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Deliverable 5.1 

 

Reference benchmark 

is assigned to Task 5.1 

 

Objective: This deliverable aims at offering an assessment of existing concepts and reference 
technologies that are a reference for the assessment of the HiPowAR plant concept. 

 

Background: It appears useful to identify potential synergies between the HiPowAR concept 
and existing experiences on similar working conditions, as well as to develop a benchmark 
framework to represent the status of competing technologies. 

 

Results: The deliverable investigates two main topics. First, past research and development 
experiences related to fluid expansion in presence of nitrogen and steam mixtures are studied, 
showing that the field has not been covered in the conditions expected for the HiPowAR plant 
operation (90% H2O, 10% N2). Then, the main technologies for power generation that can 
constitute a benchmark or comparison reference for the HiPowAR assessment are identified 
and described, categorizing mature and highly efficient technologies and systems using 
ammonia as a fuel. The latter appear to have promising features for zero-emissions electric 
generation, but they are in general at an early development stage. A set of tables is developed 
to summarise quantitatively the main techno-economic features of the listed technologies. 

 

Deviations/delays: n.a. 

 

Annex: n.a. 

 

Authors: Alberto Cammarata, Paolo Colbertaldo, Stefano Campanari (Politecnico di Milano). 
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Introduction 
This deliverable provides the results of the activities included in Task 5.1 of the HiPowAR 
project. The task is developed within WP5, which is devoted to the modelling, simulation, and 
optimization of the HIPOWAR system layout, as a starting point. 

The goal is to obtain a comprehensive benchmark framework that will constitute a comparison 
reference in support to the development of the new HiPowAR plant concept, aiming to 
successfully optimize its layout and performance with respect to state-of-the-art competitive 
solutions. 

In particular, the analysis focuses on two elements: 

a) assessing existing power plant concepts and experiences related to power generation 
with high pressure gas expansion with conditions comparable to the steam and 
nitrogen expansion envisaged by the HiPowAR project;  

b) building a benchmark framework for competitive solutions, both for stationary and 
mobile applications, in terms of power, efficiency and costs. 
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Concepts and experiences related to operating conditions 
comparable to HiPowAR  
This section looks into power plant concepts and experiences related to power generation with 
high pressure gas expansion that feature conditions comparable to those of the steam and 
nitrogen expansion envisaged in the HiPowAR plant, in order to identify potential issues and 
synergies. 

High-pressure gas expansion – the case of gas and steam turbines 
The foreseen expansion conditions in the HiPowAR plant are rather peculiar, at the same time 
showing similarities and differences with respect to both gas turbines and steam turbines. 

The predicted high temperature at turbine inlet (> 850 °C) is similar to that achieved in 
conventional gas turbine systems, even “safe” when compared to today’s BAT (where the 
Turbine Inlet Temperature or TIT of the expanding gas is in the range 1400-1500 °C, sustained 
adopting air cooled blades, with maximum metal temperatures in the range 900-950°C). 
Nevertheless, the turbine inlet pressure in the HiPowAR concept is higher, since the expected 
range is starting around 50 bar, while conventional gas turbines operate at a maximum 
pressure of around 35-40 bar (for aero-derivative types). Moreover, since one of the main 
advantages of the HiPowAR system is the possibility to achieve a very high pressure with 
negligible pumping work, the optimal expansion inlet pressure may further increase in a scale-
up and long-term perspective. The limit could be either the sealing technology or the 
mechanical resistance of the membrane material. At the same time, the expander isentropic 
efficiency would significantly drop when operating with very large expansion ratios, hence the 
maximum pressure may be also dictated by electric efficiency maximization.  

Regarding the working fluid, conventional gas turbines expand a mixture of exhaust gases 
typical of natural gas combustion with high air excess, thus not too far from air composition 
with addition of water and CO2 (e.g. in volumetric fractions 74-76% N2, 12-15% O2, 6-8%H2O, 
3-4%CO2), whereas the HiPowAR system features a mixture of only N2 and H2O after the 
oxidation reactor having quite different proportions. Indeed, based on preliminary simulations 
of the HiPowAR plant scheme developed using the Aspen® Plus software (Task 5.2), it has 
been found that the fluid expanded in the turbine is a mixture of H2O-N2 with molar fractions 
90%-10%, respectively. Therefore, the only common parameter with conventional gas turbines 
is the expansion inlet temperature, as the low N2 content in HiPowAR expansion does not justify 
a parallelism with air. 
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Considering the large steam fraction in the expanded fluid predicted for the HiPowAR system, 
the comparison with a steam turbine seems more fair. Moreover, the expansion inlet pressure 
envisaged for the HiPowAR plant (> 50 bar) is not uncommon at the inlet of the intermediate-
pressure turbine of a modern steam cycle with 3 pressure levels, typically found in combined 
cycle; moreover, the maximum inlet pressures at the high pressure level of a steam plant can 
also be much higher (150-180 bar or supercritical above 220 bar). Nevertheless, steam turbines 
are not operated at a temperature larger than 600-620 °C, which are the BAT values both for 
ultra-super-critical (USC) steam cycles and for the steam section of combined cycles. Therefore, 
the most similar expansion conditions to those of the HiPowAR system are found, in terms of 
pressure, at the intermediate pressure after reheat of a modern combined cycle with 3-pressure 
level Heat Recovery Steam Generator (HRSG); although the typical temperatures are in that 
case lower (max 600-620°C). In steam cycles, the temperature limit is imposed by the 
mechanical and chemical material resistance, combined with the need for an inexpensive 
material given the large amounts required in the steam generator and in the turbine 
components (super-heating and re-heating heat exchangers, piping, HP turbine blades, IP 
turbine blades, etc.). 

As mentioned, a feature of the HiPowAR scheme is the expansion of a high pressure mixture 
of steam and nitrogen, i.e., a non-ideal mixture comprising steam plus a non-condensable gas 
(N2). As discussed, the N2 fraction is rather low: from preliminary Aspen simulations, even when 
varying the reactor cooling, it does not surpass a level of 15%vol. Literature studies have not 
focused on nitrogen expansion. 

Expanding the investigation to non-condensable fluid management, CO2 is found as a studied 
element due to its presence in geothermal plants. Indeed, in direct geothermal plants, CO2 
usually expands through the turbine together with steam and is then separated to be reinjected 
in the geothermal well. In the HiPowAR plant, N2 must be separated form water at expander 
outlet and possibly recompressed to ambient pressure for release, with a similarity to the 
situation of geothermal plants. Indeed, given that preliminary simulations (Task 5.2) are 
predicting significant efficiency advantages when operating with sub-atmospheric expansion, 
in the final plant design it is sought the implementation of a N2 compressor, able to eject in 
the atmosphere the N2 flow, which will be saturated with H2O, following the separation via 
condensation.  
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Injection of water or steam at expander inlet – the case of STIG cycle 
Despite temperature is the only common parameter when comparing the HiPowAR expansion 
with conventional gas turbines operating conditions, it is interesting also to consider the case 
of Steam Injected Gas Turbines (STIG cycles, also found as Cheng cycle from the name of its 
first inventor), a variant of the gas cycle which envisages steam injection ahead of the turbine 
expansion. 

In this type of gas turbines, steam injection can be applied either in the combustion chamber 
or at compressor discharge, as a modification to the conventional Brayton cycle allowing for 
power and efficiency augmentation and NOx reduction (due to enhanced control of max 
combustion temperatures). Steam can be generated by recovering heat from the gas turbine 
exhaust gases, at a pressure level sufficient for injection in the high pressure air flow (thus 
requiring a pressure 25-40% higher). Gas turbines are generally designed to allow a steam 
injection up to 5% of the compressor intake airflow [1]. This design allows a sufficient steam 
injection to meet the NOx abatement requirement, while further steam injection would increase 
operational costs, including a significant cost for demineralized water consumption, and is 
therefore generally not implemented. At any rate, the STIG configuration assumes to increase 
the steam injection up to higher fractions, reaching up to 15-20% of the inlet air mass flow rate 
in specific aeroderivative gas turbines (the increase of flow rate is limited by the necessity of a 
parallel increase of pressure ratio at turbine inlet, exploiting part of the compressor surge 
margin, which is sufficient only in some GT models). Assuming that air is essentially a mixture 
of N2 and O2 with molar fractions 79% and 21%, respectively, and considering to burn pure 
methane with usual fuel to air ratios, the composition of the expanding gas in presence of a 
5% steam injection is a mixture composed by N2, O2, H2O and CO2 with molar fractions 70%, 
12%, 14% and 4%, respectively. Adding 20% steam injection the mixture would become nearly 
60% N2, 10% O2, 27% H2O and 3% CO2 respectively. Even in this technological application, it 
can be concluded that despite the conditions are closer to those expected in the HiPowAR 
plant due to increased steam amount, the mixtures entering the expander are still too different 
in the two cases to offer much insight by direct comparison. However, the operation of STIG 
cycles demonstrates the feasibility of expanders running at very high temperature with a 
significant, though not major, presence of steam. 
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Benchmark framework 
In this section, a framework is built that includes existing and upcoming technologies for power 
generation that can represent a benchmark against which the HiPowAR system performance 
can be evaluated. The analysis looks at both stationary and mobile applications and considers 
rated power, efficiency, specific costs, and operating cost. 

The technologies are selected according to the following criteria: 

• high maturity; 
• simplicity and compactness; 
• flexibility; 
• high efficiency; 
• low CO2 emissions; 
• use of ammonia as fuel. 

Two main categories are identified, which correspond to short-term or long-term comparisons: 

1. mature and high-efficiency plants; 
2. ammonia-fed plants. 

First, the technologies are briefly described and compared. The comparison focuses on 
technical and economic parameters, such as capacity range and modularity, maximum 
temperature, electric efficiency, CO2 emissions, specific investment costs (€/kW) or CAPEX, and 
maturity level (TRL). 

Finally, the main features of the identified benchmark technologies are summarized in a table 
for easy comparison. 

The maturity level of the technologies is expressed in terms of TRL, considering the 
classification proposed by the EU Horizon 2020 guidelines [2]: 

• TRL 1: basic principles observed;  
• TRL 2: technology concept formulated; 
• TRL 3: experimental proof of concept; 
• TRL 4: technology validated in lab; 
• TRL 5: technology validated in relevant environment (industrially relevant environment 

in the case of key enabling technologies); 
• TRL 6: technology demonstrated in relevant environment (industrially relevant 

environment in the case of key enabling technologies); 
• TRL 7: system prototype demonstration in operational environment; 
• TRL 8: system complete and qualified; 
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• TRL 9: actual system proven in operational environment (competitive manufacturing in 
the case of key enabling technologies; or in space). 

MATURE AND HIGH-EFFICIENCY TECHNOLOGIES 

Internal combustion engines 

Internal Combustion Engines (ICEs) are a very well-known technology, with a variety of both 
stationary and mobile applications: from combined heat and power units to emergency 
generators, from road vehicle propulsion to maritime transport. ICEs are a relevant term of 
comparison for multiple reasons: the technology has a very high TRL, a good flexibility in terms 
of partial load operation (although at the price of efficiency), and is the major competitor for 
mobile uses. Moreover, they can also run on ammonia. 

The technology is very mature and units are commercially available from a number of 
manufacturers in a wide variety of nominal power ratings, from few kW (or even below) to 
many tens of MW. Historically developed for use with liquid fuels (gasoline, Diesel), their 
evolution involved the adoption of other oil-derived liquid fuels (like LPG), natural gas in either 
compressed or liquid form (CNG or LNG, respectively), biofuels (either pure or blended with 
fossil ones), and even NH3 (which is discussed later). 

ICEs offer flexibility for partial load operation, but their design and manufacture do not offer 
much modularity. Indeed, the optimized design requires significant modification depending 
on the power output, except for the possibility to change the number of cylinders in a given 
range of capacity, leading to different models and characteristics. Some optimization elements 
are: number and size of cylinders, nominal rotational speed, maximum torque, etc. The final 
application also strongly affects the design: mobile units for road vehicles require pairing with 
gearbox and variable speed, whereas stationary devices for power generation operates at 
constant rotational speed with an electrical generator. 

The design differences at varying capacity explain the variation in nominal efficiency (ratio of 
electric output and fuel LHV input): small-scale stationary units feature net electrical efficiency 
values in the range 27-30%, whereas large-scale units reach up to 45%. 

Looking at devices for stationary applications and power generation, the capital cost of this 
technology is highly sensitive to the nominal capacity, with values as low as 900-1000 €/kWel,nom 
for capacity above 100 kWel,nom, then increasing at smaller capacities (1500 €/kWel,nom), up until 
a further steep ramp for capacities below 10 kWel,nom (2000 €/kWel,nom). Very small units also 
exists, e.g., 1-5 kWel,nom, with costs ramping to 3000-5000 €/kWel,nom. 



 
 
 
 
 
 
DELIVERABLE REPORT 

 

 

Page 11 of 49 
This project has received funding from the European Union's Horizon 2020 research and innovation 
programme 
under grant agreement no. 951880 

 
Figure 1. ICE efficiency (left) and capital cost (right) as functions of the nominal electric power output [3]. 

It shall be evidenced that the design of ICE for stationary power is significantly different from 
that used for mobile applications, especially due to the lower rotational speed (e.g. 1500 RPM 
instead of 5000-6000 RPM in automobiles) and more robust design adopted to meet the much 
longer lifetime required in power generation (40-80.000 h vs. the 5000 h of a car engine), which 
brings about a higher specific cost (€/kW). 

Emissions of pollutants (unburnt fuel, particulate, NOx) depend strongly on operational 
conditions (nominal vs. part load) and on the type of flue gas treatment equipment (which may 
include three-way catalytic converters, exhaust gas recirculation, selective catalytic reduction, 
particle matter filtering depending on the type of engine and fuel), whereas CO2 emissions 
depend upon the adopted fuel and the system efficiency. The CO2 emissions are about 590-
660 gCO2/kWhel when using diesel as a fuel (considering 0.835 g/l and 2.56 kgCO2/l) or 460-
520 gCO2/kWhel when using low-emission fuels like LNG/LPG. The use of biofuels allows to 
offset the CO2 emissions since the global effect of using a biomass-derived feed is nearly 
neutral. 

Gas turbines 

Gas turbines are continuous-flow engines that exploit the Joule-Brayton cycle: air is first 
compressed in a compressor and then sent into a combustor for temperature increase (lean 
combustion), after which the expansion of exhaust gases in a turbine from high temperature 
and high pressure generates mechanical power. In most designs, the two machines 
(compressor and turbine) share the same shaft, so that the work provided by the turbine drives 
the compressor and the residual is available for the user. 

Gas turbines are a well-known technology, broadly applied in different fields. In power 
generation applications, an electrical generator is mounted onto the shaft to convert 
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mechanical power into electric power. In mechanical-drive gas turbines, the shaft drives a 
separated mechanical load, typically a second compressor used to increase the pressure of a 
fluid (e.g., natural gas recompression for transport via pipeline, gas compression in oil&gas 
applications). Mobile applications are widely diffused: turbo-fans and turbo-props are used on 
most types of aircrafts (essentially a mechanical-drive configuration where the mechanical load 
is given by a fan or a propeller that moves air) and helicopters; naval implementations are 
possible in alternative to ICEs and successfully applied in fast ferries and in military applications. 
Installations on road vehicles instead have been only very limited, so that they cannot be 
considered a regular application. 

Although the thermodynamic cycle has been known since the 19th century, gas turbines 
became available in the first half of the 20th century due to the need for machines capable of 
high isentropic efficiencies and materials able to withstand reasonably high expander inlet 
temperature. The technological development is still ongoing, with a trend of performance 
increase mainly related to temperature increase. Today’s best available technology (BAT) 
reaches up to 1500 °C at turbine inlet, with appropriate ceramic coating and air-cooled blades 
on the first expansion stage rows. 

In a way similar to ICEs, gas turbines are available in a variety of nominal capacities (from few 
kW to 600 MW) with little or no modularity and a specifically optimized design, considerably 
influenced by the plant size. 

The main fuel adopted in stationary applications is natural gas, thanks to its ‘clean’ features 
such as absence of particulate and residues that would impact the expander operation. Aircraft 
engines use kerosene-based liquid fuels for ease and safety of storage. Moving towards low-
carbon fuels, biomethane and biofuels can be used. In recent years, the manufacturers’ 
attention focused on hydrogen-ready devices, which required the development of profoundly 
revised combustion systems. Some of the most recent configurations involve a multi-stage 
combustion chamber in order to balance the spike in temperature and in NOx formation during 
the initial step of reaction [4]. Both pure-hydrogen and variable-fraction NG-H2 mixtures are 
studied, with a short-term view in favour of the second, given the frequently discussed 
possibility to start injecting small hydrogen quantities in NG grids soon [5,6]. The introduction 
of hydrogen-ready combustors has focused mostly on large-scale gas turbines of the latest 
generation (H class) for use in combined cycles (see next section), such as the GT36 by Ansaldo 
Energia (based on former Alstom technology), introduced in 2020 [7] and currently being 
installed in a combined cycle facility in Venezia (Italy); the unit features a 450 MW power output 
(50 Hz version, rated at 41% efficiency in simple cycle). Other gas turbines models designed 
for 100% H2 have also been proposed by Baker Hughes and General Electric. 
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The performance is strongly favoured by the size, thanks to lower flow losses and improved 
mechanical design. Considering typical gas turbines that use axial turbomachines, a distinction 
can be made between small-scale devices (1-30 MW) featuring nominal efficiencies in the 
range 25-35% and large-scale units (hundreds of MW) reaching up to 44% [8]. 

In case of hydrogen firing, CO2 emissions are totally absent. With natural gas feeding, emissions 
are in the range of 470-520 gCO2/kWhel for large-scale devices (40-44% efficiency) and rise to 
620-690 gCO2/kWhel for small-scale units featuring 30-33% nominal efficiency. 

Excluding the case of small-scale units below 10 MWel , that are more costly and have a quite 
limited offer of models (including special cases of turbines employing a radial design [10]), 
capital cost for gas turbines ranges from 400-500 €/kWel at 30-50 MWel capacity and then 
decreases at growing capacity, dropping to 300 €/kWel for devices above 80 MWel, and further 
down to 150-200 €/kWel in the case of units above 400 MWel [8]. 

For very low power ratings (below 500 kWel), a different layout is proposed which employs a 
recuperated cycle architecture, featuring low pressure ratios and using radial turbomachines 
(centrifugal compressors and radial inflow expanders); these devices are referred to as micro 
gas turbines. In these machines, hydrogen fuelling seems to be able to offer improved 
performance over natural gas or syngas operation [9], although, just like in larger gas turbines, 
this option requires the development of appropriate combustors that can tackle the risk of 
increasing temperature and NOx formation. Although the HiPowAR test rig size (10-30 kWel) 
falls within the capacity range of micro gas turbines, these are not deeply investigated since 
they typically operate with too low pressure ratios (e.g. 4-6) and their adoption is of little 
interest for the final goal of the project, which is the evaluation of the concept scale-up. 

 

 
Figure 2. Representation of a micro gas turbine, with labels evidencing the main elements (image courtesy of Turbec). 
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Combined cycles 

The state-of-the-art power generation technology for high-efficiency electricity generation is 
the combined cycle. It comprises a gas turbine and a bottoming Rankine cycle, linked through 
the heat recovery steam generator (HRSG), where the gas turbine exhaust gas flow is used as 
a heat source to evaporate and overheat the water acting as working fluid in the steam cycle. 

Combined cycles offer today’s highest efficiency values for power generation, with recent 
designs passing 64% nominal LHV-to-electricity conversion efficiency [8]. These plants were 
originally featuring rather slow start-up and ramp-up due to the large inertia involved with the 
HRSG, but today’s advancements and a design oriented to flexibility allows hot start-up in less 
than 30 minutes. Also, when equipped with a bypass valve on the exhaust line, they can exploit 
the gas turbine in simple-cycle configuration for low output operation or fast start-up, while 
the bottoming cycle is shut off and/or is heated up. 

Typical capacities range from tens of MW to 1.5 GW. The performance is favoured by larger 
size thanks to more efficient gas turbines and steam turbines as well as improved integration. 
Plants with an overall net power output below 100 MW may still feature electrical efficiencies 
in the range 45-50%, but 55% or higher is the common value when passing 200 MW and 62-
64% for large plants rated at 500+ MW. Modularity is not a point of strength, since the design 
of gas turbines is not modular and bottoming steam turbines and heat exchangers are also 
designed on purpose. However, a certain degree of design flexibility is provided in the case of 
large-scale plants by the possibility of system configurations with a variable number of gas 
turbines and/or steam turbines (e.g. it is quite frequent to have a 2+1 configurations with two 
gas turbines and a single steam section). 

Fuel flexibility follows the same considerations discussed for gas turbines, since the combustion 
device is identical. Post-firing downstream the GT, aimed at increasing the temperature of the 
exhaust gases before entering the HRSG section, is possible but uncommon. The possibility to 
run on hydrogen can be considered an already reached or nearly reached objective, since most 
manufacturers are implementing the newly designed combustors in demo plants and in 
commercial systems that aim at withstanding variable-fraction NG-H2 mixtures with a very 
limited effect on efficiency and on emissions. See for instance some recent installations in 
Australia, Italy or in Malaysia [11]. Pure hydrogen feeding fully avoids CO2 emissions, whereas 
the use of NG-H2 mixtures falls in between the two extremes. 

Specific CO2 emissions from NG-fed combined cycles depend upon the system efficiency, from 
420 gCO2/kWhel in case of 50% efficiency (assumed as a reasonable average for small-size 
plants) to 320-350 gCO2/kWhel when efficiency reaches 60-64% (today’s best performance, 
assumed as a reasonable average for capacities above 500 MWel). 
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The capital cost of NG-fuelled combined cycle systems averages at 600 €/kWel for the common 
range 400-1000 MWel nominal capacity, with an increase to 800-1000 €/kWel below 200 MWel 
and a decrease to 500 €/kWel for systems above 1 GWel [8]. Official data regarding systems 
equipped with hydrogen-ready combustors are not available, but the cost increment is 
expected to be marginal and will be reabsorbed in perspective, as soon as such type of 
components will become ordinary. 

Combined cycles with CO2 capture 

Combined cycles, just like most large-scale combustion-based power generation plants, are 
suitable for the installation of CO2 capture systems. Different capture technologies exist, which 
are typically categorized into pre-combustion, post-combustion, and oxy-combustion 
methods.  

Pre-combustion capture refers to removing the CO2 from the fuel before the combustion is 
completed and it is relevant for plants involving fuel pre-treatment, such as coal gasification, 
that generates a syngas (H2+CO+CO2) from which the CO2 can be separated after water gas 
shift, so that only H2 is sent to the combustor. However, this has little interest for NG-based 
plants, unless for the case of converting natural gas to hydrogen in steam reformers with CO2 
capture (producing the so-called “blue hydrogen” or low-carbon hydrogen) before feeding the 
power plant. 

Post-combustion solutions allow conceptually a rather easy retrofit of existing power stations. 
They include three main techniques: scrubbing reactors where water and amines are injected 
into the flue gas flow in order to remove the CO2 via absorption, selective membranes that are 
only permeable to CO2, adsorption on solid sorbents. Of these, the most mature and 
commercially ready option is the use of amine scrubbing. Nevertheless, it entails a significant 
drop in power output and efficiency of the power plant, mainly due to the significant 
consumption of steam required for the regeneration of amines in addition to the electrical 
consumption for CO2 compression and liquefaction. 

The oxy-combustion solution involves the separation of O2 from air, so that the combustion is 
carried out with pure oxygen and the flue gases contain only CO2 and water, which can be 
easily separated via condensation. However, the process of air separation (through cryogenic 
Air Separation Units or ASU) is highly energy-intensive. 

The installation of CO2 capture affects the efficiency since all such systems introduce additional 
processes having a significant energy consumption, that reduces the net power output and/or 
increases the fuel input. The effect is a decrease of net electrical efficiency in the range of 8-10 
percentage points. 
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Two parameters are used to describe the performance of CO2 capture systems and capture-
equipped plants:  

• the CO2 capture efficiency: it indicates the capability of the system to remove CO2 and 
is equal to the fraction of generated CO2 that is removed from the flue gases over the 
total amount generated; it can be as high as 99%, although the impact on costs 
becomes more and more significant at growing values, so that 90% or max 95% values 
are usually considered as optimal; 

• the avoided CO2 fraction: it evaluates the difference between the actual emissions of 
the new plant and the emissions of the same plant without the capture system, dividing 
such difference by the total amount emitted in the no-capture case. 

The second parameter combines the effects of the actual CO2 removal amount and of the plant 
performance decrement; it is typically smaller than CO2 capture efficiency since the new system 
features an increased consumption. 

The effect on costs is also relevant, with a breakeven capture cost of about 60 to 90 €/tCO2 [12], 
which corresponds to a 35 €/MWhel increase on the LCOE (considering the implementation of 
a 95%-efficient capture system on a GTCC featuring 64% efficiency that reduces to 54% due to 
CO2 capture). Capital costs involve roughly a doubling from regular GTCCs (+80-110%). 

Just like the combined cycle plants they attach to, CO2 capture systems do not offer much 
modularity, since CO2 capture technologies rely on chemical reactors or processing plants 
(scrubbing, air separation, …) which are designed and sized on purpose. An exception are 
membrane technologies, which are however uncommon. 

As of today, CO2 capture technologies are mostly implemented in small-scale pilot plants, 
either on small-capacity plants or on a portion of large-scale plants. However, the attention 
and the study are mostly focused on large-scale applications, which may have a potential 
impact on global CO2 emission reduction strategies, which allow to exploit economies of scale 
both for the capture system and for the CO2 transport&storage phase. 

Proton Exchange Membrane Fuel Cells (PEMFCs) 

Electrochemical devices for power generation are inherently different from most conventional 
technologies since they operate a direct energy conversion process (chemical to electrical) 
instead of the traditional multi-step process of power cycles (chemical to thermal to mechanical 
to electrical). Among these, low-temperature fuel cells feature good performance combined 
with flexibility thanks to the limited heat integration and small thermal inertias. In particular, 
proton exchange membrane fuel cells exploit a solid electrolyte and a non-complex system 
configuration that favours the operation under variable power output. 



 
 
 
 
 
 
DELIVERABLE REPORT 

 

 

Page 17 of 49 
This project has received funding from the European Union's Horizon 2020 research and innovation 
programme 
under grant agreement no. 951880 

This technology is highly modular, since it is based on single cells connected in series into stack 
that are then combined into modules at a size where balance-of-plant integration is optimal. 
Capacities can range from kW to MW per module, and plants can increase the rated power 
output by repeating modules. 

PEMFCs feature good performance: today’s stationary systems operate with 42-45% nominal 
efficiency and the development target is above 50% with scale-up of both system and 
manufacturing capacity (a level already shown in some demonstration projects [16]), whereas 
devices for mobile applications may already go above 50% thanks to a simpler balance-of-
plant. Moreover, part-load operation features a slight efficiency increase thanks to reduced 
ohmic and polarization losses (the increasing trend stops at very low loads, when the balance-
of-plant consumption becomes relevant due to the underutilization of the equipment). 
Combined heat and power applications are also possible, given the exothermic nature of the 
overall electrochemical reaction, e.g., for residential applications, given that the stack 
temperature is in the range 60-90 °C (operating temperature is limited below 100-120 °C due 
to the properties of Nafion® and similar sulfonated polymers, which are the most commonly 
used membrane material). High-temperature fuel cells (HT-PEMFCs) have been proposed and 
investigated [13] as an alternative, which involves different materials for the electrolyte, capable 
to withstand 150-200 °C. 

The reacting fuel within the cell is hydrogen and a high purity is required due to the low 
tolerance of the catalytic materials which are most frequently employed (Platinum and 
Platinum group metals) to impurities . Operation with other fuels (e.g., NG, biogas, DME) is 
possible, but requires a reformer and adequate pre-treatment for purification in order to avoid 
any impurities entering the cells, such as carbon monoxide (a typical residue of hydrogen 
production from reforming of hydrocarbons). The use of methanol has also been widely 
studied, developing direct-methanol fuel cells (DMFCs) with significant progress. 

Today’s costs are not very competitive, mostly due to small plant scale and limited 
manufacturing rate. Perspectives involving system scale-up, catalyst load reduction, and 
manufacturing scale up are promising. For example, the EU-H2020 GRASSHOPPER project [14] 
is targeting a CAPEX of 1500 €/kWel for a 25 MWel/year manufacturing capacity, considering 
flexible devices able to undergo frequent ramps to offer ancillary grid services [15], as shown 
in Figure 3. This is a strong reduction from the previous EU-FP7 DEMCOPEM-2MW project 
target of 4000 €/kWel [16] and it is in line with the multi-annual workplan targets set by both 
the Fuel Cell and Hydrogen Joint Undertaking (FCHJU) and the US Department of Energy (US-
DOE). 
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Figure 3. CAPEX evolution in multi-MW fuel cell power plants, from past and current projects and recent forecasts 

[15]. 

Solid Oxide Fuel Cells (SOFCs) 

Solid oxide fuel cells are electrochemical devices that perform the direct chemical-electric 
energy conversion process at high temperature. The main difference of SOFCs from most other 
types of fuel cells (AFCs, PEMFCs, DMFCs) is the high operating temperature (> 800 °C). This is 
the main factor determining both advantages and drawbacks of such systems. Like all fuel cells, 
they benefit of large modularity (cells are combined into stacks, which are then assembled into 
modules that share a common balance-of-plant). Current largest installations feature capacities 
in the order of hundreds of kW to tens of MWel per plants. 

The main advantage of SOFC systems over conventional power plants and other fuel cell 
systems is the high electric efficiency, which can pass 60% (e.g., Bloom Energy – one of the 
leading manufactures - declares 67% at peak efficiency), and the low emission of pollutants 
(NOx, particulate, …). In principle, a larger operating temperature should reduce the maximum 
voltage achievable by a fuel cell, due to a lower Gibbs free energy for the H2 oxidation reaction. 
Nevertheless, the high operating temperature also significantly reduces the electrochemical 
losses within the cell. Therefore, despite the maximum voltage decreases, this is more easily 
approached by the cell and the actual operating voltage increases. Another advantage of 
SOFCs is that expensive catalyst materials (such as platinum-group metals used in PEMFCs) are 
not required, since the high operating temperature is sufficient to accelerate the 
electrochemical reactions in presence of Ni or other inexpensive catalysts. 
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The reacting element on the active surface is always hydrogen, which combines with oxygen 
transferred through the solid electrolyte; but SOFCs can exploit internal steam reforming, which 
is favoured by the high temperature, to convert inlet hydrocarbons to hydrogen. Hence, they 
can smoothly process a variety of fuels such as H2, CO, CH4, NH3, etc. For comparison, low-
temperature fuel cells are stricter in terms of compatible fuels, since PEMFCs are poisoned even 
by very small quantities of CO or NH3 and Alkaline Fuel Cells (AFCs) can be negatively affected 
by the presence of CO2 in air. 

The drawbacks of SOFCs are also related to the high operating temperature, which imposes 
the need for heat-resistant ceramic materials, for which expensive manufacturing processes are 
required. Moreover, the high temperature causes significant materials degradation over time, 
which has been the main obstacle for the commercialization of SOFCs [17,18], although recent 
generations have reached a stack lifetime in the range of more than 20.000 h. Nowadays, R&D 
is working on limiting the operating temperature of SOFCs, aiming to operate in the range 
500-700 °C, which requires the development of new electrolyte and electrodes materials. 

Today’s investment cost of SOFC systems is rather high (>5000 €/kW), whereas prospective 
figures are in the range 500-3500 €/kWel [19], the lower value being an optimistic target for a 
medium-/long-term perspective, which is a reasonable comparison case for the HiPowAR 
project. 

CO2 emissions from SOFC systems depend on the fuel. When operated on natural gas, given 
the similar range of efficiency to GTCCs, CO2 emissions are also expected to be similar. 

The field of high temperature fuel cells also includes Molten Carbonate Fuel Cells (MCFC), 
which share similarities with SOFC in terms of high temperature operation (nearly 650°C), fuel 
flexibility, low emissions, but also issues with material and manufacturing costs as well as 
lifetime limitation. Although this type of fuel cells has reached remarkable large-scale 
demonstration (with max size of existing power plants approaching 70 MW), their specific cost 
is still high (>3000-4000 €/kW) and their typical efficiency from natural gas is limited to 47-
48%, making them less attractive for power generation. Moreover, their commercial 
development is nowadays sustained by practically a single company (Fuel Cell Energy, USA). 
However, they may offer distinctive advantages when applied to CO2 capture, especially if 
coupled to industrial processes, a factor which has raised further interest in their application 
by companies like Exxon Mobil [130]. 

Hybrid cycles (GT/GTCC+SOFC+CCS) 

A broad field of study is the development of hybrid cycles that can combine multiple 
technologies to gain the best advantages of each. The scientific literature is rich of examples 
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of technology integration, such as combination of gas turbines, steam cycles, or combined 
cycles with high-temperature fuel cells (SOFCs or MCFCs) aiming to optimize heat recovery at 
different temperature levels to increase the overall efficiency [20,21]. 

System simulations under different integration options show promising performance, above 
60% and in some cases above 70%. However, little practical implementation has been 
developed so far. Cost assumptions uncertainty can be pretty strong due to the limited 
commercial development of the key plant components, including the high-temperature fuel 
cells in general as well as optimized heat exchangers or dedicated turbomachinery. 

Allam cycle 

In recent years, an innovative thermodynamic cycle has been proposed by Allam et al. [22] for 
power generation with very high efficiency and zero GHG emissions. The Allam cycle, or NET 
Power cycle (from the name of the company developing the concept), adopts oxy-combustion 
of natural gas, occurring at high pressure (200-400 bar) and with the injection of CO2 as 
moderator, which is preheated to nearly 700 °C via a regenerative heat exchanger. At the 
expander outlet, water is removed via condensation, then a fraction of the CO2 is extracted to 
avoid inventory build-up and the rest is recycled to the combustor through an intercooled 
compressor. The extracted CO2 stream is purified and compressed to be sent to permanent 
storage [23,24]. The turbine inlet temperature is above 1100 °C and the expansion pressure 
ratio is limited between 6 and 12. The system scheme is presented in Figure 4. 

The additional complexity with respect to a traditional gas turbine cycle is evident (although 
the compressor-turbine design can be quite compact, the cycle requires a multi-flow heat 
exchanger as well as an air separation unit) as are the advantages: a high electrical efficiency 
with 100% CO2 capture. Based on literature analyses and simulations, optimized cycle 
operation of a 420 MWel system attains 55% electrical efficiency with turbine inlet conditions 
of 280-300 bar and 1150 °C. Part-load simulations predict a modest efficiency reduction with 
respect to that of conventional combined cycles. The efficiency loss remains below 5% in a 
wide range of thermal power input (65-100%), whereas the reduction grows to 20% at 40% 
load. 



 
 
 
 
 
 
DELIVERABLE REPORT 

 

 

Page 21 of 49 
This project has received funding from the European Union's Horizon 2020 research and innovation 
programme 
under grant agreement no. 951880 

 
Figure 4. Scheme of the NET /Allam power cycle [23]. 

Currently, a prototype has been built in Texas, USA, with a nominal power output of 25 MWel 
and construction is ongoing for a 300 MWel plant to be completed in 2022. Most plant 
components are not commercial units (e.g., the turbine is designed on purpose by Toshiba). 
Capital costs are undisclosed. 

Interestingly for the purpose of a comparison with the HiPowAR concept, the gas turbine 
expands an unconventional fluid mixture which is composed by an inert (CO2, e.g. 90% or more) 
and steam, the latter coming from the oxidation of hydrogen contained in methane and natural 
gas hydrocarbons. At any rate, the expanded mixture in HiPowAR is still quite different, being 
composed by a majority of steam and a minority of inert Nitrogen. 

AMMONIA-FED TECHNOLOGIES 
NH3-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 cracker. However, this type of 
technological option is expected to significantly improve and possibly diffuse more widely in 
the future. 

The interest in using NH3 as fuel is due to the intrinsic avoidance of carbon-related emissions, 
such as CO2, CO, and unburnt hydrocarbons. Nevertheless, NOx emission must still be 
addressed, considering that a large amount of NOx may be directly produced by fuel-bound 
nitrogen. It shall also be considered that NOx, in addition to being directly harmful for health 
and impacting the environment through the mechanism of acid rain, can have a greenhouse 
effect up to 300 times more impactful than CO2 [25]; so that this type of emission shall be 
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strictly controlled. Moreover, direct NH3 emission into the environment must be controlled and 
avoided due to toxicity of NH3. Therefore, a technology relying on NH3 combustion must 
successfully address the containment of emissions of NOx and NH3. 

The research on NH3-based technologies such as GTs, ICEs, and FCs is currently active. As an 
example, the Japanese government included all these technologies in a Strategic Innovation 
Promotion Program (SIP) named ‘Energy Carriers’, started in 2014 [26]. 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 [27]. The project, 
funded by the German Federal Ministry for Education and Outreach, is particularly focused on 
the decarbonisation of maritime transportation. Nevertheless, the technologies which are 
studied and developed go far beyond the specific maritime application. 

Gas turbines 

Gas turbines will likely keep a major role in the field of power generation. This is due to their 
relatively low cost and high flexibility, which is a highly desirable characteristic with large 
renewables penetration. Moreover, gas turbines can be more efficient compared to other 
flexible and conventional technologies such as reciprocating engines, when working in 
combined cycle. For the above reasons, NH3-fueled gas turbines may be considered as an 
enabling technology to reach a scenario in which NH3 is one of the main energy vectors. 

The companies interested in development of NH3-based gas turbines are mainly those involved 
in the SIP project, such as IHI Corporation and Toyota Energy Solutions (Japan) [28,29]. 

Space Propulsion Group Inc. (US, CA) also declared its interests in NH3 as a gas turbine fuel, 
and is one of the few companies on the way for the development of commercial systems 
[30,31]. They installed a testing facility for conducting a thorough experimental campaign, as 
shown in Figure 5. The facility includes supply lines for NH3, H2, N2 to simulate NH3 cracking, 
and a J-79 turbojet engine. 
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Figure 5. NH3-fed gas turbine test rig implemented by SPG Group (USA) [30]. 

In the report published in 2012 [30], they claimed to have achieved successful NH3-air 
combustion under realistic turbine operation. In addition, they have also developed methods 
for NH3 and air injection into the combustion chamber and performed computer simulations 
for the reactions occurring within the chamber. Nevertheless, no further details on the 
experimental results and on the precise methods used are available. 

Early work 
The interest in NH3-fueled gas turbines dates back to the 1960s [32–35]. Despite some 
encouraging theoretical and experimental results, it was pointed out that specific combustor 
design is mandatory in order to use pure NH3 vapour as a fuel. The reasons for this were 
attributed to the poor combustion characteristics of NH3: low flame speed, narrow flammability 
range, high ignition energy and large quenching distance.  

In the studies conducted by Solar (a division of the former International Harvester Company, 
US) [33,36], two different combustor design strategies were used in order to burn NH3 
successfully. One design strategy is based on the increase of residence time, obtained by 
significantly increasing the combustor volume compared to the size which fitted hydrocarbons 
combustion. The second strategy was the integration of a NH3 oxidation catalyst within the 
combustor. Using NH3 instead of a hydrocarbon led to a power increase of 10%-20% at similar 
turbine inlet temperature. 

Verkamp et al. [34] found that dissociating 28% of NH3 into H2 and N2 before injection 
improved the combustion properties of the fuel mixture to a range comparable to that of 
hydrocarbons, achieving a stable combustion. This is due to the high reactivity of H2 compared 
to NH3 (and conventional hydrocarbons).  
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Note that, in this early stage of development, also direct liquid NH3 injection in the combustion 
chamber was attempted. Nevertheless, this solution was discarded as even more problematic 
than injection in the vapour phase [33,34,36]. 

The early interest in NH3 as a gas turbine fuel rapidly dropped, due to unclear and somewhat 
limited advantages with respect to the already consolidated use of hydrocarbons. Also, the 
need to redesign combustion equipment was evident and inevitably costly, at a time of modest 
environmental concerns about CO2 emissions. Then, it restarted during the 1990s and have 
been increasing until our days. To the best of the authors knowledge, the most wide and active 
research on NH3 gas turbines is that conducted within the Japanese SIP research program. 

50-kW class gas turbine system within SIP program 
NH3 gas turbines have been included in the already mentioned SIP program ‘Energy Carriers’, 
a strategic innovation program involving Japanese industries, universities, research institutes 
and government [26]. As a result, a great amount of papers have been published since 2014 
by the Japanese research group, led for the activities regarding NH3-combustion technologies 
by Prof. Hideaki Kobayashi. The interests of the research community towards NH3 gas turbines 
have been surging since 2014, probably stimulated by the encouraging results achieved within 
the SIP program. 

The Japanese research group set up a gas turbine test rig facility in order to demonstrate 
electricity generation by using NH3 as fuel. The rig employed a recuperative micro gas turbine, 
which was originally designed to burn kerosene, but a modification to the swirling diffusion 
combustor allowed injection of both kerosene and NH3 [37,38]. The microturbine works with a 
compression ratio of 3.5 and a rated rotating speed of 80,000 RPM. Note that several 
characteristics support the stability of NH3 combustion: the diffusion flame (instead of 
premixed reactants), the high temperature at combustor inlet allowed by regeneration and the 
presence of swirling flows. The swirling flows increase combustion stability and efficiency due 
to increased residence time and efficient mixing [39–41]. 

Successful operation using only NH3 as fuel was obtained for the range 18.4-44.4 kW and for 
rotational speed in the range 70,000-80,000 RPM [38]. The start-up procedure was based on 
kerosene, as NH3 ignition at ambient temperature was not successful. 

Concerning NOx and NH3 emission in the system, it is believed that a mechanism of Selective 
Non-Catalytic Reduction (SNCR) of NOx occurs in the relatively low-temperature secondary 
combustion zone. SNCR is a well known process adopted for NOx reduction in some types of 
conventional power plants (e.g. waste-to-energy plants), consisting in the injection of small 
quantities of ammonia or urea in the exhaust gases of a conventional combustion process for 
the purpose of stimulating the reduction of nitrogen oxides to molecular nitrogen, thanks to 
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the reaction with ammonia (with a reaction scheme: 4NO + 4NH3 + O2 → 4N2 + 6H2O). SNCR 
is active in the temperature range 850-1150°C, although above 1000°C is increasingly 
contrasted by NO formation (4NH3 + 5O2→ 4NO + 6H2O). Hence, this mechanism should also 
be active in the temperature range envisioned by the HiPowAR project. Emissions of both NH3 
and NOx were shown to be highly dependent on the inlet combustor temperature. A larger 
temperature determines higher NOx emissions and lower NH3 slip (because of faster 
combustion kinetics).  

However, the additional use of a Selective Catalytic Reduction (SCR) unit downstream the 
combustion process was also experimented and showed to effectively decrease the NOx to 
very low levels with no NH3 slip (NH3 is injected upstream the SCR to make it work; the process 
follows the same route of SNCR but is carried out at lower temperature, nearly 350°C, in 
presence of a suitable catalyst consisting in metal oxides of V,W,Mo on a basis of TiO2). 
Nevertheless, it is also mentioned that the SCR unit is rather large [42]. 

In their work, they also demonstrated successful NH3-CH4-air combustion in the whole range 
of fuel composition. It was shown that NOx emissions are dramatically increased by the 
presence of NH3, compared to CH4 alone. Nevertheless, the NOx emission as a function of NH3 
concentration in the fuel has a maximum, then it decreases up to 100% NH3. This is explained 
by considering the formation of NH3-rich regions where SNCR occurs. 

Finally, thermal efficiency for the cases CH4-air, NH3-air and NH3-CH4-air were shown. The 
maximum thermal efficiency for CH4-air mixture was about 23%. Combustion efficiencies have 
been defined considering CH4-air mixture having 100% combustion efficiency. NH3-air mixture 
achieved a combustion efficiency in the range 89%-96%, while NH3-CH4-air achieved 93%-
100% (considering a fuel mixture with an overall LHV supplied equally by CH4 and NH3). 

The efforts from Kurata and co-workers demonstrated the possibility to achieve hydrocarbon-
like efficiency for a gas turbine cycle using pure NH3 as fuel or a blend of NH3-CH4. After that, 
a significant amount of papers from the same research group (more than 20 published works 
since 2014) and from other groups have been published.  

Despite combustion of pure NH3 was demonstrated, recent studies usually consider blends 
with a combustion promoter, usually CH4 or H2. The NH3-CH4 fuel mixture, usually with 
relatively low NH3 content, has been considered for a minimum modification of existing gas 
turbine systems and possible retrofitting [43–45]. Nevertheless, the HiPowAR project considers 
a scenario in which NH3 is used as the main fuel for electricity generation, hence we now focus 
on pure NH3 and NH3-H2 blends. 
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The former director of SIP ‘Energy Carriers’ recently reported that also a 300 kW gas turbine 
system has been successfully operated with 100% NH3 and a 2 MW system has been operated 
co-firing NH3 and CH4 [29]. Unfortunately, further information are not available. 

Recent work on NH3 and NH3-H2 combustion 
The works published recently have been focusing on some specific topics: combustion 
properties of NH3 and NH3-H2 blends [25,39,53–62,40,63–69,46–52], assessment of existing 
chemical-kinetics models [39,40,46,48,50,52–55], development of more accurate and efficient 
chemical-kinetics models [50,54,57,62], and development of strategies for NOx reduction 
[42,52,74,61,63,68–73]. The development of reliable chemical-kinetics mechanisms for NH3-
based fuel mixtures is of major importance, as it is the basis for running 3D CFD simulations of 
the combustion process, like 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. Unfortunately, the available 
chemical models are not applicable for a wide range of operating conditions, and there is a 
general lack of detailed chemical mechanism studies [46,48,52,53]. 

The experimental campaign described in the previous section reported low NOx emission by 
using a SCR unit. Nevertheless, it was also explained that such an equipment is rather large [42] 
and thus rather expensive. For this reason, it is necessary to design the combustor in order to 
minimize NOx (and NH3) emissions and try to reduce as much as possible the requirement of 
a SCR system. The first strategy is to use a premixed combustion instead of the diffusion 
combustion initially used in the SIP experimental campaign (adopted due to its intrinsic 
simplicity and stability). Premixed combustion is known to reduce NOx production in 
conventional hydrocarbon-based combustors, but it has been proven valid also for NH3 
combustion [56,72]. The reason for this has been attributed to homogeneity of local 
Equivalence Ratio (ER), which is known to heavily affect NOx production in NH3 combustors. 
Therefore, the majority of the available works in the literature refer to premixed combustion. 
Moreover, the SIP Japanese group demonstrated stable combustion of pure NH3 in a premixed 
combustor by using a swirling flow [40]. 

Regarding NOx performance, similar trends have been reported for pure NH3 and NH3-H2 (and 
NH3-CH4) fuel mixtures. The maximum NOx production is achieved at slightly lean condition 
(ER ≈ 0.8-1.0), while working under slightly rich conditions significantly limits NOx emission (ER 
≈ 1.05-1.30) [40,47,71,74,49,50,52,57,59,61,63,66]. This is explained by a larger availability of 
NHi radicals in rich conditions (NH2, NH, N), which promote NO reduction. Nevertheless, a 
second combustion stage with supplementary air injection is necessary to complete the 
combustion, achieving an overall lean operation. This idea represents the Rich-Quench-Lean 
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(RQL) combustion, which is one of the most promising strategy for NOx reduction in NH3 gas 
turbine combustors [52,68–70,74].  

Another strategy is adopting a rather lean single-stage combustion, which has been proved to 
also produce a low amount of NOx [63]. Nevertheless, in this case some H2 should be present 
in the fuel mixture, as pure NH3 suffer from lean flame blowout. Other strategies which proved 
to be effective in reducing NOx emissions are: pressure increase [39,49,52,56,59,66,71], inclined 
fuel injection to increase swirling flows and mixing [72], post-flame fuel injection [60], and water 
vapour injection [61]. 

NH3-H2 fuel mixtures are interesting for several reasons. In general, NH3 and H2 have opposite 
and complementary combustion properties. Considering stoichiometric mixtures with air, the 
laminar burning velocity of NH3 is ≈ 7 cm/s, that of H2 is ≈ 350 cm/s (larger than the 35 cm/s 
featured by CH4) [63]. The laminar burning velocity is a measure of flame stability in premixed 
conditions [42]. Moreover, NH3 shows very narrow flammability limits in air, while H2 range of 
flammability is rather wide. Finally, the adiabatic combustion temperature of H2 is significantly 
larger than that of NH3, which ensures faster kinetics, but is responsible for a larger production 
of NOx in a pure H2 flame. As a result, an increased amount of H2 in the NH3-H2 fuel mixture 
would increase NOx production due to thermal NOx [47,63]. Nevertheless, a small amount of 
H2 in the fuel (e.g., 10% vol.) may be sufficient to stabilize the combustion at very low 
Equivalence Ratios (ER) in a single stage combustion, not otherwise possible, reaching a very 
low NOx production [63].  

Regarding combustion stability, premixed H2 flames suffer from flashback problems due to 
very high reactivity, for which an upper limit in the ER exists. On the other hand, NH3 suffer 
from lean blowout due to very low reactivity, hence the ER must be above a certain threshold. 
It has been experimentally demonstrated that mixing NH3 and H2 in the right proportion allows 
achieving a stability range wider than both H2 and NH3 alone. In the conditions analysed by 
Khateeb et al [63], the widest possible stability range is achieved when xH2 ≈ 10%-30% (vol.), 
depending on Reynolds number. 

In light of these considerations, cracking an optimized amount of NH3 and producing some 
hydrogen prior to the combustion process is a promising strategy for NH3 utilization in gas 
turbines, adding simultaneously a degree of freedom to the system design. 

Regarding the costs, if NH3 exits the tank in which it is delivered in the liquid state (ammonia 
can be stored as a liquid at ambient temperature when pressurized), a heat exchanger is 
required for its vaporization by using the heat available in the exhaust gases. In this case, the 
cost of the system increases for large sizes. Nevertheless, it should also be possible to draw 
vaporized NH3 from the tank. 
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The cost of cracking a fraction of NH3 to produce H2 is related to the design of the cracking 
reactor (which is a non-commercial unit). The cracking reaction is endothermic, hence some 
heat must be provided to the reactor. The heat could be available from exhaust gases or from 
burning part of the NH3. In the former case, a heat exchanger is required, which would increase 
the costs. The heat required for cracking (and the size of the required heat exchanger), the 
amount of catalyst needed, and the size of the cracker are related to the fraction of NH3 to be 
cracked. According to literature studies, it is predicted that cracking 15%-35% of the NH3 would 
result in a good compromise between combustion properties, flame stability and NOx 
emission: above 28%, the resulting mixture shows similar combustion properties to CH4, 
whereas a 15% fraction would favour low NOx and easier cracking. For comparison, this would 
result in a fuel mixture of 20%-45% H2 by volume and complementary NH3 (N2 produced by 
cracking is not considered as it is generally low compared to N2 in the air flow). Nevertheless, 
it is difficult to predict the relative cost of cracking this amount of NH3, considering that 
crackers are not commercial, and they can be designed in several ways. 

Summary 
To summarize, NH3 utilization in gas turbines is a promising key technology in a future where 
NH3 is one of the main energy vectors. 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. There are 
several methods to enhance NH3 combustion stability. The most effective are: cracking a part 
of NH3 to produce H2, generating swirling flows inside the combustor, increase the combustor 
inlet temperature, and working under a suitable equivalence ratio (ER, in order to avoid lean 
blowout, rich blowout and flashback risks).  

It is possible to achieve efficient combustion with very low NH3 slip and NOx emission by using 
SCR technology. Nevertheless, the required equipment is large and potentially expensive, 
hence strategies for NOx emission reduction are under development. The driver for NOx 
production is the local ER. The mixture must be either slightly rich (ER ≈ 1.05-1.35) with a 
second stage to complete combustion, or very lean (ER < ≈ 0.7). In the latter case, a little 
percentage of H2 in the fuel mixture would avoid lean blowout. Fuel and air injection strategies, 
pressure increase, water vapour injection, and other strategies can also contribute to NOx 
reduction. In the future, it would be useful to evaluate if mechanisms valid for NOx reduction 
in conventional combustors are valid also for the HiPowAR membrane reactor (in which 
gaseous O2 is not directly available). For instance, the rather large pressure envisioned for the 
HiPowAR membrane reactor could limit NOx emissions if they follow the same trend valid for 
conventional combustors.  
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It is believed that 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 gas turbines. Once those models are available and the combustor 
is optimized, we don’t see any reason why this technology would underperform, in terms of 
efficiency and NOx emissions, compared to conventional CH4 gas turbines. On the other hand, 
depending on the need of heat exchangers either for NH3 vaporization or for supplying heat 
to the cracker, the cost and size of the system may increase compared to conventional gas 
turbines. 

Internal combustion engines 

The main advantages of Internal Combustion Engines (ICEs) over other technologies is their 
compactness, cost and flexibility. Moreover, the direct production of mechanical energy is an 
important advantage in the transportation sector compared to batteries and fuel cells (which 
need an inverter and an electric motor). Therefore, ICEs will probably play a role in the future, 
especially in the transportation sector and cogeneration applications.  

MAN Energy Solutions (DE), which is one of the major producers of ICEs for maritime 
transportation, has recently declared its interests towards NH3 as a fuel [75]. They plan to 
deliver the first engine in 2024, with a long-term target efficiency of 50% [76]. MAN has joined 
forces with Maersk (DK) and other partners for the realization of the project. Similar activities 
on ammonia fed ICEs have also been performed by Wartsila, another manufacturer of ICEs for 
large marine applications. 

Toyota also showed some interest in NH3 as fuel for ICEs in the automotive sector [77,78]. They 
found that NH3 can be successfully burnt in ICEs, especially at high load, when blended with 
H2, or in specific spark ignition systems. Moreover, Toyota presented the Marangoni-Toyota 
GT86 at Geneva Motor Show, which is a sport car powered by an ammonia-gasoline hybrid 
system. 

The company Hydrofuel (Canada) recently started a project for developing NH3-based ICEs for 
powering trucks [79]. Two approaches are followed, one is the dual fuel operation with diesel, 
the other one is using only NH3 assisted by O2 and H2 enrichment. 

Early work 
The first important application of liquid NH3 for ICEs dates back to 1943 in Belgium. After the 
interruption of public transports due to a diesel fuel shortage, around 100 buses were equipped 
for the use of NH3 as fuel [80]. The results from this first experience were encouraging, as no 
loss of power neither corrosion occurred. Coal gas was used as an ignition promoter, but it was 
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concluded that other promoters could also be viable, especially H2. After the end of World War 
II the diesel shortage ceased, together with interests in NH3 as an ICE fuel. 

The interests raised again during the 1960s [32,81–88], due to the Energy Depot Project 
conducted by the US for military applications [89]. The goal of the project was the investigation 
of a concept where NH3 fuel was produced by water and air, using the energy supplied by a 
mobile nuclear reactor [81]. These studies concluded that utilization of NH3 as a fuel for IC 
engines was possible, without significant performance penalizations. Nevertheless, it was 
clarified that NH3 combustion must be supported by some of the following design 
modifications:  

• higher Compression Ratio (CR), Gray et al [82] found that a CR of 35:1 was necessary to 
use neat NH3 as a fuel in a Compression Ignition (CI) engine; 

• spark Ignition (SI), with relatively large spark energy; 
• 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, corresponding 
to about 15%-25% NH3 dissociation. 

Recent developments 
The research performed in the 1960s concluded that spark ignition systems were required to 
successfully burn NH3 to avoid rather large compression ratios. This idea is supported by the 
high octane number of NH3 (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, Morch et al 
[90] shows that a NH3-H2 mixture of 90%-10% (vol.) could reach 37% efficiency at a 
compression ratio CR=11.64. The knock-limited compression ratio for gasoline was 7.12, with 
a maximum efficiency of about 30%.  

Due to the high octane number of NH3, which implies a low cetane number, burning pure NH3 
relying only on compression ignition has been mostly unsuccessful. Note that cracking NH3 
would not solve the problem, since H2 has an octane number larger than 130. Nevertheless, 
the research on compression ignition engines has been carried on by introducing the concepts 
of pilot injection and dual fuel operation (mostly with diesel). This solution would still rely on 
hydrocarbons, differently from the scope of HiPowAR plant which aims at a full 
decarbonization. Regarding spark ignition engines, a lot of research has been developed 
regarding dual fuel operation with gasoline, which however does not represent a long-term 
solution to CO2 reductio. The concept which directly compares to HiPowAR plant is a spark 
ignition engine operating either on pure NH3 or a mixture of NH3-H2 attainable by NH3 
cracking. Therefore, these cases will be considered hereafter. 
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Even with spark ignition (SI), operation with neat NH3 has been hardly considered, as cracking 
a very low quantity of NH3 seems to be sufficient to significantly improve the combustion and 
cyclic stability of SI engines even at part load. Nevertheless, specific ignition systems have been 
proposed to burn pure NH3, such as a plasma jet ignition plug, or a plurality of spark plugs 
[78]. The goal of the innovative ignition system was to achieve a more homogeneous and fast 
combustion by generating more than one ignition point. Moreover, Koike et al. stabilized the 
combustion of pure NH3 at high loads [77]. On the other hand, the same authors developed 
an auto-thermal-converter to decompose part of NH3 fuel, as it was recognized to help the 
combustion stability. Morch et al [90] 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 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 [91]. In another work [92], they showed that pure NH3 can be stabilized 
in a modern SI engine by increasing the load via intake pressure (supercharging), which had to 
be ≥ 1 bar. When the combustion was stabilized, the indicated efficiency (about 36%) was 
almost equal to that of CH4 operation, and operation with slight H2 enrichment. Nevertheless, 
combustion efficiency was lower. 

The amount of H2 in the fuel mixture should be minimized in general. There are trivial reasons 
for this, such as the minimization of both cracker size and energy required for cracking. Other 
reasons are the higher NOx production [92–95] and lower efficiency and power at high H2 
content [90,91,95]. NOx production is increased by thermal NOx due to higher combustion 
temperature, while thermal efficiency and power may be penalized by high wall heat loss and 
air dilution with H2 compared to NH3. Nevertheless, it is well understood that a higher amount 
of H2 would increase combustion efficiency and the engine cyclic stability [91,92,95–97]. The 
COV(IMEP) (Coefficient of Variation of Indicated Mean Effective Pressure) indicates the 
variability of the work performed per cycle, this value should not overcome 10% (modern 
engines rarely overcome 5% [97]). Frigo and Gentili [96] investigated the minimum amount of 
H2 to operate with COV(IMEP)<10%. They found that 7%-11% H2 to NH3 energy ratio was 
sufficient at 100% and 50% load respectively. This corresponds to cracking 6%-10% of the NH3 
fuel. Morch et al [90] found that a NH3-H2 mixture of 90%-10% (vol.) was optimal regarding 
efficiency and power output. Note that this mixture can be generated by cracking 7% of NH3, 
but cracking only 4% of the NH3 was sufficient to make the engine run smoothly. Note that the 
worse efficiency and power were recorded with fuels containing a large H2 fraction due to wall 
heat losses and dilution effect of H2. The latter concept is also stressed by Lhuillier et al [95] by 
stating that H2 content should be minimized to decrease the volumetric efficiency penalty due 
to a larger volume of the cracked gas (due to larger number of moles). They also achieved 
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stable combustion by using fuel mixtures with 5%-15% (vol.) of H2 provided that spark ignition 
timing is correctly advanced (larger advance for low H2 content mixtures due to NH3 slow 
combustion). They finally suggest that a fuel mixture with 10% (vol.) of H2 might be a good 
compromise between stability, combustion efficiency, emissions and indicated efficiency. 
Another study from Lhuillier et al confirms that the best performance is achieved for slightly 
H2 enriched mixture with H2 < 20% (vol.), with highest efficiency values close to 39% [91]. 

Considered the results reported in the literature, it is predicted that cracking 5%-15% of NH3 
would provide sufficient cyclic stability and combustion efficiency, while limiting indicated 
efficiency penalization, NOx emission and cracking apparatus size. This amount of dissociation 
would generate mixtures with 7%-20% H2 by volume and complementary NH3 (N2 generated 
by cracking is not considered as generally low compared to N2 from air). 

Modern ICEs can be adapted to operate with NH3 without significant changes in the system 
layout [98]. The major changes are the NH3 fuel tank and supply line, which would result in 
larger space requirements due to relatively low NH3 volumetric energy density. In case NH3 is 
partially decomposed to H2, a cracking reactor is required. Nevertheless, the H2 requirement in 
the fuel is low, hence it is predicted that the presence of the cracker will not alter significantly 
neither the space requirements or the economics of the system. Minor changes to the spark 
system and the CR may be required. 

It is suggested to work in lean conditions to keep comparable values for NH3 and NOx 
emissions and achieve high electric efficiency and low unburned emission [90–92,95]. In 
general, NOx emission are comparable to that achieved when using conventional fuels [99–
102]. With ICEs it is more difficult to design the system to achieve low NOx emissions compared 
to gas turbines, as concepts such as staged combustion are not applicable. Several authors 
suggested that the emission problem should be tackled by aftertreatment units as it is done in 
conventional ICEs.  

Fuel cells 

In principle, all kind of fuel cells can be used with NH3 fuel provided that suitable cracking and 
purification technologies are used. In practice, a concentration of NH3 of 1 ppm can 
significantly reduce the performance in a PEM fuel cell in a relatively short period of time [103], 
which set a significant constraint in the system design. On the other hand, Alkaline Fuel Cells 
(AFCs) can tolerate low NH3 concentrations [104]. Therefore, complete NH3 cracking is required, 
but further purification systems are not required. Moreover, a AFC-based system is currently 
the only commercial option for electricity generation using NH3. The possibility of producing 
electricity by directly introducing NH3 in molten alkaline hydroxide fuel cells have recently been 
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confirmed by several studies. Nevertheless, the highest power density achieved is 40 mW/cm2 
[105], which is at least one order of magnitude lower than that reported by more mature 
technologies. Solid Oxide Fuel Cells (SOFCs) are by far the most suitable technology for NH3 
utilization, due to high efficiency and possibility of NH3 internal decomposition (due to high 
temperature). SOFCs based on O2--exchanging electrolyte (O-SOFC) are more mature than 
those based on H+ exchange (H-SOFC). Nevertheless, the latter may have a significant future 
breakthrough potential due to high conductivity of H+ even at relatively low temperatures. 
Peak power densities reported are 1190 mW/cm2 [106] and 390 mW/cm2 [107] for O-SOFC and 
H-SOFC with direct NH3 fuel, respectively. 

Considered the above, the main fuel cell technologies to be considered for NH3 electricity 
generation is the AFC due to its current commercial stage, and O-SOFC due to its breakthrough 
potential, relatively high maturity and similarities with HiPowAR plant. 

Currently, the only commercial system for electricity generation using NH3 is a AFC system 
manufactured by GENCELL (Israel) [108]. To the best knowledge of the authors, only another 
company is involved in the delivery of such systems, which is AFC Energy (UK). Nevertheless, 
this company only produces the AFC stack up to a rated power larger than 400 kWel [109], 
while the BoP is delegated to third parties. AFC Energy also offers a AFC stack with improved 
membrane technology allowing for higher power density, which can be interesting for space-
constrained applications [110]. 

Solid Oxide Fuel Cells have also been included in the Japanese SIP program ‘Energy Carriers’. 
As a result, about 20 papers have been published by the Japanese research group in the last 6 
years, led for the program regarding NH3 fuel cell technology by Dr. Koichi Eguchi. The 
Japanese companies interested in the development of NH3-based SOFCs are mainly those 
involved within the SIP consortium: Noritake Co. Limited and IHI Corporation [29,111,112]. 

AFC system 
AFC systems have been studied mainly for off-grid applications, such as powering base 
transceiver stations for telecommunication applications [108,113]. Figure 6 shows a possible 
layout for the system, where complete NH3 decomposition occurs (at T > 300 °C). Further 
purification units are not required since the AFC can tolerate small NH3 concentrations. The 
heat for the endothermic cracking reaction is supplied by the exhaust gases, but catalytically 
burning part of the NH3 inside the cracker can add a degree of freedom to the system design. 
Unfortunately, NH3 crackers for energy conversion purposes are not commercial devices, hence 
it is difficult to evaluate the state-of-the-art system layout. For instance, from the information 
released by GENCELL about their system during the Ammonia Energy Conference 2020 [114], 
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it seems that in the current version at least part of the generated electric energy is used to heat 
the cracker, which is not the thermodynamic optimum. 

 

 
Figure 6. System layout for cracker + fuel cell plants (authors’ drawing). 

From data given at the conference, it is also inferred that such system may currently approach 
an efficiency of 40%. This figure is realistic also in comparison with data from the Alkammonia 
project [113]. Moreover, it is predicted that the development of cracking technology and 
optimization of the system layout and operating conditions may improve the system efficiency 
up to 50%. Despite the scarcity of published works regarding AFC systems, one work that 
support these efficiency values has been found [115]. 

The 50% efficiency is considered as a maximum efficiency for the AFC system. The HiPowAR 
plant could probably overcome this value in a long-term perspective, depending in particular 
on the maximum temperature achievable by the system. Regarding costs, it is difficult to make 
predictions since cost data for neither of the systems are available. 

SOFC system 
Initial interests towards NH3-based Solid Oxide Fuel Cells were driven by simultaneous 
production of electricity and NO within the anode compartment [116,117]. NO production was 
desirable as it is was required for HNO3 synthesis. Nowadays, NO production should obviously 
be minimized. To this end, H-SOFC seems a more logic option, as O atoms are not present at 
all within the anode compartment. Nevertheless, experiments have proved that NO production 
in the anode is negligible in O-SOFCs [118,119], since the mechanism of NO formation are 
governed by the presence of very high temperatures, as well as of an oxygen excess, which are 
not found at the anode. 

Nowadays, there is high interest from researchers towards SOFCs directly powered with 
ammonia, due to the encouraging results achieved. The technology is still confined at a 
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laboratory scale, with the highest power output reported being 1 kW [112]. Most of the last 
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 [112,120–123]. Some works addressing cell-
level and system-level modelling have also been published [124,125]. 

The conclusions drawn by different research groups working on ammonia-based SOFCs share 
some common aspects. 

One established result is the path followed by chemical and electrochemical reactions when 
operating with direct NH3. The first step is ammonia decomposition, while electricity 
production only occurs via the usual hydrogen electro-oxidation (overall reactions reported): 

𝑁𝑁𝐻𝐻3 →
1
2
𝑁𝑁2 + 3

2
𝐻𝐻2 (1) 

𝐻𝐻2 + 1
2
𝑂𝑂2 → 𝐻𝐻2 (2) 

This conclusion may seem trivial, but it implicitly entails that direct electro-oxidation of 
ammonia does not happen, which is an important result. Therefore, reaction (1) needs to 
proceed fast at the cell inlet, in order to avoid NH3 acting as a fuel diluent, lowering the OCV 
and the cell performance. Moreover, NH3 decomposition should occur as fast as possible to 
lower the surface exposed to NH3, which would otherwise lead to extended and fast cell 
degradation. 

Commercially available SOFCs already show a good performance when operated with NH3. This 
confirms the excellent fuel flexibility of SOFCs, which can process several types of fuel due to 
high operating temperature. In the open literature, SOFCs operated with ammonia are analysed 
at temperatures varying in the range 550-850 °C. The operating temperature of a SOFC is of 
great importance for its performance and chemical and mechanical stability. Possibly, the 
temperature relevance is even enhanced when the SOFC is directly operated with NH3 as it 
significantly increase NH3 internal decomposition. 

The percentage of NH3 conversion is a key parameter for smooth operation. The first parameter 
controlling NH3 conversion is temperature. A higher temperature boosts the kinetics of 
reaction (1), and pushes the thermodynamic limit of NH3 conversion towards higher values due 
to its endothermic nature (up to 100%). Nevertheless, it is widely recognized that too high 
temperatures would lead to unacceptable materials degradation, thus it is important to find 
alternative routes to enhance NH3 conversion. A long-term solution would be finding catalysts 
tailored for NH3 decomposition, which is already driving some research work [126]. However, 
nickel (Ni) already used in commercial SOFCs, which already catalyses hydrogen electro-
oxidation, seems to be a valid catalyst also for NH3 decomposition [127].  
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One remarkable and established result, proven by serval authors, is that operating an SOFC 
directly with NH3, or with an equivalent amount of hydrogen and nitrogen does not alter 
significantly the cell performance. Direct use of NH3 yields only a slightly worse performance, 
attributed to lower local temperatures throughout the cell, due to the endothermic nature of 
its decomposition. Nevertheless, this may be counter-balanced by less cooling power required 
by the air compressor, as suggested by several authors. 

Matters such as degradation mechanisms and their influence on the cell performance are still 
open and need further clarifications. Operating SOFCs with NH3 instead of conventional fuels 
introduces new materials degradation mechanisms. The most important is the formation of 
nickel nitride (Ni3N), described in reaction (3), a reaction which holds increasing importance 
below 700°C. Despite this degradation mechanism seems to be common, also cases in which 
nickel nitride was not detected have been reported [128] (100 hours durability test at 750 °C, 
ammonia conversion 100%). 

2𝑁𝑁𝐻𝐻3 + 6𝑁𝑁𝑁𝑁 → 2𝑁𝑁𝑖𝑖3𝑁𝑁 + 3𝐻𝐻2 (3) 

How nickel nitride formation affects the cell performance seems still to be an open question, 
depending on the time scale, the electrodes morphology modification, the effects on the 
interconnects [121], the catalyst types and the thermal cycling [122]. 

Solid Oxide Fuel Cell technology is probably the most important competitor to the HiPowAR 
system, due to similarities such as the high efficiency target and presence of a O2 membrane. 
Moreover, NH3-based Solid Oxide Fuel Cells are relatively more mature, since standard 
materials developed for H2 fuel works very well also with direct NH3 utilization. The SOFC-based 
system is generally simpler than the final HiPowAR scheme, due to the absence of turbine, off-
gas compressor and condenser. Finally, under realistic simulation assumptions for the HiPowAR 
plant, the SOFC system can achieve better efficiencies up to 60%. However, note that the 
efficiency of a SOFC system is largely related to the cells operating voltage. The higher the 
voltage, the higher the system efficiency. Nevertheless, operating at very high voltage would 
significantly decrease the power density of the stack, hence a larger membrane area is required 
to achieve large efficiencies (at same power output). Therefore, a high efficiency SOFC system 
would likely show a relatively large investment cost. Cinti et al [129] calculated the efficiency of 
a NH3-based SOFC system, showing that direct NH3 can be more efficient on a system-level 
compared to a H2-N2 mixture, due to less air required for stack cooling (internal NH3 cracking 
is endothermic). The results show efficiencies in the range 35%-67% for NH3 fuel. Nevertheless, 
a cell voltage up to about 0.95 V was used for the highest efficiency case, which is generally 
not used in practical systems (cell voltage values were derived as they are not directly shown 
in the paper). Considering results with Uf (fuel utilization factor) being either 0.7 or 0.8 and cell 
voltage in the range 0.7-0.85 V, the calculated efficiency lies in the range 45%-60%. One 
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disadvantage of the SOFC system is the need for very high temperature heat exchangers, which 
typically require expensive materials and a careful design. On the opposite, these are not 
required in the proposed HiPowAR plant scheme. Moreover, decay and durability issues of the 
HiPowAR oxygen membranes could be less severe than those typical of SOFC electrochemical 
cells. 

The preliminary computed efficiency for the HiPowAR system under realistic conditions is 
about 50%, which is comparable to that obtained for a SOFC system. An increase in reactor 
pressure over 100 bar (which would require improved sealing and further tests on membranes’ 
behaviour) or a turbine inlet temperature larger than 1100 °C may increase the ultimate 
efficiency of the HiPowAR plant approaching that of SOFCs. The maximum system temperature 
is the main parameter for efficiency increase, and it may be achieved by turbine blade coating 
and blade cooling, as well as checking performance of membrane materials at such 
temperature. Moreover, one inherent advantage of the HiPowAR plant is the net production of 
liquid water, which can be critical in the coming decades (water will be needed for agriculture, 
H2 production, etc.). Part of the water produced may be used for turbine blade cooling in a 
final implementation. A more complete comparison between the SOFC technology and 
HiPowAR plant would have to include NH3 and NOx emissions and systems investment cost, 
which is not possible at this stage of the project. Nevertheless, it can already be inferred that a 
NH3-based SOFC system will likely have a cost very similar to conventional SOFC systems, 
although differences in the overall process would exist (as an example, in conventional NG-fed 
systems a pre-reformer is usually present, whereas if no pre-treatment is required for NH3, the 
system layout could be simplified; nevertheless, pre-cracking part of the NH3 is known to hinder 
nickel nitride formation within the cell). 
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SUMMARY 
This section summarizes the findings discussed in the previous section in order to provide a 
comparison of the main techno-economic features of the investigated technologies. Table 1 
and Table 2 constitute a benchmark framework for the most important technologies which are 
in competition with the HiPowAR project concept. 

Table 1. Summary of techno-economic parameters for mature technologies. 

Technology Fuel Capacity range 
Max T 

[°C] 

Electric 
efficiency 

(today 
BAT) 

Electric 
efficiency 

(perspectiv
e 5-10y) 

CO2 
emissions 

[g/kWhel](1) 

CAPEX 
[€/kWnom] 

Maturit
y (TRL) 

Small-scale 
GT 

NG 
H2 

2-20 MW 1300 30-33% 33-36% 650-700 400-500 
9 

7-8 

Large-scale 
GT 

NG 
H2 

50-600 MW 1500 41-43% 43-45% 470-520 200-300 
9 

7-8 

PEMFC H2 
kW to MW 
(modular) 

80 42-45% 50% 0 
1500-
2000 

7-8 

GTCC 
NG 
H2 

500-1000 M
W 

1500 60-63% 63-66% 320-350 600 
9 
8 

GTCC+CCS NG 400-800 MW 1500 50-53% 55-60% 30-60 
1000-
1300 

8 

Allam cycle NG 20-500 MW 1150 54% 58% 0 n.a. 6-7 

SOFC 
NG kW to MW 

(modular) 
850 52-55% 60% 320-350 500(2)-

3500 
7-8 

H2 850 55-57% 65% 0 7-8 
Hybrid cycle 
GTCC-SOFC 

+ CCS 
NG Multi MW 

1500 / 
850 

n.a. 70-73% 250-270 n.a. 5-6 

ICE 
Diesel 

few kW - 50 
MW 

>2000 40-42%(3) 42-44%(3) 
590-660 1000 

(>100 
kW) 

9 

LPG, 
LNG 

460-520 9 

HiPowAR 
target 

NH3 

Pilot: 10-
15 kW 

Scale-up: 
100 MW 

900 n.a. 50% 0 n.a. 4 

(1) when NG or H2 are possible as fuels, values refer to NG fuelling since they are zero in case of hydrogen. 
(2) long term target 
(3) referring to a 1-2 MW range 
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Table 2. Summary of techno-economic parameters for ammonia-based technologies. 

Technology Fuel 
Capacity 

range 
Max 
T [°C] 

Electric 
efficiency 

(BAT 
today) 

Electric 
efficiency 

(perspective 
5-10y)  

CO2 
emissions 
[g/kWhel] 

CAPEX 
[€/MWnom] 

Maturity 
(TRL) 

ICE 
NH3 (+ 
auxiliary 

fuel) 

kW to 
multi-
MW. 

1800 n.a. (1) 42-44%(2) 
depend on 

auxiliary 
fuel(4) 

1000 
(>100 kW) 

4 

GT 
NH3 (+ 
auxiliary 

fuel) 

multi-
MW to 

hundred 
MW 

n.a.(1) n.a. (1) 43-45%(2) 
depend on 

auxiliary 
fuel(4) 

As HC-
based 

4 

SOFC NH3 
kW to 
MW 

(modular) 

550-
850 

n.a. (1) 60-65%(2) 0 500(3)-3500 4 

Cracking + 
AFC 

NH3 
kW to 
MW 

(modular) 

300-
500 

≈ 40% ≈ 45% 0 n.a. (1) 7 

HIPOWAR 
target 

NH3 

Pilot: 10-
15 kW(?) 
Scale-up: 
100 MW 

900 n.a. (1) 50% 0 n.a. (1) 4 

(1) not yet established. 
(2) efficiency perspectives are expected to be equal to those of the case of HC fuels (see Table 1). Values for 

ICE refer to a 1-2 MW range. Values for GT refer to large scale aeroderivative or heavy duty machines 
operating in simple cycle. 

(3) long term target. 
(4) CO2 emissions are zero if the auxiliary fuel is hydrogen (NH3+H2 mix). 
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Conclusions 
Several R&D projects are pursuing the use of ammonia as a clean, de-carbonized fuel for both 
stationary power generation and mobility uses, building a framework in which the HiPowAr 
project can successfully take place. Mature competitive technologies in the field of power 
generation either rely on using hydrogen (e.g. in low temperature fuel cells) or on using 
hydrocarbons, with the burden of CO2 capture, when they aim at the same zero-CO2 target 
addressed by the HiPowAR concept, as reported in the deliverable and in the summary given 
in Table 1. 

When looking to competitive technologies based on the use of ammonia, which are 
summarized in Table 2, Internal Combustion Engines (ICE) emerges as a quite competitive 
option in terms of versatility of application and availability on a wide range of sizes; while gas 
turbines (GT) become particularly attractive for large scale stationary power at the ten to 
hundred MW scale. However, they both have to deal with the evolution of combustion 
technology required to achieve low NOx and NH3 emissions in ammonia applications. 

Among the findings of this analysis, it is found that Solid Oxide Fuel Cell technology is probably 
the most important competitor to the HiPowAR system, due to similarities such as the high 
efficiency target and presence of a O2 membrane. Moreover, NH3-based Solid Oxide Fuel Cells 
are relatively more mature, since standard materials developed for H2 fuel are reported to work 
well also with direct NH3 utilization. The SOFC-based system is generally simpler than the final 
HiPowAR scheme, due to the absence of turbine, off-gas compressor and condenser., and may 
achieve pretty high efficiencies (up to 60%). However, decay and durability issues of the 
HiPowAR oxygen membranes could be less severe than those typical of SOFC electrochemical 
cells. Moreover, the efficiency of a SOFC system is largely related to the cells operating voltage 
(the higher the voltage, the higher the system efficiency), where operating at very high voltage 
requires a lower current density and a larger cell active area (at same power output). Therefore, 
a high efficiency SOFC system would likely show a relatively large investment cost, with 
potential advantage for the HiPowAR concept which partly relies on lower cost components 
(in particular the turbine and the electro-mechanical equipment), although in parallel to the 
oxygen transport membrane, whose costs are still to be optimized and investigated by the 
project.  
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