature around 107°C.  

At the boiler outlet the pressure and temperature of the cooling water are measured for both the control 

system and the safety system. In this case the DCS acts on the load of the pump, increasing it and decreasing it 

so as to maintain the outlet temperature close to 105 ° C, furthermore it measures the pressure losses inside the 

boiler. The BMS checks that the temperature is in an optimum range for system operation, ensures that the 

temperature does not exceed the safety limit and that there are no excessive pressure losses that could be 

caused by leakage in the line or malfunction of the pump. 

11.3 Start-up and shutdown 
 

The system start-up and shutdown procedures are regulated by the security system (BMS). The plant can be 

turned on using air or the mixture of nitrogen and oxygen as oxidizing gas. When the system is on it can be used 

with the starting oxidizing gas and increase the load to the desired level, or it can switch to the fresh oxygen and 

recycled stream condition. The system can be turned on using either hydrogen or natural gas; the possibility of 

changing the fuel type during the operation of the system has not been considered. 

The procedures for switching on, off and switching from one condition to another are described precisely in 

the Appendix {13}. Here the philosophy with which these procedures have been made will be described. 

 

Before starting-up the system the BMS must check for the starting condition: all the shut-off valves on all the 

lines have to be closed, and all the vent valves has to be open. Once selected the type of fuel that will be used, 

the control valve on the selected line has to be in the starting position ( it is considered that the system starts up 

with a load of about 25%  the maximum power ). The BMS must check that there is no presence of flame in the 

burner and in the boiler; that the damper of the air line and on the stack line are open, and the damper on the 

recirculation line is closed. Then it can start purging the system by activating the air fan, ( it has to make sure 

that air fan is working by checking the positive pressure in the air line ). The fan has to run for at least 30 

seconds in order to make sure that the volume of air that will flow inside the boiler is at least 5 times the 

volume of boiler itself. Then the recycled line has to be purged to make sure that there is no trace of fuel inside 

the line, to this purpose the damper of the stack will be closed, the damper on the recirculation line will be 

open, the air fan will ran for at least other 30 seconds, together with the recirculation fan, then the two 

dampers comes back to the initial position and the recirculation fan is switched off . The system could also be 

purged with pure nitrogen, which would actually be better because it is an inert gas, but the costs of storing it 

doesn’t make this solution economically feasible. Once the purged had been done the system can start up by 

keeping the air fan on or by using the mixture of oxygen and nitrogen coming from the storages. In the latter 

case the air fan is switched off, the nitrogen and oxygen shut-off valves are opened and their vent valves are 

closed ( after checking that their control valve are in the starting position ); the volume ratio oxygen-nitrogen is 

checked by the composition transmitter downstream the static mixer and regulated in order to have  an oxygen 

percentage in volume between 20% and 20,9%. Then the ignitor starts sparking  and after 5 seconds, the NG 

ignition line is opened. At this point the pilot flame should be on, and this checked by the flame scanner in the 

burner. If the pilot flame is on the shut-off valves, on the desired fuel line, can be opened ( and the relative vent 

valve closed ). The BMS check the flame presence in the boiler for 5 seconds, if the response is positive, the pilot 

flame is switched off by closing the shut off valves on the ignition line.  
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When the system is running at a power higher than 25% the load must be brought to the 25% condition, then 

the system can be shut-down using the normal procedure. Nevertheless it’s possible that, for safety reasons, the 

plant must be switched off when running at any load. In this case the same procedure of normal shutting down 

will be applied and however considered as an emergency shutdown. 

In case the transmitters of the composition detect a volume percentage of fuel in the flue gases or a lower 

excess of oxygen than the one expected, there will be unburned fuel in the exhausted gases leading to fire or 

explosion risk, hence the fuel flow rate must be reduced to the start condition (25%) for 15 seconds, to make 

sure that all the fuel is fully burnt.  

The first thing to do to turn off the system is to stop feeding the system with the fuel. So the shut-off valves of 

the used fuel line must be closed and the relative vent valve must be opened. However it still necessary to keep 

running the system to make sure that there is no unburned fuel in the exhausted gases. Hence if the system is 

running using the recycled stream, the recirculation fan must keep running and slowly its load must be reduced, 

as well as the fresh oxygen flow must be reduced. If it’s running using the mixture of nitrogen and oxygen the 

control valves on those two lines has to slowly be closed. In any case the air fan must be switched on in order to 

purge the system and prevent any fuel accumulation in any part of the system. The load of the cooling water 

pump must be reduced, until it is off. When all the control valves are closed and the pump and the recirculation 

fan are off, the air fan must still run for 2 more minutes to make sure that there is not undesired fuel in any part 

of the system. To this purpose the recirculation damper must be closed and the stack damper must be fully 

open.  

11.4 Switching from one standard condition to another 
 

It was  already mentioned that the system can start-up only using air or the nitrogen-oxygen mixture, 

therefore it is necessary to know the procedure that the system must do when switching to the standard 

situation that use the recycled stream to cool down the combustion. It has been considered that the change of 

condition can only be done for loads lower than 25%, in particular it has been analyzed for 10% load, but the 

same procedure can be applied for any load within the range. 

The case in which the system switch from using the oxygen-nitrogen mixture to the oxygen-recycled steam 

mixture as oxidizing gas has been analyzed in detail, however the same philosophy of operation has to be 

applied for any switching procedure.  

The basic procedure to be applied is based on the fact that before decreasing the flow rate of the oxidizing gas 

previously used, the flow of the next oxidizing gas must be increased, to maintain the adiabatic temperature 

constant. In the example of the case study analyzed, the recirculation fan must be turned on before the nitrogen 

flow rate is reduced. After that the procedure works by step: the flow rate of recycled gas is increased and the 

nitrogen flow rate is reduced, a stable situation is reached, in which the adiabatic combustion temperature must 

remain constant and then it must be continued to proceed by steps until the nitrogen flow rate is zeroed and 

the system runs only with the recycled stream. Vice versa: to switch from the condition with the recycled stream 

to the one with the nitrogen-oxygen mixture, it is first needed to increase the nitrogen flow rate and then 

reduce the flow rate of the recycled stream, wait for a stable condition and repeat the process step by step until 

the system reaches the final condition.  

To analyze the case study in which the system passes from the combustion of hydrogen (10% load ) with the 

mixture of oxygen-nitrogen and an excess of oxygen in the wet fumes equal to 4% in volume to the hydrogen 

combustion condition (10% load) with the recycled stream and an excess of oxygen in the wet fumes equal to 

7% in volume. This final condition is in fact unrealizable, since it has been established that the excess of air 

required in the fumes for the 10% load case should be about 20% in volume. The analysis made is to be 
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considered a pure example to understand the behavior of the system during the change from one condition to 

another, but the results will not be really usable for the construction of the plant. The analysis has been 

conducted using the software AnsysPlus and using an iteration process made step by step, changing the input 

data in order to keep the adiabatic flame temperature stable at 1750°C. It has been considered that the flow 

rate of fresh oxygen doesn’t change with the change of the condition; only the nitrogen flow rate and the 

recirculation flow rate changes over the time. The iteration has been done for “arbitrary steps” which 

represents the amount of time that is necessary to reach the stable condition.  

The results are represented in the following graphs: 

 

 
Figure 14: Switching condition from  “10% load combustion oh Hydrogen with Nitrogen and oxygen” to “10% load combustion oh 

Hydrogen with Oxygen and recycled stream” 

 

The graphs shows that as soon as the reciruclation fan starts working, the nitrogen flow rate must be reduced 

fastly in order to mainten the same temperature in the boiler. Since there is a large ammount of steam and 

nitrogen in the boiler, the excess of oxygen in the wet fumes drops from 4% to 3%; while the oxygen-fuel ratio 

remains stable. Then the changment is stable: the nitrogen keeps decreasing, while the recycled stream keeps 

increasing, causing an increase of the the excess of oxygen in the wet gases. When the nitrogen flow rate is 

equal to zero, there will still be some nitrogen in the recycled stream, which will all go slowly to the stack. Since 

the heat capacity of the steam is higher than the one of nitrogen, a lower ammount of recycled stream is 

needed when there is no more nitrogen in the recycled stream. Hence this analysis shows that to keep the 

temeprature in boiler stable in is necessary to decrease the recirculation flow rate, once the nitrogen flow rate is 

equal to zero, otherwise there will be a temperature drop in the boiler.  

The last consideration that it is important to mention regards the change of load within the same operation 

conditions, e.g. when the load increases and the system keeps running using the recycled stream. Whenever the 

load increase it is always important to first increase the oxiding gas flow rate ( which is being used ) and then 

increasing the fuel flow rate. This is because if it was the other way around there will be some unburnerd fuel in 

the system which it’s necessary to avoid. Whenever the load decrease the procedure is the other way around: 

first the fuel flow rate must be decreased and then the oxydizing gas flow rate.  
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12. HAZOP 
 

The Hazard and Operability (HAZOP) study technique is a widely recognized and well-established method of 

safety review. The primary objective of the HAZOP study is to identify the causes, consequences and existing 

safeguards for credible hazards. A major concern of using hydrogen as fuel is the safety issues which could also 

be an obstacle to expand its commercial implementation. Hydrogen safety issue is always of significant 

importance to secure the property. In order to develop a dedicated safety analysis method for hydrogen 

energy system in power industry, the risk analysis for the plant was made. The HAZOP study will be performed 

before  the installation, to identify the most problematic parts of the system in view of hydrogen safety and 

possible failure modes and consequences. Important safeguards and mitigation measures are proposed based 

on the risk and safety studies.[6-1][6-2] 

The methodology involves a structured, systematic and comprehensive examination of process flow sheets, 

flow diagrams, plant/facility layouts or procedures in order to identify potential hazards and operability 

problems. The study is undertaken by a multi-disciplinary team familiar with the process undergoing 

examination and a chairman.  The role of the chairman is to guide and encourage the study team through the 

examination process to identify all possible hazard scenarios.  The team also requires a secretary to formally 

record the discussions and findings of the study.  HAZOPs, thus, provide a method for individuals in a team to 

visualize ways in which a plant can malfunction or mal-operate. [6-2] It was acknowledged that the safe 

operation of the system is highly dependent on the knowledge and experience of the current hydrogen 

experts. [6-3] 

Therefore  the HAZOP analysis should be done during a meeting of  experts on the topic; this will be conducted 

after the end of the internship. For this reason this chapter will be limited to describe a first approach that 

could be used to carry out the study, and it will provide an initial development of the structure that the HAZOP 

will have. 

To develop the analysis it was thought that any system malfunction will be detected in some way by the safety 

and control transmitters as anomalies. That is to say, for each standard condition, each transmitter should 

detect a measurement within an acceptable range for an optimal system operation. If the measured value 

deviates from the desired range, it means that there are malfunctions in the system. In the table shown in 

Appendix 14, it was considered that each transmitter can detect a value which can differ in excess or in default 

from the reference range. For each possible deviation it was indicated which could be the possible causes, 

which could be the possible effects that this variation may cause and the action that the BMS or the DCS will 

have to do to resolve or report the problem. 

Despite the table has the possibility to fully report all the possible problems that may occur to the system and 

to give an action procedure for each case, the structure of the table does not make the analysis easy to read; a 

better and simplified analysis will have to be written during the HAZOP meeting. 
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13. Conclusion and recommendations 
 

The internship aimed to define a set-up for the pilot plant for direct hydrogen combustion with a nominal 

power of 500 kW (LHV). The technical characteristics of the instrumentation used have been defined. The 

system has been presented from the point of view of the mass and energy balances, instrumentation involved 

and from the point of view of the operation. The report drawn up will serve as the basis for the final 

construction of the plant. The P&ID’s and PFD’s drawn will be used as a guide for the installation of the system 

and the HAZOP study could be used as a reference for internal analysis that will be carried out subsequently. 

The analysis of the plant has shown that there are numerous technical difficulties in combustion of hydrogen 

compared to that of natural gas: a higher flame temperature, a lower density that forces to have higher speeds 

in the pipes. Moreover the differences that occur when the system works with a power load lower than the 

standard one were shown. Since the combustion of hydrogen is considered to be a clean energy source the 

potential of this technology  is enormous and the research done will help the its commercial implementation. 

In order to have a more complete view of the technology, it is necessary to consider the efficiencies of the 

hydrogen fuel production and its storage, as these can have very negative influences on the final energy 

efficiency. To have a 360 ° view of the system it would be necessary to consider what is the ratio between the 

final energy output and the primary energy source with which the fuel is produced (example: the electricity 

used for electrolysis). Furthermore, for the commercial implementation of the technology,  the system should 

be able to produce superheated steam which could be used for the production of electricity; to do this, the 

configuration of the plant should be changed to (in particular the design of the boiler) in such a way that the 

cooling medium reaches much higher temperatures. 
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15.  Appendix 
 

APPENDIX 1 : Mass and Energy Balance 
 

 The reaction considered is the following: 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 

 

 
{1} 

Hess’ law is used to determine the Low Heating Value (LHV) of hydrogen, in this case it can be written as: 

∆𝐻𝐻2
= ∑ 𝑛𝑖

𝑖

∆𝐻𝑓;𝑖𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

0 − ∑ 𝑛𝑗

𝑗

∆𝐻𝑓;𝑗𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

0 = −241,82
𝐾𝐽

𝑚𝑜𝑙
 

 

 
{2} 

Where ∆𝐻𝑓
0 is the enthalpy of formation of every specie involved in the reaction, “i” represents the products 

and “j” the reactants; “n” is the stoichiometric coefficient of the relative specie. ∆𝐻𝐻2
is the energy produced by 

the reaction. The LHV can be written as the energy produced per mole of hydrogen divided the molecular 

weight: 

𝐿𝐻𝑉 =
∆𝐻𝐻2

𝑃𝑀𝐻2

≈ 120
𝑀𝐽

𝐾𝑔
 

 

 
{3} 

 

The required mass flow rate of hydrogen to give a nominal power 𝑃𝑛 of  500 MW (LHV) is: 

�̇�𝐻2
=

𝑃𝑛

𝐿𝐻𝑉
 [

𝑘𝑔

𝑠
] 

 

 
{4} 

By dividing the mass flow rate by the molecular weight of hydrogen the molar flow rate can easily be found. 

Then the molar flow rate for the stoichiometric oxygen can be calculated by multiplying the latter for the 

stoichiometric coefficient (0,5). The molar flow rate of the produced water by the reaction is equal to the molar 

flow rate of hydrogen. The relative mass flow rates can be founded by multiplying for the relative molecular 

weight. The energy contained in the inlet streams is calculated by multiplying for the relative heat capacity and 

inlet temperature in Kelvin.    

The enthalpy of the steam produced is calculated using the following energy balance:  

 

∑(�̇�𝑖𝑛 ∗ ℎ) + 𝑃𝑛 = ∑ �̇�𝑜𝑢𝑡 ∗ ℎ 

 

 
{5} 

For this case equation {5} can be written as: 

ℎ𝑠𝑡𝑒𝑎𝑚−𝑜𝑢𝑡(𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐 𝑇) =
�̇�𝐻2(25°𝐶) ∗ (ℎ𝐻2

+ 𝐿𝐻𝑉) + �̇�𝑂2(25°𝐶) ∗ ℎ𝑂2

�̇�𝑠𝑡𝑒𝑎𝑚−𝑜𝑢𝑡
 

 
{6} 

 

Hence it is found the in absence of any cooling media the adiabatic temperature of flame of hydrogen burnt in 

pure oxygen is 4171°C. 

By adding the recirculation stream to the balance expression 6 can be written as:  

ℎ𝑠𝑡𝑒𝑎𝑚−𝑜𝑢𝑡(𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐 𝑇) =
�̇�𝐻2(25°𝐶) ∗ (ℎ𝐻2

+ 𝐿𝐻𝑉) + �̇�𝑂2(25°𝐶) ∗ ℎ𝑂2
+ �̇�𝑠𝑡𝑒𝑎𝑚−𝑖𝑛 (150°𝐶)

�̇�𝑠𝑡𝑒𝑎𝑚−𝑜𝑢𝑡
 

 
{7} 
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Then, equation {5} is readapted for the recirculation case. The following table summarizes the results. The 

column “ M/ (M H2 +M O2)” represents the recirculated mass flow rate ratio, expressed as: 

  

�̇�𝑓 =
�̇�𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑 𝑠𝑡𝑟𝑒𝑎𝑚 

�̇�𝐻2
+ �̇�𝑂2

 

 

 
{8} 

 

 
Fig.  1:  Calculation for the dependency of the adiabatic flame temperature on the recirculation ratio 

APPENDIX 2 : Memo with design data 
 

To determine the proprieties of all the streams involved in the process it is needed to relate all the flow rates 

to the hydrogen flow rate. The amount of oxygen which enters the boiler, after the static mixer will be: 

�̇�𝑂2−𝑠𝑡𝑎𝑡𝑖𝑐 𝑚𝑖𝑥𝑒𝑟 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 =
�̇�𝐻2

𝑃𝑀𝐻2

∗
1

2
∗ (1 + 𝜀) ∗ 𝑃𝑀𝑂2

 

 

 
{9} 

The amount of water produced in the combustion is: 

�̇�𝑠𝑡𝑒𝑎𝑚−𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 =
�̇�𝐻2

𝑃𝑀𝐻2

∗ 𝑃𝑀𝐻2𝑂 

 

 
{10} 
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The amount of recycled stream and the amount of the fresh oxygen required has to be calculated together, 

taking into consideration the mass and energy balances for the static mixer and the boiler itself. 

The energy and mass balances  for the static mixer are: 

 

�̇�𝑂2−𝑓𝑟𝑒𝑠ℎ ∗ 𝐶𝑝(𝑇) ∗ 𝑇𝑂2(25°𝐶) + �̇�𝐻20−𝑟𝑒𝑐.𝑠𝑡𝑟. ∗ 𝐶𝑝(𝑇) ∗ 𝑇𝐻2𝑂(150°𝐶) + �̇�𝑂2−𝑟𝑒𝑐.𝑠𝑡𝑟. ∗ 𝐶𝑝(𝑇) ∗ 𝑇𝑂2(150°𝐶)

=  �̇�𝑂2−𝑠𝑡𝑎𝑡𝑖𝑐 𝑚𝑖𝑥𝑒𝑟 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚𝐶𝑝(𝑇) ∗ 𝑇𝐹𝑖𝑛𝑎𝑙 + �̇�𝐻20−𝑟𝑒𝑐.𝑠𝑡𝑟. ∗ 𝐶𝑝(𝑇) ∗ 𝑇𝐹𝑖𝑛𝑎𝑙 

 

 
{11} 

 

�̇�𝑂2−𝑓𝑟𝑒𝑠ℎ + �̇�𝑂2−𝑟𝑒𝑐.𝑠𝑡𝑟. =  �̇�𝑂2−𝑠𝑡𝑎𝑡𝑖𝑐 𝑚𝑖𝑥𝑒𝑟 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 

 

 
{12} 

 

�̇�𝑂2−𝑟𝑒𝑐.𝑠𝑡𝑟. =
�̇�𝑟𝑒𝑐.𝑠𝑡𝑟.

𝑃𝑀𝑟𝑒𝑐.𝑠𝑡𝑟.
 𝜀 ∗ 𝑃𝑀𝑂2 =

�̇�𝑟𝑒𝑐.𝑠𝑡𝑟. ∗ 𝜀 ∗ 𝑃𝑀𝑂2

(1 − 𝜀) ∗ 𝑃𝑀𝐻2𝑂 + 𝜀 ∗ 𝑃𝑀𝑂2
  

 

 
{13} 

 

Using the three equations written above it is possible to calculate the 𝑇𝐹𝑖𝑛𝑎𝑙, which is the temperature of the 

stream after the static mixer, which will be composed by the recycled stream (water and oxygen) and the fresh 

oxygen coming from the storage. The final temperature will be a function of the mass flow rate of recycled 

stream �̇�𝑟𝑒𝑐.𝑠𝑡𝑟.. which can be calculated using the energy and mass balance of the boiler, or more precisely 

only of the combustion. Because the energy balance of the boiler itself should also consider the cooling water 

which is supposed to extract the heat from the exhausted gases and bring them from a temperature of 2000°c 

to roughly about 107°C. As explained in the report the heat transfer with the cooling medium in the boiler has 

been done separately, assuming the heat exchanger as external of the boiler. The energy balance for the 

combustion is:  

 

 �̇�𝑂2−𝑠𝑡𝑎𝑡𝑖𝑐 𝑚𝑖𝑥𝑒𝑟 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚𝐶𝑝(𝑇) ∗ 𝑇𝐹𝑖𝑛𝑎𝑙 + �̇�𝐻20−𝑟𝑒𝑐.𝑠𝑡𝑟. ∗ 𝐶𝑝(𝑇) ∗ 𝑇𝐹𝑖𝑛𝑎𝑙+ �̇�𝐻2(25°𝐶) ∗ (ℎ𝐻2
+ 𝐿𝐻𝑉) =

  = ( �̇�𝑠𝑡𝑒𝑎𝑚−𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 + �̇�𝐻20−𝑟𝑒𝑐.𝑠𝑡𝑟.) 𝐶𝑝(𝑇) ∗ 𝑇𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐+ �̇�𝑂2−𝑠𝑡𝑎𝑡𝑖𝑐 𝑚𝑖𝑥𝑒𝑟 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚𝐶𝑝(𝑇) ∗ 𝑇𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐 

 

 
{14} 

 

From the equations cited above it is possible to notice that all the parameters of the streams involved in the 

system can be calculated by assuming two data: the adiabatic temperature of flame and the excess of oxygen in 

the exhausted gases. Of course the fresh oxygen required will be the difference of the total oxygen required in 

the boiler ( which is expressed with �̇�𝑂2−𝑠𝑡𝑎𝑡𝑖𝑐 𝑚𝑖𝑥𝑒𝑟 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚) minus the amount of oxygen already present in 

the recycled stream �̇�𝑂2−𝑟𝑒𝑐.𝑠𝑡𝑟. which is depending on the amount of recycled stream which depends on the 

desired adiabatic temperature.  

For all the other cases analyzed and presented here below the calculations has been made in the same way, 

applying mass and energy balances where applicable and considering the different reactions involved. i.e. 

combustion of methane instead of hydrogen; no use of static mixer for the cases which involves nitrogen, 

because nitrogen becomes the cooling medium substituting the recycled steam.  

The following picture helps to visualize the streams and the process involved in the system. ( note that the 

boiler and the heat exchanger downstream are in reality one single element ). Note that the heat exchanger 

after the boiler is in reality part of the boiler. To simplify the calculation it is assumed that the combustion 

reaction takes place in the boiler and its outlet is at the combustion adiabatic temperature: the Stream “OUT” is 

cooled by cooling water in the heat exchanger, but this happen in reality in the boiler itself, as it  is analyzed in 

the  relative chapter. 
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Fig.  2: scheme of the plant for operation with the use of the recycled stream 

 
Fig.  3: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 100% load – 

 Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 3% in volume 

 
Fig.  4: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 75% load – 

 Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 3% in volume  

 

Fig.  5: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 75% load – 
 Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 4% in volume  
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Fig.  6: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 50% load – 
 Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 3% in volume 

 
Fig.  7: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 50% load – 

 Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 6% in volume 

 
Fig.  8: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 25% load – 

 Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 6% in volume 

 
Fig.  9: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 25% load – 

 Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 10,4% in volume 
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Fig.  10: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 25% load – 

 Adiabatic Temperature =1745°C – Excess of oxygen in the wet flue gases = 6% in volume 

 
Fig.  11: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 10% load – 

 Adiabatic Temperature =1750°C – Excess of oxygen in the wet flue gases = 20,73% in volume 

 

 
Fig.  122: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 10% load – 

 Adiabatic Temperature =1500°C – Excess of oxygen in the wet flue gases = 20,73% in volume 

 
Fig.  13: Memo design data – Combustion of hydrogen with oxygen and recycled stream – 10% load – 

 Adiabatic Temperature =515°C – Excess of oxygen in the wet flue gases = 20,73% in volume 
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The following picture represents the con 

figuration of the system when it is working with air. The stream fuel can be either natural gas or hydrogen. 

 
Fig.  14: scheme of the plant for operation with the use of air as oxidizing gas 

 

Fig.  15: Memo design data – Combustion of hydrogen with air – 100% load – 
 Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 2,89% in volume 

 
Fig.  16: Memo design data – Combustion of hydrogen with air – 100% load – 

 Adiabatic Temperature =2110°C – Excess of oxygen in the wet flue gases = 1,6% in volume 

 
Fig.  17: Memo design data – Combustion of hydrogen with air – 10% load – 

 Adiabatic Temperature =1620°C – Excess of oxygen in the wet flue gases = 7% in volume 
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Fig.  18: Memo design data – Combustion of Natural Gas with air – 100% load – 

 Adiabatic Temperature =1845°C – Excess of oxygen in the wet flue gases = 2,63% in volume 

 

Fig.  19: Memo design data – Combustion of Natural Gas with air – 100% load – 
 Adiabatic Temperature =1915°C – Excess of oxygen in the wet flue gases = 1,74% in volume 

 

Fig.  20: Memo design data – Combustion of Natural Gas with air – 10% load – 
 Adiabatic Temperature =1475°C – Excess of oxygen in the wet flue gases = 7% in volume 

The following picture represents the configuration of the system when it is working with nitrogen and oxygen 

coming from the respective cylinder. The stream fuel can be either natural gas or hydrogen. 
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Fig.  21: scheme of the plant for operation with the use of the mixture of nitrogen and oxygen as oxidizing gas 

 
Fig.  22: Memo design data – Combustion of hydrogen with mixture Nitrogen-Oxygen – 100% load – 

 Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 2,89% in volume 

 
Fig.  23: Memo design data – Combustion of hydrogen with mixture Nitrogen-Oxygen – 100% load – 

 Adiabatic Temperature =2110°C – Excess of oxygen in the wet flue gases = 1,6% in volume 

 
Fig.  24: Memo design data – Combustion of hydrogen with mixture Nitrogen-Oxygen – 10% load – 

 Adiabatic Temperature =1620°C – Excess of oxygen in the wet flue gases = 7% in volume 
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Fig.  25: Memo design data – Combustion of Natural Gas with mixture Nitrogen-Oxygen – 100% load – 

 Adiabatic Temperature =1845°C – Excess of oxygen in the wet flue gases = 2,63% in volume 

 

 
Fig.  26: Memo design data – Combustion of Natural Gas with air – 100% load – 

 Adiabatic Temperature =1915°C – Excess of oxygen in the wet flue gases = 1,74% in volume 

 

 
Fig.  27: Memo design data – Combustion of Natural Gas with air – 10% load – 

 Adiabatic Temperature =1475°C – Excess of oxygen in the wet flue gases = 7% in volume 
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APPENDIX  3 : Boiler 
 

 
Fig.  28: Novumax H2R Data Sheet 
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Fig.  29: Novumax H2R – 2D drawing 
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APPENDIX 4: Radiation Heat Transfer calculation 
 

Here, the furnace heat transfer calculation method is introduced using a zero dimensional model. This method 

is primarily based on the energy conservation equation and the radiative heat transfer equation.[4-4]. The 

thermal balance equation is as follows 

𝑄 = 𝜚 �̇�𝑓𝑢𝑒𝑙𝑉𝐶̅(𝑇𝑎 − 𝑇𝐹)  
{15} 

Where 𝜚 is the heat preservation coefficient which takes into account the heat loss due to the cooling effect of 

the furnace wall (assumed to be 0.80 from reference [4-5]). 𝑇𝑎 is the theoretical adiabatic temperature of 

combustion. 𝑇𝐹 is the temperature of the exit of the furnace. 𝑉𝐶̅ is the mean overall heat capacity of the 

combustion products between 𝑇𝑎𝑎𝑛𝑑 𝑇𝐹 expressed as follow ( ha and hf are the enthalpies of the gas at 

theoretical combustion temperature and at the exit of the furnace): 

𝑉𝐶̅ =
ℎ𝑎 − ℎ𝐹

𝑇𝑎 − 𝑇𝐹
 

 
{16} 

On the other and hand the heat irradiated by the gas to the furnaces wall can also be written using the Hottel 

method with the following equation: 

𝑄 = 𝜎𝑎𝐹𝐴(𝑇𝑔
4 − 𝑇𝑤

4)  
{17} 

Where σ is the Stefan-Boltzman constante qual to  5.670367(13)×10−8 W⋅m−2⋅K−4; 𝐴 is the total area of the 

furnace. 𝑇𝑤 is the temperature of the wall assumed to be (15-20°C less than the temperature of the gas inside 

the furnace) and 𝑇𝑔 is the average temperature of the gas inside the furnace. The temperature of the gas inside 

the furnace will vary with the three dimensions; to simplify the calculation 𝑇𝑔 represents the average of all the 

temperatures of the gas. 𝑎𝐹 is the emissivity factor which can be calculated with the following formula which 

include the emissivity factor of the wall 𝜖𝑤 = 0.7 and the emissivity factor of the gas inside the furnace 

𝜖𝑔 =0.43. Values assumed are taken from reference [2-7] 

𝑎𝐹 =
1

1
𝜖𝑤

+ (
1
𝜖𝑔

− 1)
 

 
{18} 

According to the Gurvich method, equation {17} can also be written as: 

𝑄 = 𝜎𝑎𝐹̅̅ ̅𝐴𝜓 (𝑇𝑔
4)= 

𝜓𝐴𝜎𝑇𝑔
4

1+𝜓(
1

𝜖𝑔
−1)

  
{19} 

By the combination of equation of equation {15} and  {19} it is possible to obtain: 

 
𝑇𝑎 − 𝑇𝐹

𝑇𝑔
4 =

𝜎𝜓𝑎𝐹̅̅ ̅𝐴

𝜚 �̇�𝑓𝑢𝑒𝑙𝑉𝐶̅
 

 
{20} 

Assume that fuel combusts completely instantaneously at the burner exit and reaches adiabatic combustion 

temperature Ta, and that heat transfer only occurs in the radial direction of the furnace axis; ignore heat 

transfer in the axial direction (one-dimensional model).Equations {15} and {19} can also be written as: 

 

−𝜚�̇�𝑓𝑢𝑒𝑙𝑉𝐶 ̅  𝑑𝑇𝑔 = 𝜎𝜓𝑎𝐹̅̅ ̅𝑇𝑔
4 𝑑𝐴 

 
{21} 

 

∫  −
𝑑𝑇𝑔

𝑇𝑔
4 = ∫

𝜎𝜓𝑎𝐹̅̅ ̅

𝜚 �̇�𝑓𝑢𝑒𝑙𝑉𝐶̅
 𝑑𝐴

𝐴

0

𝑇𝐹

𝑇𝑎

 

 
{22} 

 
1

3
(

1

𝑇𝑓
3 −

1

𝑇𝑎
3) =

𝜎𝜓𝑎𝐹̅̅ ̅

𝜚 �̇�𝑓𝑢𝑒𝑙𝑉𝐶̅
 𝐴 

 
{23} 

Equations {20} and {23} can be combined in: 
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𝑇𝑎 − 𝑇𝐹

𝑇𝑔
4 =

1

3
(

1

𝑇𝐹
3 −

1

𝑇𝑎
3) 

 
{24} 

By solving the equation it is possible to obtain: 

 

𝑇𝑔
4 =

3𝑇𝑓
4

(
𝑇𝐹

3

𝑇𝑎
3) + (

𝑇𝐹
2

𝑇𝑎
2) + (

𝑇𝐹
𝑇𝑎

)

 

 
{25} 

From equation {15} and equation {17} the average gas temperature an also be calculated with: 

 

𝑇𝑔
4 =

𝜚 �̇�𝑓𝑢𝑒𝑙(ℎ𝑎 − ℎ𝐹)

𝜎𝑎𝐹𝐴
+ 𝑇𝑤

4 

 
{26} 

So it is now possible to calculate the average temperature of the gas in the furnace in two different ways, by 

varying the temperature at the outlet of the furnace 𝑇𝐹. With an iteration process it is possible to find the 

radiation heat transfer for which the two average temperature are the same. The heat capacity of the mixture is 

calculated with a weighted average by using the following formula.  

 

𝐶𝑝 (𝑇);𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =  ∑
(𝑃𝑀𝑥 𝑌𝑥  𝐶𝑝 𝑥)

(𝑃𝑀𝑥 𝑌𝑥   )

𝑛

𝑥=1

  

 

 
{27} 

The mixture is made “n” elements, the single element “x” has a molecular weight "𝑃𝑀𝑥 " a volume fraction 

"𝑌𝑥 " and a heat capacity factor “𝐶𝑝 𝑥" at the designed temperature.  

APPENDIX 5: Heat Exchanger 
 

Case 1 

To size the heat exchanger it is first necessary to set the thermodynamic properties of the gas in consideration 

before and after the heat exchanger. The values assumed are shown in the following tables, while the 

calculation method is as follows: 

 

𝐶𝑝 ,𝑓𝑙𝑢𝑒 𝑔𝑎𝑠; 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =  
(𝑃𝑀𝐻20 𝑌𝐻20  𝐶𝑝 ,𝐻20; 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 + 𝑃𝑀𝑂2 𝑌𝑂2  𝐶𝑝 ,𝑂2)

(𝑃𝑀𝐻20 𝑌𝐻20  + 𝑃𝑀𝑂2 𝑌𝑂2  )
 

 
{28} 

 

Where 𝑃𝑀𝑥 is the molecular weight of (x) and 𝑌𝑥 is the molar fraction of (x).The same weighted average is 

used to calculate the average viscosity 𝜇𝑥, the average density 𝜌𝑥 and the average conductivity 𝛼𝑥. 

Thus it is required to assume a diameter, a thickness and an amount of the small pipes in which the cooling 

water is flowing; the assumed values are changed in order to obtain an optimal result and the final values are 

visible in the tables. The method used to analyze the heat exchanger is LMTD method ( Logarithmic Mean 

temperature Difference ).  The water flowing in the small pipes is assumed to have a velocity of 0,2 m/s, while 

the flue gases which flows surrounding the water pipes is assumed to have a velocity of about 25 m/s. 

Using these information the Reynolds number and the Prandtl number can be calculated: 

 

𝑅𝑒 =  
𝜌  𝐷  𝑉

𝜇
  

 

 
{29} 
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Where V is the velocity of the stream considered and D is the intern diameter of the pipes for the cold side and 

the equivalent diameter for the hot side ( the equivalent diameter defined as 4 times the perimeter divided the 

length ).  

𝑃𝑟 =  
𝐶𝑝 𝜇 

𝛼
  

 

{30} 

Using the two dimensionless numbers it is possible to obtain the Nusselt number with the following equation: 

 
𝑁𝑢 =  0,023 ∗  𝑅𝑒0,8 ∗ 𝑃𝑟0,3 

 

 
{31} 

From the Nusselt number the coefficient of  heat transfer can be calculated: 

 

 

ℎ𝑖 =  𝑁𝑢 ∗
𝛼

𝐷
 

 

 
{32} 

With the same method it is possible to calculate hi and he, which are the heat transfer coefficient internal and 

external. And using this information it is possible to calculate the global heat transfer coefficient K: 

 

𝐾 =
1

1
ℎ𝑖

+
𝐷𝑖𝑛𝑡

2𝜆𝑠𝑡𝑒𝑒𝑙
ln (

𝐷𝑒𝑥𝑡
𝐷𝑖𝑛𝑡

) +
𝐷𝑖𝑛𝑡
𝐷𝑒𝑥𝑡

1
ℎ𝑒

 

 

 
{33} 

Then the LMTD is calculated: The LMTD is logarithmic average of the temperature difference between the hot 

and cold feeds at each end of the double pipe exchanger. 

 

𝐿𝑀𝑇𝐷 =
(𝑇𝐻𝑜𝑡−𝑖𝑛 − 𝑇𝐶𝑜𝑙𝑑−𝑜𝑢𝑡) − (𝑇𝐻𝑜𝑡−𝑜𝑢𝑡 − 𝑇𝐶𝑜𝑙𝑑−𝑖𝑛)

𝐿𝑁
(𝑇𝐻𝑜𝑡−𝑖𝑛 − 𝑇𝐶𝑜𝑙𝑑−𝑜𝑢𝑡)
(𝑇𝐻𝑜𝑡−𝑜𝑢𝑡 − 𝑇𝐶𝑜𝑙𝑑−𝑖𝑛)

 

 

 
{34} 

The heat transferred from the hot side to the cold side is equal to the enthalpy difference of the two fluids: 

 
𝑄 = �̇�𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 ∗ 𝐶𝑝𝑎𝑣𝑒𝑟𝑎𝑔𝑒,𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 ∗ (𝑇𝐻𝑜𝑡−𝑖𝑛 − 𝑇𝐻𝑜𝑡−𝑜𝑢𝑡) = �̇�𝐻20𝐶𝑝𝐻2𝑂(𝑇𝑐−𝑜𝑢𝑡 − 𝑇𝑐−𝑖𝑛) 

 

 
{35} 

From this equation it is possible to calculate the required mass flow rate of cooling water.  

From the LMTD method it is also possible to write: 

 
𝑄 = 𝐿𝑀𝑇𝐷 ∗ 𝐾 ∗ 𝐴 

 
{36} 

Hence it is easily possible to calculate the required exchanging area A and the relative length of the heat 

exchanger. Results are presented in the following table:  
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Fig.  30: Calculation for the size of the heat exchanger–Water cooled – counter flow – 

 based on the case “Combustion of hydrogen with oxygen and recycled stream – 100% load –  Adiabatic Temperature =2000°C – 
Excess of oxygen in the wet flue gases = 3% in volume” 

Once the size of the heat exchanger is calculated it is important to analyze the behavior of the heat exchanger 

when the load of the system is reduced to the minimum (10%); in this case the LMTD is calculated in the same 

way it was calculated for the 100% case and the result is compared to the value obtained from equation {35}. 

Than using an iteration process the outlet temperature of the cold side has been changed in order that the two 

calculated LMTD matches.  
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Fig.  31: calculation for the verification of the feasibility of the dimensions found - application of the heat exchangers - water cooled - 
counter flow to the case "Combustion of hydrogen with oxygen and recycled stream - 10% load - Adiabatic Temperature =1750 ° C - 

Excess of oxygen in the wet flue gases = 20,73% by volume" 

 

The same method has been applied for the other two cases; the following table shows the results obtained 

when sizing the cross flows heat exchanger cooled with air at ambient temperature; the outlet temperature of 

the air is assumed to be 370°C. 

 

 
Fig.  32: Calculation for the size of the heat exchanger–Air cooled – counter flow – 

 based on the case “Combustion of hydrogen with oxygen and recycled stream – 100% load –  Adiabatic Temperature =2000°C – 
Excess of oxygen in the wet flue gases = 3% in volume” 

The behavior of the heat exchanger when the load is reduced to 10% is described in the following table: 
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Fig.  33: calculation for the verification of the feasibility of the dimensions found - application of the heat exchangers – Air cooled - 
counter flow to the case "Combustion of hydrogen with oxygen and recycled stream - 10% load - Adiabatic Temperature =1750 ° C - 

Excess of oxygen in the wet flue gases = 20,73% by volume" 

 

The following two tables shows the results for the third case; calculation has been made using the previous 

method; in this case there is the difference that the water is not flowing and it keeps the same temperature, 

hence the convective transfer will be reduced and the conduction will be increased. The global transfer 

coefficient is calculated according to this fact; reference[4-5].  
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Fig.  34: Calculation for the size of the heat exchanger–cooled with a water vessel at 100°C – 

 based on the case “Combustion of hydrogen with oxygen and recycled stream – 100% load –  Adiabatic Temperature =2000°C – 
Excess of oxygen in the wet flue gases = 3% in volume” 

 
Fig.  35: alculation for the verification of the feasibility of the dimensions found - application of the heat exchangers – cooled with a 
water vessel at 100°C - counter flow to the case "Combustion of hydrogen with oxygen and recycled stream - 10% load - Adiabatic 

Temperature =1750 ° C - Excess of oxygen in the wet flue gases = 20,73% by volume" 
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The last final case analyzes the first heat exchanger in the case in which it works with parallel flows, the 

method which is used to find the result is the same that has been used until now, the only difference is that the 

Nusselt number will be calculated with the following formula: 

 

𝑁𝑢 =  0,023 ∗  𝑅𝑒0,8 ∗ 𝑃𝑟0,4 
 

 
{37} 

And the LMTD becomes: 

 

𝐿𝑀𝑇𝐷 =
(𝑇𝐻𝑜𝑡−𝑖𝑛 − 𝑇𝐶𝑜𝑙𝑑−𝑖𝑛) − (𝑇𝐻𝑜𝑡−𝑜𝑢𝑡 − 𝑇𝐶𝑜𝑙𝑑−𝑜𝑢𝑡)

𝐿𝑁
(𝑇𝐻𝑜𝑡−𝑖𝑛 − 𝑇𝐶𝑜𝑙𝑑−𝑖𝑛)

(𝑇𝐻𝑜𝑡−𝑜𝑢𝑡 − 𝑇𝐶𝑜𝑙𝑑−𝑜𝑢𝑡)

 

 

 
{38} 

Results are shown is the two tables below: 

 
Fig.  36: Calculation for the size of the heat exchanger–water cooled – parallel flow – 

 based on the case “Combustion of hydrogen with oxygen and recycled stream – 100% load –  Adiabatic Temperature =2000°C – 
Excess of oxygen in the wet flue gases = 3% in volume” 



 
 

CONFIDENTIAL Pag. 52 
 

 
Fig.  37: calculation for the verification of the feasibility of the dimensions found - application of the heat exchangers - water cooled - 
parallel flow to the case "Combustion of hydrogen with oxygen and recycled stream - 10% load - Adiabatic Temperature =1750 ° C - 

Excess of oxygen in the wet flue gases = 20,73% by volume" 

 

APPENDIX 6 : Pipe Sizing 
 

Here are some of the calculation tables used to define the pressure losses localized along the lines. The 

formula of pressure loss that has been used is the following[6-1]: 

 

∆𝑃 =
𝑉2

2
∗ 𝜌 ∗ ∑ 𝐾 

 

 
{39} 

Where K are the pressure drop factors characterizing the equipment on the line: such as valves, filters, 

transmitters or pipe bending.  V is the average velocity in the pipe and 𝜌 the average density. [6-1] 

 
Fig.  38: Example of the calculation of the pressure  drop on the hydrogen line before the control valve 



 
 

CONFIDENTIAL Pag. 53 
 

 
Fig.  39: example of the calculation of the pressure  drop on the oxygen line before the control valve 

It is reported only the calculation made from the hydrogen and the oxygen lines, but the same method has 

been applied also for the other lines and the results are reported in the main report. 

APPENDIX  7  : Burner  
 

 
Fig.  40: Burner and wind-box back -  2D drawing  
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Fig.  41: Burner and wind-box front -  2D drawing 
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Fig.  42: Blades of the burner -  2D drawing 
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Fig.  43: Sliding plate system for the primary and secondary air inlets -  2D drawing 
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Fig.  44: Selected Ignitor – Data sheet 

 

APPENDIX 8 : Static Mixer 
 

Different correlations has been used to analyze the pressure drop inside the static mixer. Reference [4-4] 

suggests to use the following formula: 

 

∆𝑃𝑑𝑟𝑜𝑝 =
0,0135 ∗ 𝐿 ∗ 𝑄2 ∗ 𝜌 ∗ 𝑓 ∗ 𝐹

𝐷𝑒𝑞
 

 

 
{40} 

Where L is the length if static mixer [m]; Q is the volume flow rate [cum/s]; f is given for table according to the 

number of elements which compose the mixer and F depends on the Reynolds number: 

F=6,5                             0< Re <100 

F=1,53*Re^(0,45)       100 < Re < 1000 

F= 8,5 *LN (Re) -16     Re>1000 

Reference [7-5] instead suggests to use a different correlation according to the number of Reynolds: 

∆𝑃𝑑𝑟𝑜𝑝=0,0008*Re^(2)                  0< Re <1000 

∆𝑃𝑑𝑟𝑜𝑝=0,0028*Re^(1,78)            1000 < Re < 10000 

∆𝑃𝑑𝑟𝑜𝑝= 0,0004 *(Re)^(1,998)     Re>10000 

 Both of these correlation does not give reliable results. Reference [7-3] instead propose the two following 

formulas: 
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∆𝑃𝑑𝑟𝑜𝑝 = 𝑓 ∗
𝑣2

2
∗ 𝜌 ∗ (

𝐿

𝐼𝐷
)     𝑤ℎ𝑒𝑟𝑒 𝑓 = 0,0032 +

0,221

𝑅𝑒0,257
 

 

 
{41} 

 

∆𝑃𝑑𝑟𝑜𝑝 = 4,59 ∗ 𝑅𝑒−0.22 ∗ 𝜌 ∗ 𝑣2 (
𝐿

𝐼𝐷
) 

 

 
{42} 

Where v is the velocity and ID the intern diameter. Among all the these formulas only the last one {38} gives 

reliable results. The following tables shows the calculation made: 

 
Fig.  45: calculation of the pressure drop in the Static mixer for the case “Combustion of hydrogen with oxygen and recycled stream – 

100% load –  Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 3% in volume” 

 
Fig.  46: calculation of the pressure drop in the Static mixer for the case “Combustion of hydrogen with oxygen and recycled stream – 

10% load –  Adiabatic Temperature =1750°C – Excess of oxygen in the wet flue gases = 20,73% in volume” 
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Fig.  47: calculation of the pressure drop in the Static mixer for the case “Combustion of Natural Gas with air – 100% load –  Adiabatic 

Temperature =1815°C – Excess of oxygen in the wet flue gases = 2,6% in volume” 

APPENDIX 9: Electric heater 
 

 
Fig.  48: Calculation for the design data of the electric heater for different standard condition  
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APPENDIX 10 : Recircultion fan 
 

 

Fig.  49: Calculation of the required pressure increase and required power of the recirculation fan  for the “Combustion of hydrogen 
with oxygen and recycled stream – 100% load –  Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 3% in 

volume” 

 

Fig.  50: Calculation of the required pressure increase and required power of the recirculation fan  for the “Combustion of hydrogen 
with oxygen and recycled stream – 75% load –  Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 4% in 

volume” 

 

Fig.  51: Calculation of the required pressure increase and required power of the recirculation fan  for the “Combustion of hydrogen 
with oxygen and recycled stream – 10% load –  Adiabatic Temperature =1750°C – Excess of oxygen in the wet flue gases = 20,73% in 

volume” 

 

Fig.  52: Calculation of the required pressure increase and required power of the recirculation fan  for the “Combustion of hydrogen 
with oxygen and recycled stream – 10% load –  Adiabatic Temperature =515°C – Excess of oxygen in the wet flue gases = 20,73% in 

volume”  
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APPENDIX 11: AIR FAN  
 

 
Fig.  53: Calculation of the required pressure increase and required power of the air fan  for the case “Combustion of hydrogen with 

air – 100% load –  Adiabatic Temperature =2000°C – Excess of oxygen in the wet flue gases = 2,89% in volume” 

 
Fig.  54: Calculation of the required pressure increase and required power of the air fan  for the case “Combustion of hydrogen with 

air – 100% load –  Adiabatic Temperature =2110°C – Excess of oxygen in the wet flue gases = 1,7% in volume” 

 
Fig.  55: Calculation of the required pressure increase and required power of the air fan  for the case “Combustion of hydrogen with 

mixture air – 10% load – Adiabatic Temperature =1620°C – Excess of oxygen in the wet flue gases = 7% in volume” 

 
Fig.  56: Calculation of the required pressure increase and required power of the air fan  for the case “ Combustion of Natural Gas 

with air – 100% load – Adiabatic Temperature =1845°C – Excess of oxygen in the wet flue gases = 2,63% in volume” 

 
Fig.  57: Calculation of the required pressure increase and required power of the air fan  for the case “Combustion of Natural Gas 

with air – 100% load – Adiabatic Temperature =1915°C – Excess of oxygen in the wet flue gases = 1,74% in volume” 
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Fig.  58: Calculation of the required pressure increase and required power of the air fan  for the case “Combustion of Natural Gas 
with air – 10% load – Adiabatic Temperature =1475°C – Excess of oxygen in the wet flue gases = 7% in volume” 

 

APPENDIX 12 : PFD and P&ID 
 

 
Fig.  59: list of the symbols used in the PFD and P&ID 
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- 100% load – hydrogen- combustion with oxygen and recycled stream (excess oxygen in wet fumes = 3% in 

volume and adiabatic flame temperature = 2000 ° C ) 
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-100% load – hydrogen- combustion with air (excess oxygen in wet fumes = 2,89% in volume and adiabatic 

flame temperature = 2000 ° C )  
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-100% load – hydrogen- combustion with oxygen and nitrogen (excess oxygen in wet fumes = 2,89% in volume 

and adiabatic flame temperature = 2000 ° C )  
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-100% load – Natural Gas combustion with air (excess oxygen in wet fumes = 2,63% in volume and adiabatic 

flame temperature = 2000 ° C )  
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-100% load – Natural Gas combustion with nitrogen and oxygen (excess oxygen in wet fumes = 2,63% in 

volume and adiabatic flame temperature = 2000 ° C )  

 
 



P&ID: Natural Gas - Hydrogen supply 

 

 



P&ID: Air- Oxygen- Nitrogen  supply  

 



 P&ID: Combustion Chamber 
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APPENDIX 13 : Procedure for start-up, shut down and switch the condition 
 

System start up to condition “ 25% load- combustion of hydrogen with air” 

- Start conditions:  

.hydrogen shut-off valves closed (P1HHG10AA301 P1HHG10AA302) 

.Vent valve on hydrogen line open ( P1HHG10AA200) 

. Natural gas shut-off valves closed (P1HHH10AA301 P1HHH10AA302) 

.Vent valve on natural gas line open ( P1HHH10AA200) 

. shut-off valves  on ignition line closed (P1HJG10AA301 P1HJG10AA302) 

.Vent valve on ignition line open ( P1HJG10AA300) 

. shut-off valves  on nitrogen line closed (P1GJB10AA301 P1 GJB10AA302) 

.Vent valve on nitrogen line open ( P1GJB10AA303) 

shut-off valves  on oxygen line closed (P1QFB10AA303 P1QFB10AA304) 

.Vent valve on oxygen line open ( P1QFB10AA303) 

. No flame in furnace ( dark check ) 

.FGR damper closed. 

.FD damper open 

. Control valve on hydrogen valve at start position 

- Switch on FD fan at >=25%  maximum power  for minimum 30 seconds  ( Volume of air > = 5 times 

volume of the boiler) 

- Check for positive pressure in air line 

- Open FGR damper 

- Switch on recirculation at >= 25 % load and close stack dumper 

- Check FGR working (positive pressure) 

- Purge FGR duct with FGR fan >=25%  with  the air fan at >=25% maximum power for  30 seconds to 

purge the recycled stream line 

- Switch off recirculation fan  

- Close FGR damper and open stack dumper 

- Start the spark for at least 5 seconds 

- Open shut-off valves on Natural Gas ignition Line (P1HJG10-AA301 and P1HJG10-AA302) at the same 

time. Control valve on ignition line is auto regulated. 

- Ignition of the pilot flame 

- Control flame presence (5 sec) 

- Stop sparking 

- Open shut-off valves on Hydrogen line ( P1HHG10-AA301     P1HHG10-AA302 )      

- Control presence of main H2 flame 5sec 

- Close shut-off valve on Natural Gas ignition line (P1HJG10-AA301 and P1HJG10-AA302). Open vent 

valve on Natural gas ignition line P1HJG10-AA300 

 

System start up to condition “ 25% load- combustion of hydrogen with oxygen and nitrogen” 

- Control safety condition:  

.hydrogen shut-off valves closed (P1HHG10AA301 P1HHG10AA302) 

.Vent valve on hydrogen line open ( P1HHG10AA200) 

. Natural gas shut-off valves closed (P1HHH10AA301 P1HHH10AA302) 

.Vent valve on natural gas line open ( P1HHH10AA200) 



 
 

CONFIDENTIAL Pag. 69 
 

. shut-off valves  on ignition line closed (P1HJG10AA301 P1HJG10AA302) 

.Vent valve on ignition line open ( P1HJG10AA300) 

. shut-off valves  on nitrogen line closed (P1GJB10AA301 P1 GJB10AA302) 

.Vent valve on nitrogen line open ( P1GJB10AA303) 

shut-off valves  on oxygen line closed (P1QFB10AA303 P1QFB10AA304) 

.Vent valve on oxygen line open ( P1QFB10AA303) 

. No flame in furnace ( dark check ) 

.FGR damper closed. 

.FD damper open 

. Control valve on hydrogen valve at start position 

.control valve on oxygen line at start position 

. Control valve on nitrogen line at start position 

. Control valve on hydrogen valve at start position 

- Switch on Air fan at  maximum power  for minimum 30 seconds  ( Volume of air > = 5 times volume of the 

boiler) 

- Check for positive pressure in air line 

- Open FGR damper 

- Switch on recirculation at >= 25 % load and close stack dumper 

- Check FGR working (positive pressure) 

- Purge FGR duct with FGR fan >=25%  with  

the air fan at >=25% maximum power for  30 seconds to purge the recycled stream line 

- Switch off recirculation fan  

- Switch off the air fan 

- Open shut-off valve on Nitrogen Line (in order  P1GJB10-AA303   P1GJB10-AA301) 

-  Open shut-off valve on Oxygen Line (P1QFB10-AA304   P1QFB10-AA302   ) 

- Create air mixture (control/safeguard mix O2) 20<O2<20.9 vol%.  

- Close FGR damper and open stack dumper 

- Start the spark for at least 5 seconds 

Open shut-off valves on Natural Gas ignition Line (P1HJG10-AA301 and P1HJG10-AA302) at the same time. 

Control valve on ignition line is auto regulated. 

- Ignition of the pilot flame 

- Control flame presence (5 sec) 

- Stop sparking 

- Open shut-off valves on Hydrogen line ( P1HHG10-AA301     P1HHG10-AA302 )      

- Control presence of main H2 flame 5sec 

- Close shut-off valve on Natural Gas ignition line (P1HJG10-AA301 and P1HJG10-AA302). 

- Open vent  valve on Natural gas ignition line P1HJG10-AA300 

 

Switching from condition “ 10% load- combustion of hydrogen with air” to condition “10%load – 

Combustion of hydrogen with Oxygen and recirculation stream” 

- O2 valve at closed position. 

- Switch on recirculation fan at minimum load 

- Open shut off valves on oxygen line(   P1QFB10-AA304   P1QFB10-AA302   ) 

- Increase O2 flow ( slowly close control valve P1QFB10-AA401 ) 

- Decrease air fan load with  

- Wait for stable condition  
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-  Increase Oxygen flow rate ( slowly open control valve P1QFB10-AA401 ) while  

Increasing  the load of the recirculation fan and decreasing air fan load 

- Wait for stable condition 

- Keep repeating the same procedure until it reaches a stable condition with air fan at minimum  

- Switch off the air fan  

- Close SSO’s at air connection 

- Release burner for control. 

- Increase oxygen flow rate and recirculation fan load to reach stable condition 

 

Switching from condition “ 10% load- combustion of hydrogen with nitrogen and oxygen” to condition 

“10%load – Combustion of hydrogen with Oxygen and recirculation stream” 

- switch on recirculation fan  

- Decrease nitrogen flow ( slowly close control valve P1GJB10-AA401) 

- Increase recirculation fan load 

- Check for stable condition 

- Repeat the same procedure until the recirculation fan load is at the designed value for 10% load 

- Close control valve on nitrogen line (P1GJB10-AA401) and Open vent valve on nitrogen  line (P1GJB10-

AA302)   and close shut-off valves on nitrogen line (P1GJB10-AA301     P1GJB10-AA303) 

 

Switching from condition “10%load – Combustion of hydrogen with Oxygen” to “100%load – Combustion of 

hydrogen with Oxygen” 

- increase recirculation fan load,  

- increase oxygen flow rate  

- increase hydrogen flow rate 

- check for stable condition 

- repeat the same procedure until it reaches 100% load stable condition 

 

Switching from condition “100%load – Combustion of hydrogen with Oxygen” to “10%load – Combustion of 

hydrogen with Oxygen” 

- decrease hydrogen flow rate 

- decrease oxygen flow rate  

- decrease recirculation fan load 

- check for stable condition 

- repeat the same procedure until it reaches 10% load stable condition 

 

Switching from condition “10%load – Combustion of hydrogen with Oxygen” to condition “10%load – 

Combustion of hydrogen with air” 

- Switch on air fan  

-  decrease Oxygen flow rate ( slowly close control valve P1QFB10-AA401 ) 

-  decrease the load of the recirculation fan 

- Check for stable condition 

- Increase air fan load till it reaches 100% load 

- decrease Oxygen flow rate ( slowly close control valve P1QFB10-AA401 ) 

-  decrease the load of the recirculation fan until it reaches the minimum load 

- Check for stable condition 
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- Repeat the same procedure until it reaches a stable 100%load – Combustion of hydrogen with air 

stable condition 

- Switch off recirculation fan 

- close shut-off valve on Oxygen Line (P1QFB10-AA302   P1QFB10-AA304  ) and open vent valve on 

oxygen line P1QFB10-AA303 

 

Emergency shut off of the system from condition “x% load – Combustion of hydrogen with Oxygen 

- Close shut-off valves on hydrogen line (P1HHG10-AA301     P1HHG10-AA302) and Open purge valve on 

Hydrogen line (P1HHG10-AA300)   

- Reduce FGR flow to min 

- Start FD fan  

- Slowly Close control valve on oxygen line (P1QFB10-AA401) 

- Open purge valve on Oxygen line (P1QFB10-AA303) and  Close shut-off valves on oxygen line 

(P1QFB10-AA302     P1QFB10-AA304) 

- Switch off recirculation fan  

- Close FGR damper 

- Stop FD fan after 2 min. 

 

Emergency Shut off  of the system from condition “x%load – Combustion of hydrogen with air” 

- Close shut-off valves on hydrogen line (P1HHG10-AA301     P1HHG10-AA302) and Open purge valve on 

Hydrogen line (P1HHG10-AA300)   

- Decrease  air fan load 

- Stop fan after 2 min 

 

Emergency Shut off  of the system from condition “x%load – Combustion of hydrogen with Nitrogen and 

Oxygen” 

- Close shut-off valves on hydrogen line (P1HHG10-AA301     P1HHG10-AA302) and Open purge valve on 

Hydrogen line (P1HHG10-AA300)   

- Close control valve on hydrogen line (P1HHG10-AA401 ) 

- Start FD fan  

- Decrease oxygen flow rate to minimum ( close control valve P1QFB10-AA401 ) 

- Decrease Nitrogen flow rate to minimum ( close control valve P1GJB10-AA401) 

- Close shut-off valves on oxygen line (P1QFB10-AA302     P1QFB10-AA304) and Open purge valve on 

Oxygen line (P1QFB10-AA303)    

- Open purge valve on nitrogen  line (P1GJB10-AA302)   and Close shut-off valves on nitrogen line 

(P1GJB10-AA301     P1GJB10-AA303) 

- Stop FD fan after 2 min. 

 

APPENDIX 14:  HAZOP 
 

 The following tables shows the results of the HAZOP analysis which has been carried out during the 

internship. 

For every standard condition all the transmittors of all the lines has been analyzed, but here it is reported only 

the transmitters which are on the lines which are involved in the operation in the relative standard condition. 
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The first table shows the results for the standard condition “ 100% load combustion of hydrogen with oxygen 

and recycled stream”.Hence for this case there are reported only the transmitters on the lines of hydrogen, 

oxygen, static mixer downstream, boiler, stack, cooling water and recirculation line. There won’t be reported 

the lines of nitrogen, natural gas and air because those are not involved in the operation of the system. 

However different problems can stillbe detected in those lines even during the operation in a standard 

condiotn in which they are not involved. For example the Natural Gas line is supposed to be at the same 

pressure of the storage ( before the shut-off valves) which means that if there is a leackage in the line, the 

transmitter would detect a lower value than expected and then it will report an alarm to warn about the risk of 

a leakage of fuel which could lead to fire or risk explosion. This first table shows exactly this case. However this 

case has to be taken as reference for all the other lines which won’t be used during the several standard 

operation. 

 

Fig.  60: Reference case _ HAZOP_ Natural gas line during standard operation at 100% load combustion of hydrogen with oxygen and 
recycled stream 
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Fig.  61: HAZOP - Hydrogen line - case: " 100% load combustion of hydrogen with oxygen and recycled stream" 

 

Fig.  62: HAZOP - Hydrogen & Natural Gas line - case: " 100% load combustion of hydrogen with oxygen and recycled stream" 
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Fig.  63: HAZOP – Oxygen  line - case: " 100% load combustion of hydrogen with oxygen and recycled stream" 
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Fig.  64: HAZOP – Static mixer downstream - case: " 100% load combustion of hydrogen with oxygen and recycled stream" 

 

Fig.  65 : HAZOP – intern of the furnace - case: " 100% load combustion of hydrogen with oxygen and recycled stream" 
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Fig.  66: HAZOP – Boiler downstream - case: " 100% load combustion of hydrogen with oxygen and recycled stream" 

 

Fig.  67: HAZOP- Recirculation line - case: " 100% load combustion of hydrogen with oxygen and recycled stream" 
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Fig.  68: HAZOP- Cooling water line - case: " 100% load combustion of hydrogen with oxygen and recycled stream" 

In order to give a clear picture of what the BMS and DCS should do in case of malfunctioning of the system, it is 

not necessary to repeat all the lines for all the cases. In fact in general only the desired value which the 

transmitter should detect will vary from one standard condition to another. For example for the standard 

condition “– Combustion of hydrogen with air – 100% load – Adiabatic Temperature =2000°C” the BMS and 

DCS should behave in the same way for what concern the hydrogen line, the boiler and the stack. The 

recirculation line in this case is not involved, as well as the nitrogen, oxygen and natural gas line. The lines 

which are involved in this case and were not mentioned before are the air line and the line downstream the 

static mixer, which will actually vary its condition. 
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Fig.  69: HAZOP - AIr line - case: " 100% load combustion of hydrogen with air" 

 

 

Fig.  70: HAZOP – static mixer downstream line - case: " 100% load combustion of hydrogen with air" 
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The next standard situation is the one in which hydrogen is burned using the mixture of oxygen and nitrogen; 

for this situation only the oxygen, nitrogen and static mixer downstream lines will vary. Hence only those are 

reported: 

 

Fig.  71: HAZOP – Oxygen  line - case: " 100% load combustion of hydrogen with oxygen and nitrogen" 
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Fig.  72: : HAZOP – nitrogen line - case: " 100% load combustion of hydrogen with oxygen and nitrogen" 

 

Fig.  73: HAZOP – Static mixer downstream - case: " 100% load combustion of hydrogen with oxygen and nitrogen" 

For all the cases in which Natural gas is burned instead of hydrogen, the DCS and BMS works exactly in the 

same way, in this case the natural gas line will behave has the hydrogen line for the cases analyzed preciously.  
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APPENDIX 15 : Evaluation of the Internship 
 

Stork Thermeq B.V. is a Dutch manufacturing and service providing company. It provides fully integrated 

operation, maintenance, modification and asset integrity solution. It is a leading company in the design and 

production of boilers, burners, deaerators  and other equipment for power plants.  

My role during the internship was to help in the development of a pilot plant for hydrogen combustion. Thanks 

to the experience of  the people working  in the company and of the supervisor I  learned how the planning of 

a plant is approached, I learned how to realize PFD's and P&ID's drawings, how to size and design some of the 

instrumentation of a power plant and I increased my skills in 3D drawing, becoming aware of the problems in 

the 3D printing. I have given to the company documentations which can be used as reference to make the 

plant operative and that can be used for further implementation. The results are presented to the company 

during a presentation that will take place on the 20th of December 2018. The internship has been of great 

value above all for the notions concerning  the methodology of development of a power plant from the 

technical and operational point of view. 

 

 

https://en.wikipedia.org/wiki/Netherlands

