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Abstract

Ammonia is an example of a zero-carbon fuel of high interest for implementation in gas turbine
technologies. Preliminary analyses showed that a basic humidified ammonia-hydrogen Brayton
cycle can produce total plant efficiencies of ~34%. However, further improvements are required to
make these units competitive to current fossil-based plants whose efficiencies are above 80%. Thus,
this work seeks to numerically and analytically demonstrate the implementation of a complex cycle
that will increase final efficiencies whilst using the full potential of ammonia as a cooling fluid,
power fuel and heating gas (i.e. trigeneration cycle) with heat district distribution. Therefore, a basic
gas turbine cycle was inserted into a two-shaft, reverse Brayton gas turbine plant facility. In order to
improve combustion and reduce emissions, a Rich-Quench-Lean system was integrated into the
analysis by resolving the combustion performance via CHEMKIN-PRO. Detailed sensitivity
analyses were also conducted throughout the burner to identify the key reactions responsible for both
flame stability and NO formation/reburn, which are vital for future safe and efficient operation of
these types of cycles. The study shows that the total efficiency has significantly increased when
compared to the basic turbine facility, with a value ~59%. Moreover, low emissions were
accomplished below current European NOx thresholds. The obtained values show a significant
potential for the utilisation of ammoni-based blends with steam injection in gas turbine facilities
through employment of novel cycles that consider lower dilution in the combustion sector in

combination with novel ammonia combustion systems and trigeneration concepts.

Keywords: Novel cycles, humified gas turbines, ammonia/hydrogen, trigeneration, combined heat

power and cooling, RQL

1. Introduction

Ammonia has recently gained considerable attention, with organisations such as the International En-
ergy Agency [1] recognising it as a potential fuel for future applications. Ammonia, under assessment
for more than 60 years [2], is one of the world’s most produced chemicals, with an entrenched and well-

recognised production, transportation and storage infrastructure. The thermal properties of Ammonia,



with respect to boiling temperature and liquefaction pressure, allow storage in liquid form at about 8.5
bar (at standard room temperature), or cooled to -33 °C (at atmospheric pressure) [3,4]. As such, it is
now being considered for commercial applications, in the power industry, and as fuel in marine trans-
portation [5], denoting the fast improvement in the understanding of the use of ammonia, in terms of
both combustion and storage properties. However, further investigation is required, for ammonia to be
fully accepted as one of the supporting pillars of a zero-carbon energy transition. Challenges to full
global deployment range from a lack of understanding of fundamental combustion characteristics, par-
ticularly under turbulent conditions, and the complexity of nitrogen bounding reactions [5-8], to the
economic repercussions of the introduction of ammonia into the global energy mix [9,10]. Amongst
these topics, the efficient use of ammonia for power generation, at medium and large power scale is

critical for the success of this technology and use of the molecule in real industrial applications.

Although considerable research has been dedicated to the utilisation of ammonia in internal combustion
engines [11-14], the use of the molecule as a viable energy source in gas turbines has only recently
remerged over the last half decade. Historically, during the Second World War, complex development
programs were undertaken, mostly driven by the United States Army [15]. Although initial results were
encouraging, confirming that the use of ammonia at 2.35 times the rate of diesel would result in cooler
turbine temperatures for a given power output and a gain in power output between 9 and 13% with
thermal efficiency increase of ~2.5% [16], the increase in ammonia mass flowrates compared to hydro-
carbons made the technology uncompetitive, thus leading to the end of the program in an expanding

carbon-based economy.

However, growing concern over the detrimental environmental impact associated to carbon-based fuel
combustion have re-ignited interest around hydrogenated molecules such as ammonia. Being carbon-
free, ammonia can provide the medium for storage of stranded energy (wind, solar, tidal) whilst ensuring
chemical stability for the use of this energy over long periods of time (i.e. years). Consequently, works
on the use of methane-ammonia [17, 18], Coke Oven Gas-ammonia [19], ammonia-hydrogen [20-22]
and pure ammonia [23-25] have been undertaken, in an attempt to assess the feasibility of ammonia as
a means of reducing/eliminating carbon in gas turbine power production. Most studies have focused on
the complex reaction mechanisms, flame structures and technical challenges of using the molecule for
these means of energy generation. However, just a few have attempted to determine an efficient method
for the utilisation of ammonia [21, 26]. The main need for these studies is that practical requirements

and industrial interest can only be attracted once efficient, profitable systems can be implemented.

One proposal that has been continuously presented to support the efficient use of ammonia in gas tur-
bines is the use of multi-stage combustion systems. The implementation of these units can enable full

recovery of molecular stored energy whilst ensuring low NOx emissions, one of the major associated
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obstacles of using ammonia as a fuel. One solution is the development of Rich-Quench-Lean (RQL)
technologies [27]. The system, based on multi-staged combustion at different equivalence ratios, permits
the reduction of emissions whilst increasing stability in the primary combustion zone [28, 29]. The high
hydrogen content in the post-combustion of ammonia rich flames, observed by many [22, 26, 30], has
inclined researchers and developers into the use of the technology for ammonia combustion [22, 25].

Hence, this technique will be evaluated in this work as part of the integration of a novel cycle.

Moreover, an additional manner to augment power and efficiency is to employ humidified cycles that
enable the increase of mass through the system [31]. Cycles of gas turbines with steam injection have
been studied and improved over the years [32, 33], especially for Combined Heat and Power (CHP)
and Combined Cooling, Heat and Power (CCHP) configurations [34]. Humidification has also been
employed in systems integrated with steam reforming [35, 36] and at different compressor stages [37],
thus showing great versatility. However, humidified regimes need to be carefully understood to avoid
combustion and ignition problems [38]. Once the limits of steam injection are known and their effects
on the flame/combustion process minimized, the method can be effectively implemented in CCHP
units while making use of cooling and heating properties of various streams, thus optimising energy
consumption and enabling operation under off-design conditions [39, 40]. Steam injection in a cycle is
considered to be an optimal way for the recovery of waste heat [41]. In addition, reduction of nitrogen
oxide emissions is about 1.7 times more efficient when steam injection is applied compared to humidity
increase in the inlet air [42], while in the case of the hydrogen-based mixtures the inhibiting effect of
dilution by steam injection when the nitrogen oxides are formed is stronger at high flame temperatures
[43]. Therefore, steam injection in combination with recirculation of other combustion products can
improve the efficiency of gas turbines and their specific fuel consumption. When steam injection is
applied into the combustion chamber the gas turbine specific work is enhanced about 3% for every 2%

increase of steam/air ratio [44].

Finally, all these concepts can be combined using various molecules cooling, heating and power prop-
erties, thus providing a great variety of combinations including those applicable features to gas turbine
plants. Large scale CCHP systems are often a combination of gas turbine and steam turbines. These
configurations are usually set up to support district heating/cooling demand with improvements on
energy saving as well as carbon dioxide emissions reduction [39]. Combinations of Rankine cycles,
organic Rankine cycles (ORC) and gas turbines in triple combined systems can deliver 47.65% thermal
efficiency [45]. Considering the total heat input from the fuel in the burner, the power production of
the GT-rORC combined cycles can be increased up to 40.7% [46]. On the other hand, CHP and CCHP
systems can combine gas turbines with heat recovery steam generators (HRSG) [35]. CHP systems
with both gas turbines and HRSG can obtain efficiencies about 82% [47], whilst CCHP systems based

on gas turbines and utilization of waste heat for heat energy production and cooling can reach efficiency



outputs of up to ~82-85% [48]. Further studies have explored the idea of using a CCHP configurations
that includes two shafts double Brayton cycle (Brayton and reversed Brayton cycle) with the combus-
tion of natural gas and recirculation of carbon dioxide. These configurations have shown efficiencies
of ~52.3% [49].

However, to date, no research exists to show the effect of humidified conditions on CCHP cycles op-
erating on ammonia-based fuels with RQL technology. As mentioned before, efficiency and power
output of ammonia-based cycles can be increased by implementation of all these techniques. This step
ensures improved economics for the use of ammonia. Combustion analyses of ammonia blends doped
with hydrogen in gas turbines with the implementation of humidification are quite limited, thus requir-
ing a study such as this to determine the feasibility of implementing a more comprehensive cycle with
novel ammonia combustion methods capable of recovering as much energy as possible while minimis-
ing unwanted emissions from such a chemical. Therefore, this work analyses such a novel cycle using
the above-mentioned advanced combustion systems. The results are approached in terms of the chem-
istry of various molecules during the combustion of a proposed humidified blend, their impact on the
cycle and the final thermodynamic analytics of a novel CCHP cycle to recover as much energy as
possible from ammonia, thus competing with carbon based-fuelled industrial systems. The model ap-
plied for cycle calculations has been previously validated for a real gas turbine [49], with relative errors
under 5%, most under 2%. It is emphasised that the results discussed in this study cannot be validated
experimentally, since units of this magnitude running on ammonia blends do not exist. Thus, all the
following results are for guidance to develop such systems at efficiencies as high as those presented by

fossil fuel running cycles.

2. Methods and Materials

2.1. Numerical Combustion Analysis

A chemical kinetic modelling tool, CHEMKIN-PRO was utilised to model chemical kinetics of the
problem at hand. The PREMIX reactor [50] and the Equilibrium tool [51] were used to calculate the
laminar flame speed (S.) and adiabatic flame temperature (AFT), respectively. Solutions in this pro-
gram were based on an adaptive grid of 1000 points, with mixture-averaged transport properties and
trace series approximation. The calculation employed the NH; reaction mechanisms from Xiao et al.
[52], comprised of 55 chemical species and 276 reactions. These results were used to model the RQL
burner in the CHEMKIN-PRO environment.

A Chemical Reactor Network (CRN) was also developed, based on representative combustion geom-
etry [54, 55] to model the RQL burner in the CHEMKIN-PRO environment, schematically presented

in Fig. 1, to numerically determine the species obtained from rich swirling flame followed by after-
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lean reburn. Mixing zone, flame zone, Central Recirculation Zone (CRZ) and External Recirculation
Zone (ERZ) were modelled by individual perfectly stirred reactors (PSR) and the residence time for
each PSR was obtained from RANS CFD analysis [56]. The recirculation strength was determined by
previous experimental campaigns employing comparable burners [57, 58] and mass recirculation per-
centages for the PSR network are shown in Fig. 1. The calibration of the model for determination of
heat losses in the rich burning zone was achieved in accordance to previous experiments [20, 58, 59].
The outlet from the flame zone fed a Plug Flow Reactor (PFR) to simulate reactions in the post-flame
zone. The quenching/mixing zone where the products from a rich swirling flame and secondary air
mixes was modelled by a partially stirred reactor (PaSR) and the lean burning zone afterwards was
modelled by another PFR. The number of Monte Carlo Simulation samples (NPAR) for the PaSR was
chosen at 200 since this value provides a reasonable balance between accuracy and execution time.
The reaction mechanism from Xiao et al. [53] was relied upon to predict species formation through the
system, with results from this reactor modelling were used in the cycle analysis. For this study, the
blend that was employed was set to 70-30 (vol%) NHs-H, under humidified conditions at an equiva-
lence ratio (ER) of 1.2. The 70-30 (vol%) ratio of NHs-H; have demonstrated favourable stability in
previous work [22] and shown to exhibit comparable behaviour to CHs-air flame [60]. This choice of
ER has been shown to produce best results with respect to emission values in previous humerical and
experimental campaigns [21, 22]. Simulations were performed with inlet temperature of 560K and a
pressure of 9.67 bar, with fuel and steam flow of 0.367 and 0.147 kg/s, respectively and a secondary
air flow of 6.7 kg/s at 960 K temperature. Selection of these flow conditions are discussed in detail in

the following section.
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2.2. Basic Humidified Brayton cycle

Analyses were conducted using a calibrated mathematical model developed for regular Brayton
natural gas cycles that operate under designed and off-designed regimes. The model has been also
successfully correlated (i.e. with ASPEN results) and used for analysis of combustion of oxygen-
methane in combination with an innovative working fluid blend (i.e. CO2/argon/steam - CARSOXY)
[61]. The hypothesis behind the model was its potential use in more complex fuel blends, such as the

ones formed by combination of gasification gas from corn-cob and natural gas [50].

The applied model considers adiabatic expansion processes with cooling of the turbine blades. The
selected ‘reference method’ is based on the assumption that cooling air is continually distributed
through gas. The expansion process of the combustion products and expansion of cooling air are
calculated separately. For the numerical model, adjustments were necessary, therefore the effects of
water vapor and fuel enthalpy impacts to match real gas turbine plants were included. Further details
can be found elsewhere [62]. The high accuracy of the method was previously demonstrated by
comparing various predicted parameters with results from manufacturers’ reports, with relative
errors under 5% [63]. For analyses conducted on the humidified ammonia blend, the model employed
predicted the inlet parameters. The model was applied to determine the efficiency of the
ammonia/hydrogen cycle with humidification and RQL combustion. Initially, the power output of
the cycle was determined. Assumed inlet parameters values for basic humidified Brayton cycles are

presented in Table 1.

Table 1. Inlet parameters values for basic humidified Brayton cycle

Parameter Symbol | y/a14e | Unit
Ambient pressure Po 0.10 | MPa
Ambient temperature To 280 | K
Air mass flow for sealing relative to air mass flow at the compres- z 0.01] -

sor inlet

Compressor pressure ratio Me 10.2 | -
Polytropic efficiency of a compressor Npc 0.80 | -
Combustion chamber pressure ratio Mec 0.97 | -
Efficiency of a combustion chamber Nce 0.90 | -
Gas turbine inlet temperature Ts 1265 | K
Polytropic efficiency of a turbine NpT 085 | -
Mechanical efficiency Nm 0.90 | -
Cooling air mass flow specified to compressor inlet mass flow rar | 0.035 | karkg




Cooling air distribution factor M 0.667 | -
Ratio of the vapor mass flow and fuel mass flow at the combus-

tion chamber inlet a 0.40 | -
Air mass flow rate at the compressor inlet my 9.280 | kg/s
Air mass flow rate at the compressor outlet (combustion chamber

inlet) m; 8.960 | kg/s
Air mass flow rate for cooling gas turbine blades Mair 0.325 | kg/s
Fuel mass flow rate Mituel 0.367 | kgls
Steam mass flow rate Msteam 0.147 | ka/s
Combustion products mass flow rate at the turbine inlet ms 9.474 | kgls
Combustion products mass flow rate at the turbine outlet My 9.891 | kg/s

Due to the limits of the calibration, fuel flow rates were restricted; therefore, an inlet fuel flowrate
of 0.367 kg/s was set using a 70-30% NHs-H. (vol%) blend. The value of the steam flowrate was set
at 0.147 kg/s in accordance with the reference gas turbine plant that uses a steam/fuel ratio of 0.4
kg/kgmel. The equivalence ratio was determined at 1.2 with 2.260 kg/s of air in order to obtain rich
conditions across the combustion process. These conditions delivered 10.45 MW of supplied heat.
The atmospheric pressure and temperature adopted in the study were 1 bar and 288K, respectively.
The compressor pressure ratio was set at 10.2 with a polytropic efficiency of 80%. The combustion
chamber pressure drop was 3%, with combustion efficiencies of 90%. The turbine polytropic
efficiency was set at 85%, with mechanical losses of 10%. For inlet turbine temperatures, the values

used were obtained from the preliminary numerical assessment, Section 3.1.

2.3. Ammonia trigeneration cycle

The basic gas turbine cycle was introduced into a two-shaft gas turbine plant facility consisting of a
basic humidified Brayton cycle and a reversed Brayton cycle with steam generation for its addition
to the combustion chamber, fuel preheating and ammonia-cooled inlet air at the compressor, Fig 2,

thus truly working as a trigeneration cycle that employs all benefits from ammonia.

After combustion of the blend and expansion in the gas turbine, combustion products are introduced
into a second gas turbine as a part of the reversed Brayton cycle. Exhaust gases with high
temperatures and humidity and at atmospheric pressure (from the outlet of the first gas turbine) are
used for the production of additional power from the expansion to negative pressures in the turbine.
The gas mixture is still a high-temperature fluid at the end of the second expansion, hence needing
to be cooled. The gas mixture is cooled down by applying a special regenerative heat exchanger
(HEY).
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Fig 2. Ammonia trigeneration cycle

Steam is transformed to condensate and extracted from the mixture. The pressure of the gas is lower
than the atmospheric pressure, hence it is compressed in a second compressor to atmospheric pressure.
The compressed gas is employed for fuel preheating before introducing this fuel back into the
combustion chamber, while steam is also injected in the latter. The excess heat from the compressed gas
is used for preparation of warm water for distric heating or for other aplications (which are not taken
into consideration in the final efficiency calculations). Meanwhile, the ammonia expansion (from liquid
to gas state) is used for cooling the air which is then compressed in the first compressor. Gaseous
ammonia is further heated by hot nitrogen. The specific compression work for the humidified Brayton
cycle is analysed as adiabatic and polytropic. Calculations of the specific off-design compression work
are done as a function of compressor pressure ratio, inlet temperature and specific heat [62]. The com-
bustion air and the air for cooling the gas turbine are both compressed. Continuous distribution of the
air for cooling of the gas turbine is assumed. The overall cycle efficiency in the case of the humidified

gas turbine Brayton cycle is calculated by the following equation,

(L m—L )
Nyp = ———< ;7 < 1)
sup

Where nyp is the overall efficiency [-] and n,,, the mechanical efficiency [-]. Combustion products are

further expanded in the second gas turbine as a part of the reversed Brayton cycle. The expansion in the



second turbine is analysed as an adiabatic expansion without turbine blades cooling. Combustion prod-
ucts, after the second expansion, are introduced into the heat exchanger 1 (HE1). For this heat exchanger

an efficiency nwe is assumed. The exchanged heat flux is calculated as,
ms ‘NHE * (hHEin - hHEout) = Thw ' (hwout - hwin) (2)

where mgis the mass flow of the combustion products after the second expansion in the inversed Brayton
cycle, hyein is the combustion products enthalpy at the exchanger inlet, hneout is the combustion products
enthalpy at the exchanger outlet, nwe is the heat exchanger efficiency, my is the mass flow rate of the
water for steam preparation, hwou is the enthalpy of the water for steam preparation at the outlet of the

exchanger and hwin is the water enthalpy at the inlet of the exchanger.

During the heat exchange process in HE1, gaseous nitrogen is extracted from the combustion products
and introduced in the second compressor as part of the reversed Brayton cycle. The specific compression

work for gaseous nitrogen in the reversed Brayton cycle is calculated by the following equation,

8
LCZ — CPN2|j . T7 . <HC(1/TIPC ).(RNz/CPNz|7) _ 1> (3)

Fuel is preheated in two steps. The first step preheats the liquid ammonia with air before the compression
in the humidified Brayton cycle. In this step, air is cooled from 15°C to 7°C before introducing it into
the compressor. Then, liquid ammonia is preheated in the preheater in the preheater 1 (PH1). The heat

flux, with the assumed value of the preheater efficiency new, is calculated as,
My Nen * (Derin — Perow) = Mings * (NNH3-10ut — NNKH3-1in) (4)

where mis the mass flow rate of the cool air before accessing the compressor in the humidified Brayton
cycle, henin is the enthalpy of the air at 15°C at the preheater inlet, henout is the air enthalpy at 7°C at the
preheater outlet, nen is the preheater efficiency, mnws is the liquid ammonia flow rate, hnwz-iou IS the
enthalpy of the heated ammonia at the preheater outlet and hnws-ain is the liquid ammonia enthalpy at the

preheater inlet.

The second step of fuel preheating heats up the gaseous ammonia with hot gaseous nitrogen from the
second compressor from the reverse Brayton cycle. Gaseous ammonia is preheated in the preheater 2
(PH2), where it is assumed that hydrogen is produced via catalytic reactors and heat from the hot nitro-

gen stream. The heat flux, with efficiency new, is calculated as,
Mo e * (Perin — Nerowt) = Mgz * (MNH3-20ut — NNH3-2in) (5)

where my2 is the hot gaseous nitrogen flow rate from the second compressor in the reversed Brayton

cycle, hewin is the enthalpy of the gaseous nitrogen at the preheater inlet, hueou is the gaseous nitrogen



enthalpy at the preheater outlet, npH is the preheater efficiency, myns is the liquid ammonia flow rate,
hnhs-2out IS the enthalpy of the heated ammonia at the preheater outlet and hnws-in IS the enthalpy of the

liquid ammonia at the preheater inlet.

After HE1, hot water for steam preparation is heated in HE2 by the excessive hot nitrogen from the

second compressor outlet. The heat flux, with the efficiency nue, is calculated as,
(mg- My2) MHE * (NHEIn — NHEout) = My * (wout — Nwin) (6)

where (ms - mn2) is the hot nitrogen mass flow rate that remains after removing hot nitrogen for fuel
preheating, huein is the hot nitrogen enthalpy at the exchanger inlet, hieou iS the hot nitrogen enthalpy at
the exchanger outlet, nue is the heat exchanger efficiency, my, is the water mass flow rate for steam
preparation, hwou IS the water enthalpy for steam preparation at the exchanger outlet and hwin is the water

enthalpy at the exchanger inlet.

The generated steam from HE is further introduced into the pump for pressure increase. Calculation of

the pump power is done using the formula,
Ppump = mpump' mp: (hPout - hPin) (7)

where mpump IS mass flow rate of the injected water, 7 is mechanical efficiency of the pump, and hein,

hpout are the water enthalpy at pump inlet and pump outlet, respectively.

Compressed air at the outlet of the compressor is cooled down to 560 K, as the requirement of the
combustion chamber, in the heat exchanger 3 (HE3). The heat flux, with the efficiency nwg, is expressed

as,
Mair *NHE * (MHEin = Nheout) = 1My, * (Mwout — Nwin) (8)

where ma;r is the compressed air mass flow rate at the compressor outlet, hyein is the air enthalpy at the
exchanger inlet, hueou is the air enthalpy at the exchanger outlet, nue is the assumed heat exchanger
efficiency, my is the cooling water mass flow rate, hwout is the enthalpy of the water at the exchanger
outlet and hwin is the enthalpy of the water at the exchanger inlet. The thermodynamic parameters of

each point defined in Figure 2 are given in the Figure 3.
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Fig 3. Ammonia trigeneration cycle with thermodynamic parameters

The trigeneration cycle efficiency is calculated as the ratio of a sum of all gained and invested power in
the cycle to the supplied power from the fuel. The overall efficiency of the trigeneration cycle is calcu-
lated by the equation,

(P¢Nm—P1) _ ((Pr1+Pr2+PppH)NMm—(Pc1tPc2+PpumptPH2))
dsup dsup

Nrc = 9)

Where nrc is the efficiency of the overall trigeneration gas turbine cycle [-], n,,, is the mechanical effi-
ciency [-], P; is the overall gained power in the cycle [kW], P; is the overall invested power in the cycle
[KW], Qg is the supplied power to the cycle from the fuel [KW], Py, is the power produced in the gas
turbine in the humidified Brayton cycle [kW], Py, is the power from the gas turbine in the reversed

Brayton cycle [kW], Pppy is the heat power for district heating water preparation [KW], P is the power

11



needed for compression of air in the humidified Brayton cycle [kW], P, is the power needed for com-
pression of gaseous nitrogen in the reversed Brayton cycle [KW], P,y is the power required for the

steam pump [kW] and Py, is the heat power for hydrogen preparation [kW].
3. Results and Discussion

3.1. Numerical Results from the CRN

Table 2 displays the combustion results at the different sections of the RQL combustion system, fuelled
by humidified 70/30 NHa/H blend. Significant amount of ammonia remains unburnt in the rich flame
zone, which get nearly burnt out at the lean burn zone. Compared to ammonia, significant amount of
hydrogen remained unburnt at the lean burn zone, thereby keeping specific heat of combustion products
at the required level. Temperature of the flame increases significantly at the post flame zone. Then
reduced to the required turbine entry temperature by mixing with considerably cooler secondary air at
the quenching zone. Water vapour mole fraction increased at the post flame zone, then reduced at the
quenching zone due to air addition and then increased again at the lean burn zone due to increase in the
temperature. Substantial amount of NOx is generated at the flame zone as high amount of ammonia
burns here. However, these NOx burns away as the flame progresses at different zones. Normalised
NOx emissions (which have been normalised to 15% oxygen in accordance with British standards [64])
were obtained. At the end of the process, ~99.83% of the final products are mainly water, oxygen and
nitrogen. Detailed sensitivity analyses of the species of interest at different zones is carried out at the

later part of this work.
3.1.1. Sensitivity Analyses

Sensitivity analyses on net reaction rate has been carried out for important contributing radicals in the
combustion process, namely H, O, OH and NH at different locations of the RQL combustor. H, O and
OH radicals significantly increase the reaction rate of ammonia/hydrogen burning through various re-
actions, especially H + O, > O+ OH; O + H, ¢> H + OH and OH + H; <> H + H;0, Fig 4. NH;
radical is of particular interest for ammonia burning as NH3 converts to NH; radicals initially, prior to

further reduction. Fig. 5 displays [NH2] sensitivity coefficients at different locations of the burner.

Fig. 4 compares the normalized sensitivity coefficients of H, O and OH radicals at the flame zone, post
flame zone and lean burn zone. The chain branching reaction H + O, <> O + OH is one of the most
important elementary reactions in combustion that provides the necessary OH and O radicals in any
hydrogen-based flame. At the flame zone, OH radicals react with ammonia molecules to produce NH.

radicals and water, whereas O radicals reduce NHs through the reaction NH; + O ¢> NH;, + OH. The
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third body reaction NH; + M <> NH; + H + M also produce NH; radicals from ammonia. This NH:
radicals in turn react with H, molecules to produce H radicals. Some of the NH, radicals convert to NH;
and NH radicals through the decomposition reaction 2NH; <> NHs + NH, Fig. 5. The NH radicals react
with available O, at the flame front to produce HNO, which in turn converts to NO by reacting with H
radicals through the reaction HNO + H <> NO + H,. Furthermore, NO reacts with NH radicals to

produce NNH and OH radicals.
Table 2. Results from CHEMKIN-PRO applied to the RQL system

Mechanism Xiao
Location Flame Zone | Post Flame Zone | Quenching / Mixing Zone [Lean Burn Zone
Temperature (K) 1624 2169 1196 1265
NHs mole fraction 9.30E-02 5.30E-06 1.22E-06 3.30E-07
H2 mole fraction 2.14E-02 5.00E-02 1.15E-02 1.90E-03
02 mole fraction 5.14E-02 4.01E-06 1.62E-01 1.58E-01
H20 mole fraction 2.32E-01 3.28E-01 7.53E-02 8.54E-02
H mole fraction 7.15E-05 3.43E-04 7.89E-05 7.63E-07
O mole fraction 1.35E-05 1.44E-06 3.32E-07 5.21E-06
OH mole fraction 6.28E-05 3.36E-04 7.71E-05 1.45E-05
NH2zmole fraction 9.68E-04 1.12E-07 2.57E-08 3.53E-09
N2 mole fraction 0.59374 0.62130 0.75123 0.75493
NO mole fraction | 111503 3.12E-04 7.18E-05 3.76E-05
N20 mole fraction 6.08E-03 2.28E-08 5.23E-09 8.84E-08
NO2 mole fraction 7.55E-06 5.15E-09 1.18E-09 3.54E-05
NO (ppmv) 1442 465 78 41
NOx (ppmv) 9372 465 78 80
NO - 15% O: (ppmv) 605 133 133 66
NOx — 15% Oz (ppmv) 3930 133 133 127

At the post flame zone, H radicals are mainly being produced by consuming OH and O radicals through
the reactions OH + H; <> H + H.0 and O + H, <> H + OH. Atomic nitrogen reacts with NO produced
at the flame zone to produce molecular nitrogen and O radicals. Thus, this reaction has positive sensi-
tivity for H, O and OH radicals while shows negative sensitivity for NH, radicals. Interestingly, NH:
radicals are mainly consumed at the post flame zone by reacting with NO through the reactions NH, +
NO <> NNH + OH and NH; + NO <> N, + H,O. The former reaction is chain branching, while the
latter is chain terminating, and thus NO formations are very sensitive to the branching ratio of these two
reactions [7]. NO is also reduced by reacting with N and NH through the reactions N + NO <> N> + O
and NH + NO <> N:O + H. The third body chain terminating reaction H + OH + M <> H>O + M also
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plays an important role for H and OH radicals’ consumption. Significant amount of HNO formed in the

flame zone convert to NH radicals through reaction NH + OH <> HNO + H, operating at reverse direc-

tion.
(a) [H], [O0] and [OH] Sensitivity - Flame Zone (b) [H], [O0] and [OH] Sensitivity - Post Flame Zone (end point -
40.6 cm)
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Fig 4. Computed normalized sensitivity coefficients of [H], [O] and [OH] at the (a) rich flame zone, (b) end
point of post flame zone, and (c) end point of lean burn zone.

Impact of excess oxygen is clearly visible in the sensitive reactions responsible for net [H], [O], and
[OH] at the lean burn zone, Fig. 4(c). The remaining hydrogen molecules convert to H and OH radicals
through the reactions OH + H; <> H + H.0 and O + H, <> H + OH, whereas excess O, produce O and
OH radicals through the reaction H + O, <> O + OH. The third body reaction H + Ox(+M) <> HO»(+M)
produce hydroperoxyl radicals, which reacts with some of the OH and O radicals to convert back to O
through the reactions HO, + OH <> H,O + O, and HO; + O <> OH + Oy, respectively. The remaining

NHjs at the lean burn zone converts to NH> by reacting with OH and O radicals, Fig. 5(c). Some of the
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NH; radicals convert back to NHs by reacting with H, and produce H radicals in the process. NH; radi-
cals mainly convert to aminooxidanide radicals by reacting with hydroperoxyl radicals through the re-
action NH; + HO, <> H>NO + OH and produce OH radicals in the process.

(a) [NH,] Sensitivity - Flame Zone (b) [NH,] Sensitivity - Post Flame Zone (end point - 40.6 cm)
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(C) [NH,] Sensitivity - Lean Burn Zone (end point - 50 cm)
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Fig 5. Computed normalized sensitivity coefficients of [NH;] at the (a) rich flame zone, (b) end point of post
flame zone, and (c) end point of lean burn zone.

Absolute rate of production/consumption for H, and NHs; are compared at the rich flame zone, post
flame zone and lean burn zone in Fig. 6. At the flame zone, H, degrades to H radicals by reacting with
OH, O and NH; radicals, Fig. 6(a). Similarly, NHs converts to NH; radicals by reacting with OH and O
radicals, Fig. 6(d). As discussed earlier, major source of NO production at the flame zone are from HNO,
this process also converts H radicals to H, molecule. The degradation process of NH radicals, NH; >
NH > N also produce further hydrogen molecules. The major source of ammonia formation in the flame
zone are from NH, radicals reacting with H, and through the reaction 2NH, <> NHs + NH. It must be

noted that NHs consumption at the flame zone is more than double, compared to H> consumption.
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At the post flame zone, H, and NHs are mostly being consumed, rather than being produced, Fig. 6(b)
and (e). Hydrogen consumption rate at the post flame zone is five orders of magnitude lower than flame
zone, while ammonia consumption rate is seven orders of magnitude lower. This may be attributed to
two factors. Firstly, most of the fuel is being burned in the flame zone and secondly, as detailed in
Section 2.1, flame zone was modelled by 0-D PSR while post flame zone was modelled by 1-D PFR,
giving the ROP axially at the post flame zone and Fig. 6(b) and (e) only illustrates ROP at the end point
of the PFR. Interestingly, the reactions HNO + H <> NO + Hz; NH,+ H <> NH+ Hand NH + H <
N + H. operate at reverse direction at the post flame zone. This can be attributed to increased availability

of NO and further consumption of H; at the post flame zone.

At the lean burn zone, further ammonia and hydrogen are degraded to NH» and H radicals, respectively.
Both H, and NH3 consumption rate is increased at the lean burn zone due to excess availability of oxy-

gen, contributing to higher O and OH radicals’ productions.
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Fig 6. Computed absolute rate of production of [H2] and [NH3] at different locations of the RQL burner.
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(a) [NO] Sensitivity - Flame Zone (b) [NO] ROP - Flame Zone
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Fig 7. (a) Computed normalized sensitivity coefficients of [NO] on net reaction rates, (b) absolute rate of
production of [NQO], and (c) quantitative reaction path diagram of NO formation at the rich flame zone.

Next, detailed [NO] sensitivity analysis has been conducted with the aids of Quantitative Reaction
Path Diagram (QRPD) and absolute ROP. Fig. 7 details the sensitivity coefficients, absolute ROP
and QRPD of NO formation at the rich flame zone. As described earlier, the process initiates by NHs
reacting with O and OH radicals to produce NH; radicals. Thus, the reaction H + O, <> O + OH
displays highest sensitivity for [NO] at the flame zone, Fig. 7(a). In turn, NH> converts to HNO
through three different routes. First, directly through the reaction NH, + O <> HNO + H. Secondly,
via HoNO through the reaction NH, + HO, <> H;NO + OH, and then HNO produces HNO by
reacting with H, O, OH and NH_ radicals. Finally, through the route NH> > NH > HNO. NH. converts
to NH by reacting with H, O and OH radicals and through the decomposition reaction 2NH, <> NHs
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+ NH. And then NH reacts with O; and OH radicals to produce HNO. Major source of NO at the
flame zone is from HNO through the reactions HNO + H <> NO + Hz, HNO(+M) <> NO + H(+M)
and HNO + OH <> NO + H:0, Fig. 7(b). Substantial amount of NO is also formed from NH due to
the reaction with O and O radicals. NH also helps forming NO via atomic N formation. NH converts
to N by reacting with H, OH and NH; radicals, and in turn N produces NO by reacting with the

available oxygen at the flame zone.

Most of the NO produced in the flame zone burns out following different pathways. NO converts to
stable molecular nitrogen through the reactions NH> + NO <> N, + H20; NH + NO <> N, + OH
and N + NO <> Nz + O. NO also converts to NNH and N2O by reacting with NH, and NH radicals,
respectively, Fig. 7(b) and (c). Finally, NNH and some of the N,O converts to stable N2 by reacting

with O, and H radicals, respectively.

Fig. 8 depicts NO formation/decomposition pathways and the most important reactions at the post
flame zone. It is clear from Fig. 8 and Table 2 that most of the NO formed in the flame zone gets
burnt away at the post flame zone. Contrary to the flame zone, NO converts to HNO at high
temperature in the post flame zone through the reactions NO + H(+M) <> HNO(+M); HNO + H <>
NO + Hz and HNO + OH <> NO + H:O. Interestingly, the last two reactions operate backwards at
high temperature. Substantial amount of NO reacts with H radicals to produce N and OH radicals,
Fig. 8(b). In turn HNO and atomic N react with H radicals and molecular hydrogen, respectively to
form NH, which reacts with NO to form N»O through the reaction NH + NO <> N,O + H.
Subsequently, NO reacts with atomic nitrogen, NH and NH- radicals to form stable N.. NO also
converts to N> via NNH through the reactions NHz + NO <> NNH + OH >> NNH <> N + H.
Substantial amount of N is also formed by burning NHs at the post flame zone through the route
NHs > NH2 > NNH > N,.
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(a) [NO] Sensitivity - Post Flame Zone (end point - 40.6 cm) (b) [NO] ROP - Post Flame Zone (end point - 40.6 cm)
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Fig 8. (2) Computed normalized sensitivity coefficients of [NO] on net reaction rates, (b) absolute rate of pro-
duction of [NQ], and (c) quantitative reaction path diagram of NO formation at the end point of post flame zone.

Next, NO formation/reburn pathways at the quenching/mixing zone are analysed, Fig. 9. Small amount
of NO is formed at the quenching/mixing zone by burning small amount of ammonia through the fuel
NOx pathway, NHs > NH, > NH > N > NO. However, substantial amount of NO is burnt away at this
zone according to Table 2 and Fig. 9(b). It must be noted that NO reburn arrows (NO — HONO and
NO — HNO) in Fig. 9(b) has an order of magnitude lower thickness than NO formation arrows. There-
fore, lot more NO is burnt here than formed. The third body reaction NO + OH(+M) <> HONO(+M)
converts sizeable amount of NO to HONO, Fig. 9(a). Further NO is converted to HNO through another
third body reaction NO + H(+M) ¢ HNO(+M).
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Fig 9. (a) Absolute rate of production of [NO], and (c) quantitative reaction path diagram of NO formation at the
guenching/mixing zone. The thickness of arrow is increased by three orders of magnitude for NO — HONO and
NO — HNO.

Finally, NO formation/reburn pathways are analysed at the lean burn zone with the presence of excess
oxygen, Fig. 10. Due to the presence of excess O, the third body reaction H + Ox(+M) <> HO»(+M)
displays highest sensitivity for [NO] at the lean burn zone. Considerable amount of N2O is formed
through the reaction NoO(+M) <> N2 + O(+M) operating at reverse direction. The third body reaction
NO + H(+M) <> HNO(+M) converts NO to HNO, while HNO reacts with O, and O radicals to form
NO. Overall, more HNO is converted to NO due to lean burning. Sizeable amount of NO is converted
to NO: by reacting with hydroperoxyl radicals. Subsequently, NO- reacts with HO, H radicals and
remaining hydrogen to convert to HONO, which contrary to the mixing/quenching zone, in turn forms
further NO through the third body reaction NO + OH(+M) <> HONO(+M) operating in the reverse
direction. It must be noted that thickness of arrow is decreased by an order of magnitude for HONO —
NO, NO — NO2, and NO, — HONO. Therefore, lot more NO is converted to NO, at the lean burn zone,

compared to NO formation, as evidenced in Table 2.
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[NO] Sensitivity - Lean Burn Zone (end point - 50 cm)
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Fig 10. (a) Computed normalized sensitivity coefficients of [NO] on net reaction rates, (b) absolute rate of
production of [NO], and (c) quantitative reaction path diagram of NO formation at the end point of lean burn
zone. The thickness of arrow is increased by four orders of magnitude for HONO — NO, NO — NO», and
NO; — HONO.

3.2. Trigeneration Cycle Analysis

The results for Xiao mechanism were employed to calculate the efficiency of the trigeneration cycle as
previously stated. The first task in the analysis of the cycle was to determine the power output of the
first gas turbine in Brayton cycle. Results from the first Brayton cycle predict turbine inlet temperatures
of 1265K and an output power of 1490 kWe. Outlet temperatures at the first turbine exhaust are ~852
K. The first Brayton cycle’s analyses showed that a basic humidified ammonia-hydrogen Brayton cycle

can produce total plant efficiencies of ~34%, which is highly competitive to real case of the natural gas
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fuelled gas turbine with maximum thermal efficiency of 36.45% [65]. Therefore, the second Brayton
cycle (reversed Brayton cycle) was analysed with a second turbine inlet temperature of 852 K, delivering
additional 530 kWe. The excess heat power produced in the process after accounting for the enegy
requirements to prepare the fuel and steam was estimated at ~4970 kWth (i.e. for district heating and
industry). The required power for the steam pump was set at 110 kWe. In the trigeneration process,
liquid ammonia is preheated in two steps (by air before the compressor and by hot nitrogen from the
second compressor). The heat for ammonia preheating is obtained from the excess heat in the cycle.
After splitting, additional heat needed for raising hydrogen temperature (i.e. from 288 to 588K) was
determined at 60kWth. After including all losses in the process (mechanical losses, power for pumps,
losses during transfer of the heat, flow and losses during transformation of the energy), the efficiency
of the two shaft gas turbine plant with steam recirculation, fuel preheating and air cooling at the

compressor inlet is estimated at ~59%.

Therefore, total efficiency values show a significant potential for the utilisation of humidified ammonia-
based blends implemented in trigeneration power cycles that employ gas turbine technologies,
especially compared to cogeneration systems including natural gas fuelled gas turbines with 50.50%
real state eficiency and 60-70% for the theorethical case [65]. The obtained results highlight the
opportunity for using these humidified ammonia-hydrogen blends for energy production in newly
developed cycles which consider lower dilution in the combustion section, with competitive eficiency
through cogeneration and trigeneration concepts, as presented in Figure 11. Humidified ammonia —
hydrogen blend implemented in trigeneration power cycles with RQL technology can deliver higher
efficiencies than combined Rankine Cycles with Organic Rankine Cycles/GTs with 47.65% efficiency.
On the other hand, it must be emphasised that there are systems with higher efficiency, such as CHP
concepts with internal combustion (IC) engines and rORC, systems that can reach efficiencies up to
60%. Furthermore, there are some CCHP systems with HSRG that can achieve efficiencies as high as
85%, although these systems are still reliant on carbon-based fuels. Nevertheless, this analysis shows
that ammonia based cycles can be as competitive as other traditional cycles. However, there are still

space for improvement to achieve higher efficiencies, as pointed out by the scope of this paper.
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Fig 11. Comparation of the combined cycle efficiency for different traditional and new systems

4. Conclusion

A numerical and analytical analysis was performed in order to inspect the efficiency and potential to
implement humidified ammonia-based blends in a two-shaft gas turbine plant with steam recirculation,
fuel preheating and air cooling. The main purpose of the present analysis was the determination of the
parameters of operating regimes which are competitive to current CHP and CCHP cycles operating with

fossil fuels.

The radicals responsible for flame stability, namely H, O and OH radicals shown to have high sensitivity

at the flame front, therefore high production/consumption rate. However, sensitivity of these radicals
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reduces at the post flame zone due to the reduced availability of oxygen. Production/consumption of
these radicals increases by a factor of ~3 at the lean burn zone, where remaining unburnt fuel burns
away in the presence of excess oxygen. Numerical analysis predicted significant amount of NO
production at the flame front through fuel bound NO pathway but most of these NO burns away at the
post flame zone due to high temperature. However, sizable amount of N,O was formed at this zone due
to the reaction between NO and NH radicals. At the lean burn zone, considerable amount of NO converts

to NO; by reacting with hydroperoxyl radicals.

Theoretical combustion results show the production of vast amounts of water with minimal traces of
emissions across the post-combustion process. Pollutant emissions, i.e. NOx and N»O, in combination
with unburned traces of ammonia, are only a minor fraction of the products in the flue gases entering
the turbine. Although the concentration of these species tends to decrease across the combustor due to
their high reactivity at high temperatures, it must be emphasised that there is still an issue that needs
further development in terms of ammonia/hydrogen reactivity, with models that predict different results.
However, the use of an RQL system demonstrate high performance in the considered scenario, with
consumption of most reactive species and the production of NOx emissions ~80 ppm, below current

European NOXx thresholds.

Analyses on the cycle depicted that the use of a two-shaft gas turbine system with recirculated steam,
fuel preheating and cooled inlet air was capable of delivering efficiencies ~59%. This is a competitive
efficiency to current fossil fuel based cycles, having in mind that no CO; emissions are produced,
stranded renewable energy is efficiently employed as backup power with minimum chemical
reconversion (i.e. back to 100% hydrogen) and parallel streams (N2 and steam) employed to support

further heating applications, thus increasing further the overall efficiency of this cycle.
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