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Abstract. The EU project HiPowAR studies a novel power generation 
system based on ammonia flameless oxidation with pure oxygen in a high-
pressure membrane reactor and expansion of the resulting high-
temperature H2O-N2 stream. The system combines the advantages of high 
temperature at expander inlet, typical of gas turbines, and small 
compression demand, typical of steam cycles. Water is injected into the 
reactor to control the very high adiabatic temperature, at the limited energy 
expenditure of liquid pumping. This work assesses the performance 
potential of  the HiPowAR system under different design conditions, 
through simulations with a model developed in Aspen Plus®. The system 
shows a  high efficiency (up to 55%) when operating at high temperature 
(e.g., 1350°C at expander inlet); hence, O2 membranes capable of working 
at very high temperature are required. The cycle features an optimal sub-
atmospheric expansion pressure (in the range 0.1-0.2 bar), which requires 
the re-pressurization of the off-gas (steam-saturated nitrogen). The system 
also produces liquid water as a net output. A reduction of the expander 
inlet temperature to values acceptable by typical steam cycles (600°C) 
significantly limits the efficiency, despite allowing to demonstrate the 
process using conventional steam expanders. 

1 Introduction 
Alternative fuels with low carbon content are widely investigated as a promising option for 
low-CO2 emission energy processes, studying innovative systems for their efficient 
exploitation. Ammonia (NH3) is one of such fuels, able to act as a zero-carbon hydrogen 
carrier with advantages in terms of transportability and handling, thanks to the availability 
at liquid state at relatively low pressure. A significant amount of work has been developed 
in the scientific literature and in the industry to assess the feasibility of ammonia feeding in 
internal combustion engines, gas turbines, alkaline fuel cells (mostly adopting a cracking 
unit), and solid oxide fuel cells (directly or after cracking) [1−3]. 
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The EU-funded project HiPowAR studies a novel power generation system based on 
ammonia oxidation in a high-pressure membrane reactor (MR) and subsequent expansion 
of the resulting high-temperature gas stream in a thermodynamic cycle [4]. The flameless 
oxygen-blown combustion is carried out at the external surface of thin tubular membranes 
made of Mixed Ionic Electronic Conductor (MIEC) materials, which selectively allow for 
the permeation of pure oxygen, driven by its partial pressure gradient between an ambient-
pressure air feed and the ammonia oxidation sites [5, 6]. The system combines the 
advantages of high temperature at expander inlet, typical of gas turbine cycles with internal 
combustion, and small compression demand, typical of steam cycles. 

This work aims at simulating and studying the performances of the HiPowAR system 
under different design conditions, with the purpose of assessing the potential in terms of 
efficiency and process scheme complexity. A model is developed in Aspen Plus®, adopting 
a 0-D description of the components. In order to control the very high adiabatic temperature 
of the oxidation reaction, in absence of dilution effects due to the presence of inert nitrogen 
from air, water is injected into the reactor as a moderator, at the limited energy expenditure 
of liquid pumping. Water is then recovered and partially recycled after condensation of the 
turboexpander outlet stream. 

2 Ammonia use as fuel 
Ammonia-based technologies for electricity generation have up to now featured little 
practical application and are therefore relatively immature in general. Currently, the only 
commercially available option is the alkaline fuel cell, coupled with NH3 cracking [7]. 
However, this type of technological option is expected to significantly improve and 
possibly diffuse more widely in the future. 

The academic and industrial research on NH3-based technologies such as gas turbines 
(GTs), internal combustion engines (ICEs), and fuel cells (FCs) is very active. As an 
example, the Japanese government included all these technologies in a Strategic Innovation 
Promotion Program (SIP) named ‘Energy Carriers’, which started in 2014 [8]. This 
research has produced encouraging and unprecedent results for several NH3-based 
technologies in the last few years. In Europe, a large consortium belonging to the Campfire 
project has been developing advanced technologies for ammonia production and utilization 
[9]. The project, funded by the German Federal Ministry for Education and Outreach, is 
particularly focused on the decarbonisation of maritime transportation. Nevertheless, the 
studied technologies go far beyond the specific maritime application. 

2.1 Ammonia in internal combustion engines 

Ammonia utilization in internal combustion engines is attracting a lot of attention 
especially for the decarbonization of the maritime sector. For instance, MAN Energy 
Solutions and Wärtsilä recently started projects for the development of NH3-fed ICEs. 

The early work on ammonia combustion engines mainly started for military applications 
[10−14]. It was concluded that, due to the poor combustion characteristics of ammonia, 
some of the following combustion promotion strategies have to be implemented: 

• relatively high compression ratio (CR), e.g., Gray et al. [12] found that a CR as high 
as 35:1 was necessary to use neat NH3 as a fuel in a compression ignition engine; 

• use of a spark ignition, with relatively large spark energy [14]; 
• blending with a more reactive fuel as H2, possibly derived by NH3 cracking; it was 

found that H2 concentration in the fuel of 3-5% by weight could be sufficient [13], 
corresponding to 15-25% ammonia dissociation. 
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• blending with a more reactive fuel as H2, possibly derived by NH3 cracking; it was 

found that H2 concentration in the fuel of 3-5% by weight could be sufficient [13], 
corresponding to 15-25% ammonia dissociation. 

The idea of adopting a spark ignition to avoid very large compression ratios is 
supported by the high octane number of ammonia (RON ≈ 110), which makes it hard to 
auto-ignite. On the other hand, the high octane number is an advantage in spark ignition 
engines, as it provides knocking resistance allowing for larger compression ratios and 
efficiencies. As an example, Mørch et al. [1] showed that a NH3-H2 mixture of 90-10%vol 
could reach 37% efficiency with a CR=11.64. Alternatively, research has been carried on 
by introducing the concepts of pilot injection and dual fuel operation, either with diesel (for 
compression ignition) or gasoline (for spark ignition). Such solutions would still rely on 
hydrocarbons, differently from the scope of HiPowAR plant that aims at being a full 
decarbonization option. 

The ICE concept that could directly compare to the HiPowAR plant is a spark ignition 
engine operating on either pure NH3 or a mixture of NH3-H2 attainable via NH3 cracking. 
Indeed, operation with neat NH3 has been hardly considered, while cracking a very low 
quantity of NH3 seems to be sufficient to significantly improve the combustion and cyclic 
stability of spark ignition engines even at part load. Mørch et al. [1] found that it was 
possible to run the engine on pure NH3, but with a strong tendency to cut out. With addition 
of 5%vol of H2 in the fuel, instead, the engine run smoothly. This corresponds to cracking 
only 4% of the NH3 fuel. Also Lhuillier et al. stabilized pure NH3 combustion, but a small 
amount of H2 was necessary in most cases to ensure ignitability and stability [15]. 

However, the amount of H2 in the fuel mixture should be minimized to reduce both the 
cracker size and the energy required for cracking. Other reasons are the higher NOx 
production [16, 17] and the lower efficiency and power output at high H2 content [1, 15, 
16]. Nevertheless, it is well understood that a higher amount of H2 would increase the 
combustion efficiency and the engine cyclic stability. Frigo and Gentili [18] found that 
cracking 6-10% of the input ammonia was sufficient to keep the power output stable. 
Mørch et al. [1] found that a 90-10%vol NH3-H2 mixture was optimal regarding efficiency 
and power output, and this corresponds to 7% ammonia dissociation. Lhuillier et al. [15] 
found that the best performance is achieved with H2 content below 20%vol, providing 
efficiency values close to 39%. 

According to the literature reviewed, adding a cracking reactor and converting 5-15% of 
the input NH3, generating a fuel mixture with 7-20%vol of H2, would provide sufficient 
cyclic stability and combustion efficiency while limiting the efficiency penalization, the 
NOx emissions, and the cracking apparatus size. Apart from that, modern spark ignition 
ICEs can be adapted to operate with NH3 without significant layout changes. The major 
modifications in the equipment are the NH3 fuel tank and supply line, which would result in 
larger space requirements due to relatively low NH3 volumetric energy density [19]. 

2.2 Ammonia in gas turbines 

Ammonia utilization in gas turbines is a promising application for the widespread use of 
this chemical as an energy vector for low-carbon power generation. Despite the poor 
combustion properties of NH3, its utilization as a fuel in gas turbine combustors has been 
proved experimentally in conditions comparable to real world applications, achieving 
hydrocarbon-like efficiencies. For instance, this was demonstrated by Kurata and co-
workers by implementing a 50-kWel test rig within the SIP program [3]. 

Several methods have been proved effective when it comes to enhance ammonia 
combustion stability, such as cracking part of the NH3 to produce H2, generating swirling 
flows inside the combustor, increasing the combustor inlet temperature, and working under 
a suitable Equivalence Ratio (ER) to avoid lean or rich blowouts, as well as flashback risks 
[3, 20]. According to the literature reviewed, it is predicted that cracking between 15% and 
35% of the NH3 would result in a good trade-off between combustion properties, flame 
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stability, and NOx emissions: with a large H2 fraction the resulting mixture shows similar 
combustion properties to CH4, whereas a low H2 fraction favours low NOx and easier 
cracking. 

By the point of view of emissions, it is possible to achieve a very low NH3 slip and NOx 
emissions by using SCR technology. Nevertheless, the required equipment is large and 
potentially expensive [21], hence strategies for NOx formation reduction are under 
development. An important driver for NOx production is the local ER. The mixture must be 
either slightly rich (ER ≈ 1.05-1.3) with a second combustion stage to complete the 
oxidation, or very lean (ER < 0.7). In the latter case, a small percentage of H2 in the fuel 
mixture would avoid lean blowout. Other possible methods to limit NOx production are the 
optimization of premixed combustion, fuel and air staged injection strategies, combustor 
pressure increase, water vapour injection, and optimization of H2 fraction in the fuel 
[22−25]. 

Efficient chemical-kinetics models capable of predicting species concentrations with 
good accuracy for a wide range of operating conditions are fundamental for the 
development of NH3-based gas turbines. The development of such models is the basis for 
running 3D CFD simulations of the combustion process, like it is currently done for the 
combustion of methane and other hydrocarbons. Once this is achieved, the combustor 
design, including the amount of H2 blending and the NOx reduction strategy, will be easily 
optimized. Despite in recent years some work has been done towards the development of 
chemical-kinetics models [26−29], the available ones are not applicable for a wide range of 
operating conditions, and there is a general lack of detailed chemical mechanism studies. 

2.3 Ammonia in fuel cells 

Ammonia is also studied for use in fuel cells, mostly Alkaline or Solid Oxide fuel cells. 
NH3-based alkaline fuel cell (AFC) systems have been studied mainly for off-grid 
applications, such as powering base transceiver stations for telecommunication applications 
[7, 30]. The AFC system is currently claimed to be the only commercially available option 
for NH3-based power generation [7]. This technology relies on complete NH3 cracking 
before feeding a nitrogen and hydrogen mixture to the cell: 

NH3 → 0.5 N2 + 1.5 H2                ∆H°=46.0 kJ/molNH3   (1) 

Despite the relatively high level of maturity of the NH3-based AFC system, it is difficult 
to evaluate its performance due to the lack of data both on the cracker and on the cells, with 
limited literature work regarding such system. According to data disclosed by Gencell [31], 
the system could currently achieve 40% electric efficiency. This is also supported by one 
literature work [32] and by data from the Alkammonia project [30]. Nevertheless, current 
estimates foresee that once the system components and their arrangement are optimized, the 
electric efficiency could achieve 50%. 

On the opposite side, solid oxide fuel cells (SOFCs) could be directly fed with NH3, an 
option which is gaining high interest, due to the encouraging results achieved. The 
technology is still confined at a laboratory scale, with the highest power output reported 
being 1 kW [2]. Most published papers are experimental works, aimed at assessing the 
influence of operating parameters, performance durability over time, performance under 
stress conditions and materials degradation due to ammonia fuelling [2, 33−35]. Some 
works addressing cell-level and system-level modelling have also been published [36, 37]. 

Despite cracking part of the NH3 upstream the SOFC stack may alleviate degradation 
issues, the preferred configuration implements direct NH3 utilization. Nevertheless, fast 
NH3 decomposition into H2 and N2 within the cell is crucial for successful power 
generation, since the electro-oxidation process involves only H2. The main parameter 
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controlling NH3 decomposition is the operating temperature. A higher temperature boosts 
the kinetics of chemical and electrochemical reactions and pushes the thermodynamic limit 
of NH3 conversion towards higher values due to its endothermic nature. Nevertheless, it is 
widely recognized that an excessively high temperature leads to unacceptable materials 
degradation; hence, it is important to find alternative routes to enhance NH3 conversion. 
The Ni-based materials conventionally used in SOFC fuel electrodes seem to be a valid 
catalyst for NH3 decomposition [38]. A long-term solution is to find catalysts tailored for 
NH3 decomposition, which is driving some research work [39].  

Commercial SOFCs fed with NH3 perform surprisingly well (provided that NH3 is 
successfully converted into H2), but slightly worse if compared to the direct feeding of an 
equivalent amount of H2. This is generally attributed to the lower temperatures achieved 
inside the stack, due to the cooling effect of internal decomposition. However, the worse 
cell performance may be counterbalanced at the system level by a lower consumption of the 
air compressor due to a lower cell cooling requirement [40], while the possibility to avoid 
the cracker considerably simplifies the plant layout. 

The NH3-based SOFC system is a relevant comparison for the HiPowAR plant concept, 
since they feature some similarities related to the presence of a O2 membrane and the high 
efficiency target. The electric efficiency of a NH3-based SOFC system was computed in 
[40], showing a relatively large efficiency range (35-65%). However, considering only the 
cases with utilization factor equal to 0.7-0.8 and cell voltage equal to 0.7-0.85 V, the 
estimated electric efficiency ranges between 45-60%. 

3 The HiPowAR system 

The power generation system proposed in the HiPowAR project is based on a flameless 
combustion carried out at the surface of a MIEC membrane, which is capable of conducting 
both oxygen ions (O2-) and electrons at temperature above approximately 800°C. Therefore, 
such MIEC materials are permeable to molecular oxygen. Within the HiPowAR approach, 
the MR is equipped with tubular, one-side closed membrane tubes with small diameter and 
wall thickness (capillaries). The membranes are flushed with air, with little energy 
expenditure to drive a fan. Oxygen enters spontaneously the combustion zone against the 
total pressure difference between the capillary and the reactor thanks to the steep gradient 
of O2 partial pressure, which is always very low within the reactor provided that oxygen is 
readily consumed by the fuel through the ammonia oxidation reaction: 

NH3 + 0.75 O2 → 0.5 N2 + 1.5 H2O     (3) 

The combustion process generates a stream of hot and pressurized exhaust gases, at the 
expense of feeding ammonia under pressure. However, ammonia can be pumped as a liquid 
before injection, without requiring a high compression duty. The system can be connected 
to a gas expander, similarly to the case of a gas turbine, but, in contrast to conventional gas 
turbine cycles, the oxidant stream does not require compression to the maximum system 
pressure, with positive impact on the cycle efficiency. However, since the adiabatic 
combustion temperature of NH3 in pure oxygen is unacceptably high (e.g., 3511°C with 
reactants at 25°C), a temperature moderator shall be  also injected in the membrane reactor; 
the choice is to inject water as a moderating agent, so that the final outlet stream from the 
MR is a mixture of H2O and N2, which is expanded in a turbine to generate work. 

Another option for the implementation of the HiPowAR system, which is not 
investigated in this work, leverages the so-called ‘self-pressurizing’ combustion [41]. The 
flameless combustion would be carried out in a closed MR, in which the combustion 
products self-pressurize during the combustion process due to temperature and moles 
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increase. The latter is enhanced by the presence of the O2 membrane, since O2 is not 
initially present in the gas phase. If a moderating agent is not used, it is possible to double 
the reactor pressure just by considering the number of moles variation in reaction (3). In 
this implementation, at least two reactors would be required to guarantee continuous cyclic 
operation. 

3.1 Scheme A: constrained pressure ratio 

Figure 1 shows the first configuration studied for the final implementation of the HiPowAR 
system. Liquid ammonia (stream 1) enters the system at ambient temperature. The pressure 
depends upon ambient temperature since liquid-vapour equilibrium is established inside the 
tank that is typically used for fuel storage. As an example, the saturation pressure of 
ammonia at 25°C is 9.9 bar. After pressurization to 50 bar through a pump, NH3 is 
vaporized in a regenerative heat exchanger and fed to the membrane reactor. The outlet 
flow of the reactor (stream 4) is expanded to atmospheric pressure in a turbine to generate 
useful work. 

After preheating the liquid water to be used as a moderator, the latent heat available in 
the turbine outlet flow (stream 6) is used to completely vaporize the inlet ammonia. This is 
always possible when the maximum and minimum pressure levels of the system are 50 bar 
(or lower) and 1 bar, respectively, since NH3 would evaporate at about 89°C and the water-
nitrogen mixture would start condensing at about 100°C (due to the very large fraction of 
water). Stream 6 is a mixture of H2O and N2, hence the condensation temperature is not 
strictly constant. Nevertheless, a large fraction of H2O is expected, and condensation is 
found to be almost isothermal within the evaporator, where a minor fraction of heat is 
exchanged, and with a larger glide (e.g., 60°C) on the condenser. Note that if the maximum 
system pressure is increased up to the point where NH3 evaporates above 100°C, the 
amount of heat recovered after the expander would suddenly drop. Therefore, only a very 
large increase of the MR pressure, which determines the NH3 evaporation temperature, is 
expected to be beneficial for the system efficiency. 

 
Fig. 1. Scheme A, configuration with atmospheric turbine discharge pressure. 
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The condenser is required to recover the liquid water needed for cooling the MR. The 
temperature at condenser outlet is set to 40°C to minimize the water vapour mass flow rate 
in stream 9. Therefore, a significant amount of liquid water is allowed to leave the system 
as a useful output (stream 11). The following equation expresses the water mass flow rate 
leaving the system in stream 9 (MMH2O is the molar mass of water): 

mH2O,9 = 0.5 · MMH2O · n1 / (pcond / psat,H2O(Tcond) - 1)    (4) 

where n1 is the molar flow rate of the input ammonia fuel (stream 1). This expression has 
been derived by assuming that all nitrogen atoms embedded in the input ammonia leave the 
system in stream 9 (i.e, N2 is a non-condensable species). Therefore, the nitrogen atoms 
balance relates the input ammonia molar flow rate to the molar flow rate of stream 9. The 
Raoult’s law is assumed valid for the liquid-vapour equilibrium of H2O, so that: 

                        xH2O,9 = pH2O,9 / pcond = psat,H2O(Tcond) / pcond     (5) 

Therefore, it is demonstrated that a lower Tcond decreases the water mass flow rate in 
stream 9. The molar flow rate of hydrogen atoms embedded in the input ammonia is fixed; 
hence, if a lower molar flow rate of water exits the system in stream 9, the molar flow rate 
of stream 11 must increase. At first sight, it could be assumed that cooling to 40°C would 
decrease the system efficiency since stream 12 is at a lower temperature. Nevertheless, all 
streams below 100°C (if the minimum system pressure is atmospheric) could be heated 
with the latent heat of the turbine discharge stream, as done for NH3 evaporation. The liquid 
water mass flow rate required for MR cooling (stream 12) is pressurized, preheated, and 
finally injected into the reactor. 

The expansion ratio across the turbine in the configuration shown in Fig. 1 is fixed to 
about 50, since the expansion pressure is atmospheric and the pressure within the MR is 
50 bar. The operation of the membranes used in the HiPowAR project at 50 bar is yet to be 
proven, hence this pressure level is a target to be demonstrated within the project. A 
possible option for efficiency improvement is to investigate pressure levels different from 
the 1 bar-50 bar values, which still allow the heat integration between H2O condensation 
and NH3 evaporation. The aim is to find pressure levels that allow an increased expansion 
ratio across the turbine. Table 1 reports some pressure level combinations that have been 
calculated in this work, in all cases keeping a pinch-point temperature difference between 
the saturation temperature of H2O and that of NH3 approximately equal to 10°C. 

Table 1. Set of pressure level combinations that allow to exploit the heat integration between turbine 
outlet stream condensation and NH3 vaporization (∆Tpinch-point=10°C). 

 

Note that the investigated pressure levels are lower than the original 1 bar-50 bar, due to 
the increasing trend of the expansion ratio available for the turbine. Therefore, exploring 
pressure levels larger than the combination 1 bar-50 bar is considered not interesting, as it 
would lead to a decrease in the system efficiency while the pressure within the MR would 
increase, with further complications regarding the sealing technology and the membranes 
mechanical resistance. Since the minimum system pressure becomes sub-atmospheric, a 
compressor is required to allow venting the off-gas into the atmosphere. At very low 
pressure, the compressed off-gas reaches a significantly large temperature. Therefore, it can 
be used to preheat the NH3 entering the MR when possible. These modifications lead to a 
varied configuration of scheme A, as presented in Fig. 2. 
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Fig. 2. Scheme A, configuration with sub-atmospheric expansion. 

Also in this case, the temperature at condenser outlet is set to the minimum possible 
value of 40°C. Apart from increasing the water production (stream 15), this decreases the 
H2O mass flow rate to be compressed in the off-gas as proven by equation (4). Considering 
that it is easier to compress a cold gas, a lower condensing temperature would have a 
double effect on compressor consumption reduction, decreasing both the specific work 
required and the mass flow rate to be compressed. 

Since the off-gas stream (stream 10) must be compressed to ambient pressure, an 
optimum for the turbine discharge pressure is expected. A lower pressure increases the 
pressure ratio of the turbine, but also that of the compressor. Moreover, a lower turbine 
outlet pressure would increase the mass flow rate of water vapour at compressor inlet, 
further increasing its consumption. This is also demonstrated by equation (4). 

The sub-atmospheric implementation of scheme A allows to operate the MR at a 
relatively low pressure, which would reduce the mechanical stress on the membranes and 
the issues related to the sealing technology. Note that oxygen membranes have been tested 
so far only up to about 20 bar [42], hence this scheme could provide an efficient and ‘low 
risk’ implementation of the HiPowAR system. The lower reactor pressure would also 
increase the driving force for oxygen permeation, which is expected to reduce the required 
membrane area, eventually reducing the investment costs. Finally, the heat exchangers 
would work under a lower differential pressure, which would allow an easier design. 

3.2 Scheme B: independent pressure levels 

In scheme B, which is shown in Fig. 3, the synergy between NH3 evaporation and H2O 
condensation is not leveraged, hence the minimum and maximum system pressure are not 
related.  
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Fig. 3. Scheme B, system configuration with unconstrained pressure ratio. 

The sensible heat in the turbine discharge flow is used to vaporize the inlet ammonia. 
This is because the presence of liquid droplets should be avoided inside the reactor and it is 
preferred to act with regeneration on the ammonia stream, since a system for water 
evaporation inside the MR is required in any case. The main advantage compared to 
scheme A is the possibility to work with a very large expansion ratio in the turbine, given 
by the high pressure within the MR (e.g., 50-100 bar or larger) and the implementation of 
sub-atmospheric expansion. If the expansion pressure is sub-atmospheric, a compressor is 
required to allow venting the off-gas into the atmosphere. At very low expansion pressure, 
the heat available in stream 9 is also recovered for regeneration, as shown in Fig. 3. In case 
the minimum system pressure is sub-atmospheric, it is possible to find an optimal minimum 
pressure value that provides the maximum efficiency. 

4 System modelling 
Table 2 summarizes the general assumptions used for all simulations. The oxygen 
utilization is the ratio between the oxygen mass flow rate which permeates the membranes 
(always stoichiometric to the input fuel) and the one entering the reactor. All simulations 
are run considering a net electric output of 100 MW. 

Apart from the common general assumptions indicated in Table 2, some major 
parameters should be set to run the simulations. In particular, the Turbine Inlet Temperature 
(TIT) is expected to significantly affect the results, especially the system efficiency. The 
selection of a reasonable TIT should consider both the membrane and the turbine blade 
resistance. Therefore, four different scenarios are selected according to different levels of 
technological development, for simplicity assuming in all cases to avoid the adoption of 
turbine cooling: 
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Table 2. Simulation assumptions. 

 

1. TIT=1350°C, achievable with novel heat-resistant membranes and Ceramic Matrix 
Composites (CMC) materials for the first stages of the turboexpander [43, 44]. 

2. TIT=1100°C, which requires heat-resistant membranes, Ni-based superalloys, and 
Thermal Barrier Coating (TBC) for the turbine [45]. 

3. TIT=900°C, in case state-of-the-art O2 membranes are used; TBC may not be required 
and Ni-based superalloys should be used for the turbine. 

4. TIT=600°C, in case Ni-based superalloys are not used for manufacturing the turbine 
blades, as it is in conventional steam expanders [46]. Water injection between the 
membrane reactor and the turbine is required for quenching, as shown in Fig. 1. 

Cases 3 and 4 are feasible with the current level of technological development. 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is primarily considered as the state-of-the-art membrane 
material due to the high oxygen flux achieved in the range 850-900°C. Nevertheless, the 
operating temperature of BSCF is limited by the large creep rate under high temperature 
operation [47, 48]. For both case 1 and case 2, it is required to develop oxygen membranes 
capable of working at very high temperatures, such as Ca0.5Sr0.5Fe0.2Mn0.8O3-δ (CSFM) [49]. 
Moreover, case 1 requires the development of CMC materials for the expander, since blade 
cooling is not considered at this stage of the project (compressed air is not available, 
cooling should be performed with liquid water or with a closed-loop strategy). CMC 
materials are known to be negatively affected by the presence of steam, which is expected 
to be a large fraction of the expanding gas stream in this application. Therefore, a suitable 
Environmental Barrier Coating (EBC) should be also developed, as already proposed for 
some modern aeronautical gas turbine engines [50]. 

All components are treated as 0D units using Aspen Plus® as a simulation tool. The 
membranes are modelled as a separator that selectively separates the required 
stoichiometric oxygen from the main air flow. The permeated oxygen is assumed to be 
entirely consumed through reaction 3, hence NH3 and O2 are not present at reactor outlet. 
The reactor development is likely to involve recirculation and forced convection, but this is 
not detailed here and will be the object of future assessments. The Peng-Robinson equation 
of state is adopted for the calculation of thermodynamic properties of the fluid mixtures. 

5 Results and discussion 

5.1 Scheme A: constrained pressure ratio 

Table 3 shows the main results of the simulations that implement scheme A, for both 
atmospheric and sub-atmospheric configurations. Four TIT values are considered, which 
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stoichiometric oxygen from the main air flow. The permeated oxygen is assumed to be 
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The reactor development is likely to involve recirculation and forced convection, but this is 
not detailed here and will be the object of future assessments. The Peng-Robinson equation 
of state is adopted for the calculation of thermodynamic properties of the fluid mixtures. 

5 Results and discussion 

5.1 Scheme A: constrained pressure ratio 

Table 3 shows the main results of the simulations that implement scheme A, for both 
atmospheric and sub-atmospheric configurations. Four TIT values are considered, which 

reflect different possible levels of technological development, as discussed in the previous 
section. For the sub-atmospheric configuration, the results refer to the condition where the 
expansion pressure is optimized to maximize the system efficiency. 

Table 3. Main stream properties and system efficiency results, in the four considered cases of TIT, 
considering both atmospheric and optimized sub-atmospheric scheme A. 

 

It is evident that the TIT significantly affects the system performance, due to a larger 
Carnot efficiency achieved with a higher maximum cycle temperature. Therefore, the 
development of oxygen membranes capable of working at very high temperature is crucial 
to reach high efficiency. System electric efficiency values are below modern combined 
cycles, but mostly above open-cycle gas turbine plants (despite the adoption of an uncooled 
expansion, as assumed here, would increase also the performance of gas turbine plants). In 
case 1, the system efficiency is comparable to that of modern combined cycles equipped 
with post-combustion CO2 capture. Nevertheless, the HiPowAR system is simpler. The 
expanded fluid is a mixture of water vapour and nitrogen, with steam molar fraction above 
90%, as indicated in Table 3. Despite the envisaged TIT range is similar to that of gas 
turbine cycles, the working fluid is almost pure water as in conventional steam cycles. This 
is expected as the stoichiometric reaction (3) would produce a mixture of 75%vol H2O and 
25%vol N2, and using additional water as a moderating agent increases the water percentage 
at the MR outlet. Therefore, case 4 is included to assess the potential of using a 
commercially available steam expander, which could face a temperature up to 600°C. Note 
that in case 4 water is injected before the turbine inlet to reduce the temperature seen by the 
expander (dotted blue stream in Fig. 1). 

In the four cases implementing atmospheric expansion, 1.47 moles of liquid water are 
produced (stream 11 in Fig. 1) per mole of ammonia entering the system. Assuming a 
scenario where ammonia is produced using hydrogen from water electrolysis, the system 
allows the recovery of 97.8% of the water embedded in the ammonia fuel, which could be 
an important advantage over conventional hydrogen-fired gas turbines cycles in the future, 
where water is substantially diluted by excess air and is not easily recoverable from flue gas 
condensation. Moreover, streams 9 and 16 (Fig. 1) contain 93.8%vol and 97.4%vol nitrogen, 
respectively, which potentially allows for cheap N2 production. This could be interesting in 
a scenario where NH3 is one of the main energy vectors, since N2 production for ammonia 
synthesis is an energy-intensive process. The possibility to easily separate H2O and N2 is 
due to the use of a O2 membrane. Therefore, it is not possible to achieve the same result in 
conventional systems such as gas turbines and steam cycles when fed with NH3. 

In Table 3, the temperature at the expander outlet is also shown. In case 4, the expanded 
fluid is close to its dew point since, at atmospheric pressure, condensation starts at about 
100°C. Therefore, the larger expansion ratios envisaged for the sub-atmospheric scheme A 
and for the scheme B are not considered for case 4. In cases 1, 2, and 3, the temperature at 
turbine outlet is relatively large for the atmospheric expansion configuration, hence a larger 
expansion ratio could significantly increase the system efficiency. In cases 1 and 2, the 
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moderating water is heated up to the saturation temperature, and partial water evaporation 
occurs due to the large temperature of the turbine discharge stream for both atmospheric 
and sub-atmospheric configurations. Note that both the ammonia evaporator and the water 
preheater are modelled by imposing a pinch-point temperature of 10°C. In the water 
preheater the pinch point is located where the hot fluid starts condensing. Partial 
condensation of the hot fluid is allowed to preheat the liquid water, whose initial 
temperature is 40°C. 

The sub-atmospheric implementation of scheme A is conceived to achieve high 
efficiency with a pressure lower than 50 bar within the MR, for which the membranes’ 
mechanical resistance and sealing technology is yet to be proven. Figure 4 shows the results 
of the simulations, in which a sub-atmospheric expansion pressure is coupled with a 
reduced pressure within the MR to allow an efficient NH3 evaporation. When the expansion 
pressure is about 1 bar, the pressure within the MR should be 50 bar, hence both the plant 
scheme and the efficiency are identical to those in Fig. 1. For each sub-atmospheric 
pressure, the maximum system pressure is computed within Aspen Plus® to allow the 10°C 
pinch point difference between H2O condensation and NH3 evaporation, the resulting 
monotonic profile is shown by the black dotted line in Fig. 4. 
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Fig. 4. Electric efficiency and MR pressure as a function of the turbine outlet pressure, for the three 
considered cases of TIT, adopting scheme A. 

The main simulation results at the optimal expansion pressure are indicated in Table 3, 
while the atmospheric expansion configuration corresponds to the lowest efficiency point 
shown in Fig. 4, for cases 1, 2, and 3. Around the optimal point the efficiency keeps fairly 
constant, hence the optimal expansion pressure range is about 0.15-0.2 bar, corresponding 
to a MR pressure in the range 17-20 bar, which is a pressure level already tested for O2 
membranes [42]. Note that despite the pressure within the MR decreases at lower expansion 
pressure, the expansion ratio across the turbine actually increases (from 50 to more than 
100). Therefore, the system efficiency increases and the turbine outlet temperature 
significantly decreases when considering the optimized sub-atmospheric configuration 
compared to the atmospheric scheme (see Table 3). Nevertheless, the outlet turbine 
temperature in the optimal expansion pressure condition is still a large value in general, 
hence larger expansion ratios could benefit the system performance, as investigated in 
scheme B. 

A drawback of sub-atmospheric expansion is related to water production. The lower 
condenser pressure increases the H2O mass flow rate in stream 10, reducing that of stream 
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Fig. 4. Electric efficiency and MR pressure as a function of the turbine outlet pressure, for the three 
considered cases of TIT, adopting scheme A. 

The main simulation results at the optimal expansion pressure are indicated in Table 3, 
while the atmospheric expansion configuration corresponds to the lowest efficiency point 
shown in Fig. 4, for cases 1, 2, and 3. Around the optimal point the efficiency keeps fairly 
constant, hence the optimal expansion pressure range is about 0.15-0.2 bar, corresponding 
to a MR pressure in the range 17-20 bar, which is a pressure level already tested for O2 
membranes [42]. Note that despite the pressure within the MR decreases at lower expansion 
pressure, the expansion ratio across the turbine actually increases (from 50 to more than 
100). Therefore, the system efficiency increases and the turbine outlet temperature 
significantly decreases when considering the optimized sub-atmospheric configuration 
compared to the atmospheric scheme (see Table 3). Nevertheless, the outlet turbine 
temperature in the optimal expansion pressure condition is still a large value in general, 
hence larger expansion ratios could benefit the system performance, as investigated in 
scheme B. 

A drawback of sub-atmospheric expansion is related to water production. The lower 
condenser pressure increases the H2O mass flow rate in stream 10, reducing that of stream 

15 (Fig. 2). This effect can be seen in Table 3, which shows that a reduced amount of water 
is produced adopting a sub-atmospheric configuration. For instance, in case 1 only 78.6% 
of the water embedded in the green NH3 is recovered in the optimized sub-atmospheric 
configuration. Nevertheless, after the off-gas is cooled through heat recovery, a further step 
of condensation down to 40°C and liquid separation would allow the recovery of 97.8% of 
water embedded in the input NH3, due to condensation at atmospheric pressure. 

To summarize, the sub-atmospheric implementation of scheme A brings about a 
significant advantage in terms of efficiency, especially when the TIT is large. Moreover, 
the lower reactor pressure offers several advantages in terms of manufacturing and 
operational complexity as well as costs, as already discussed. For completeness, Table 4 
shows the detailed simulation results for the optimized sub-atmospheric scheme A with 
TIT=1350°C (Fig. 2). 

Table 4. Thermodynamic conditions and flow rates in all scheme points, considering the sub-
atmospheric scheme A (Fig. 2) with TIT=1350°C and optimized expansion pressure (case 1). 

 

5.2 Scheme B: independent pressure levels 

Table 5 summarizes the results for cases 1, 2, and 3 for MR pressure equal to 50 bar and 
100 bar, adopting the system configuration of Fig. 3. In each subcase, the minimum system 
pressure is optimized to maximize the system efficiency. 

Table 5. Simulation results for scheme B, at different values of TIT and MR pressure 
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With this scheme, complete ammonia evaporation is not always possible, and a system 
for ammonia evaporation inside the reactor should be designed in some cases. It is possible 
to draw the following conclusions: 

• Ammonia evaporation is easier when the TIT is large and the expansion ratio is low, 
due to a larger temperature of the turbine discharge stream. Therefore, complete 
evaporation is always possible when TIT=1350°C. If TIT=1100°C, NH3 can be 
completely vaporized if the MR pressure is 50 bar, and partially vaporized in case the 
pressure is 100 bar. When TIT=900°C, NH3 is partially vaporized if the MR pressure 
is 50 bar, whereas in the 100 bar case the turbine discharge flow is directly sent to the 
condenser due to the very low residual temperature. 

• If the reactor pressure is limited at 50 bar due to sealing technology and membrane 
mechanical resistance, scheme B performs better than the atmospheric scheme A. 
However, a fairer comparison would look at sub-atmospheric optimized scheme A and 
scheme B, leading to nearly the same efficiency values for case 2 and case 3, and an 
efficiency advantage for scheme A in case 1. Nevertheless, if the residual sensible 
heat of stream 6 (Fig. 3) is used to preheat the moderating water, the efficiency of the 
optimized sub-atmospheric scheme A would be approximately equal to that of scheme 
B with an MR pressure of 50 bar for all TIT values. The reactor pressure in the sub-
atmospheric scheme A would only be 20 bar, providing investment and safety 
benefits.  

• On the other hand, if the MR could be designed to withstand a pressure of 100 bar, 
scheme B offers a larger efficiency. If the heat available in the O2-depleted air is used 
to preheat the moderating water, then it would be even possible to overcome 55% 
efficiency with scheme B. 

Finally, it should also be considered that scheme A would have an expansion ratio of 
about 100, while scheme B would require a ratio up to 800, which is a challenge for the 
expander design. 

6 Conclusions 
This work have presented and discussed a series of simulations, with the aim of assessing 
the potential efficiency of the HiPowAR power generation system. This adopts ammonia as 
input fuel, which is oxidized by pure oxygen in a membrane reactor, using water as a 
moderating agent. The outlet stream from the reactor is a H2O-N2 mixture with a large 
steam fraction (about 90%vol), which is expanded from high temperature and pressure to 
atmospheric or even sub-atmospheric pressure (adopting a compressor for off-gas re-
pressurization) to generate mechanical work.  

Two potential schemes have been investigated: scheme A features a constrained 
expansion ratio across the turbine to exploit the heat integration between water 
condensation and ammonia evaporation, whereas scheme B maximizes the expansion ratio 
across the turbine by adopting a large pressure within the reactor. Both schemes have an 
optimal sub-atmospheric condensation pressure, since at low pressure both the turbine 
output and the compressor consumption increase. It is found that the TIT is of major 
importance for the system efficiency, hence O2 membranes capable of working at very high 
temperature should be developed for this application. If the maximum reactor pressure is 
limited to 50 bar (e.g., due to mechanical resistance and sealings issues), the two schemes 
achieve very similar efficiency values (53-54% at TIT=1350°C). If a MR pressure of 100 
bar is allowed, the independent-pressure-levels configuration (scheme B) slightly 
outperforms the constrained-pressure-ratio one (scheme A), approaching 55% at 1350°C, 
which is a promising target for the future evolution of the HiPowAR plant concept. 
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moderating agent. The outlet stream from the reactor is a H2O-N2 mixture with a large 
steam fraction (about 90%vol), which is expanded from high temperature and pressure to 
atmospheric or even sub-atmospheric pressure (adopting a compressor for off-gas re-
pressurization) to generate mechanical work.  

Two potential schemes have been investigated: scheme A features a constrained 
expansion ratio across the turbine to exploit the heat integration between water 
condensation and ammonia evaporation, whereas scheme B maximizes the expansion ratio 
across the turbine by adopting a large pressure within the reactor. Both schemes have an 
optimal sub-atmospheric condensation pressure, since at low pressure both the turbine 
output and the compressor consumption increase. It is found that the TIT is of major 
importance for the system efficiency, hence O2 membranes capable of working at very high 
temperature should be developed for this application. If the maximum reactor pressure is 
limited to 50 bar (e.g., due to mechanical resistance and sealings issues), the two schemes 
achieve very similar efficiency values (53-54% at TIT=1350°C). If a MR pressure of 100 
bar is allowed, the independent-pressure-levels configuration (scheme B) slightly 
outperforms the constrained-pressure-ratio one (scheme A), approaching 55% at 1350°C, 
which is a promising target for the future evolution of the HiPowAR plant concept. 

Regardless of the TIT value, the optimized scheme A features a lower reactor pressure of 
20 bar, providing investment and safety benefits. Moreover, the expansion ratio in scheme 
B could be as high as 800, while scheme A works with an expansion ratio of about 100. In 
all cases the system could release, as a net output, 97.8% of the water embedded in the 
input green ammonia, making easier its recovery, which is an advantage compared to 
conventional technologies for electricity generation. 
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