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Abstract:  

Ammonia is increasingly recognized as a potential emission-lean and sustainable energy carrier. Producing fossil-

free ammonia from variable renewable energy sources (VRES) through water electrolysis may soon become 

economically viable. Ammonia is a comparatively cheap and safe medium for hydrogen transport and storage, 

allowing to cope with the variability of the renewable energy supply in time and space and facilitating the 

penetration of VRES in the energy systems. Moreover, ammonia features promising properties as a fuel, allowing 

retrieving stored energy by means of direct combustion or fuel cell use to satisfy heat and power demand during 

VRES production lows. In particular, its high octane rating makes it suitable for use in spark-ignition (SI) engines, 

which may be a low-cost, low-complexity, high-reliability solution for local heat and power generation. Power-

toAmmonia-to-Power and Heat (P2A2P+H) could thus be an interesting bridging concept in new energy systems.   
However, such technologies present a low maturity level and their economic performance is highly uncertain and 

hard to quantify, thus slowing down their implementation. Therefore, the present work proposes a cost assessment 

of a grid-assisted P2A2P+H system based on a wind farm, an ammonia production and storage plant and a SI 

engine generator providing power and heat to a residential district. The optimal system designs are investigated 

by means of a multi-objective optimization method based on a genetic algorithm. Results show that such systems 

may be commercially competitive if the grid prices increase, and allow a local energy system to be highly self-

sufficient, thus preventing risks of shutdowns associated with increasing shares of VRES. Seasonal storage 

appears particularly relevant and the ammonia system provides non-negligible amounts of heat to the consumers.  

Keywords:  
Ammonia, Sustainable fuel, Renewable energy storage, Power-to-fuel, Cost analysis.  

1. Introduction  
Alongside its traditional use as a fertilizer and chemical feedstock, ammonia (NH3) is increasingly 

recognized as a potential emission-lean and sustainable energy carrier, as attested by its consideration 

in several recent global reports and studies, including the International Energy Agency  The Future 

of Hydrogen report [1]. As a non-carbon molecule carrying 17.8% hydrogen by weight and being a 

liquid under very mild conditions of less than 9 bar at 20°C (similar to propane) granting it an energy 

density of 11.4 MJ/L, it appears suited for hydrogen and energy storage and transport in energy 

systems dominated by variable renewable energy sources (VRES). The current energy-related 

climate crisis granted ammonia a renewed research interest [2 4] for various applications, including 

mobility [5 8], small- and large-scale power and heat production [9,10], hydrogen storage [11] and 

chemical feedstock production [12 14]. Most of ammonia-related research addresses the challenges 
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of minimizing the climate, environmental and health impacts of ammonia production and use, at 

economically viable costs.   

Current estimates of the world annual production are about 180 Mt of ammonia, mainly produced 

for the fertilizer industry through the carbon-intensive Steam Methane Reforming (SMR) process for 

hydrogen (H2) production and energy-intensive Haber-Bosch process for NH3 synthesis from H2 and 

N2. Therefore, efforts are needed to reduce the carbon footprint of ammonia production, especially 

if the produced quantities increase due to its use as an energy carrier. Several routes are being  

 Ammonia from biomass provides significant CO2  

savings at costs that could soon be competitive depending on carbon prices and ammonia market 

prices [15 19]. Innovative concepts reusing syngas by-products to provide heat and power to the 

process are under evaluation [20]. Alternatively, solar thermochemical production of ammonia 

appears feasible in regions with excellent solar resources [21]. However, the large-scale deployment 

of VRES to cover an increasing share of the global power demand makes Power-to-Ammonia (P2A) 

concepts particularly interesting for mid- and long term energy storage between periods of VRES 

production highs and lows. Thus, Life Cycle Assessments (LCA) of several Power-to-Ammonia 

routes are reported in the literature [22,23] to evaluate and compare their climate, environmental and 

health impact. They show a CO2 reduction up to a factor six between ammonia produced from 

windpowered electrolytic hydrogen instead of SMR, and benefits of wind over PV solar regarding 

fossil resources depletion and the eutrophication and acidification potentials. Furthermore, several 

studies [24 34] investigated the design, thermodynamic performance and economic viability of P2A 

systems. Zhang et al. [35] additionally compared P2A with the biomass routes and found that P2A 

could achieve the highest system efficiency up to 74%, but at currently non-profitable costs (544-

666 USD/t NH3) due to the high costs of the electrolyzers stacks.   

It has been highlighted that ammonia can be considered as both an energy storage medium and a 

direct fuel for heat and power applications, and it was shown in [36] to have the best power-to-fuelto-

power ratio among other artificial fuels. A LCA by Bicer and Dincer [37] showed that ammonia has 

a considerable CO2 mitigation potential when produced from wind-powered electrolysis and used as 

a fuel for city transportation and power generation (gas power plant). Ikäheimo et al. [10] studied a 

global case where ammonia storage would enable a 100% renewable power and heat system for 

northern Europe, with final conversion happening through combined cycle gas turbines. Their 

Powerto-Ammonia-to-Power (P2A2P) system would compete with natural gas at gas prices above  

 Rouwenhorst et al. [38] conducted a review of possible Power-to-Ammonia-to-Power 

(P2A2P) systems for islanded locations and showed potential for high storage efficiency and 

estimated costs about 300

technologies. Other studies [39 50] suggested fueling Solid Oxide Fuel Cells (SOFC) with ammonia 

for various applications, including heat and power combined cycles with gas turbines. However, the 

low maturity level and complexity of that technology appear as temporary barriers. Morgan et al. 

[51] studied the case of wind-powered islanded ammonia production as a substitute to diesel fuel and 

showed a potential for significant diesel savings if the price of diesel exceeded 10 USD/gallon. They 

assumed a round-trip efficiency of the ammonia production process of 50%. Palys et al. [13] 

proposed an integrated system based on wind turbines to provide ammonia and energy to a rural 

community, by means of combustion based gensets for the Ammonia-to-Power conversion.  

While those investigations highlight the interest and the research progress in P2A2P systems that 

may improve the long-term reliability and efficiency of future VRES-dominated energy systems, the 

deployment of such solutions will require further efforts due to the low maturity and complexity of 

the associated technologies, inducing non-competitive costs. Therefore, it appears reasonable to 

consider the use of other mature technologies in the P2A2P context, such as the Internal Combustion 

Engine (ICE) for Ammonia-to-Power conversion. Previous work [52 54] showed that it is a very 
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suitable technology for ammonia conversion, with efficiencies comparable with conventional fuels 

operation and no or little need for design modification. Moreover, ICE units for Combined Heat and 

Power (CHP) plants are a very mature technology, being able to ensure high reliability, modularity 

and fast ramp-ups at low to moderate capital and maintenance costs.   

Thus, the present work aims at gaining more insights into the feasibility and relevance of Power-

toAmmonia-to-Power and Heat (P2A2P+H) systems in the specific case of ICE use for heat and 

power generation. To that end, simple realistic techno-economic assumptions are used to conduct a 

cost assessment of such a system allowing to match the energy supply of a wind farm with the 

demand of a grid-connected local community. Optimal system sizing is investigated thanks to a 

multi-objective optimization based on a genetic algorithm, and the resulting designs are presented 

and analyzed.  

2. Methodology  

2.1. System description  
The proposed system matches the annual energy demand of a typical Belgian community with the 

energy production of an onshore wind farm installed in Belgium on an hourly basis, with possible 

assistance of the electrical grid. The demand data originates from the OpenEI database [55] of the 

US Department of Energy for one typical American dwelling in Olympia, a city with a 99% weather 

similarity with Brussels. The hourly electricity and heat demands were considered and scaled to a 

typical Belgian dwelling as suggested in [56]. The resulting demand is shown in Fig. 1 for power and 

Fig. 2 for heat. The different energy consumption items of the database were sorted between 

electricity and heat (originally gas) following a high electrification scenario: the heat demand actually 

only corresponds to space and water heating. The size of the community was adapted by multiplying 

the individual demand vector by the number of dwellings, that was taken as 1000 to be relevant to a 

megawatt-scale wind farm.  

  

Fig. 1.  Yearly power demand of a typical Belgian dwelling.  

The data for wind energy is taken from the EMHIRES dataset for West Flanders [57], and an average 

annual capacity factor vector is obtained with hourly resolution for the period 1986-2015, that is 

shown in Fig. 3. The vector is multiplied by the nominal capacity of the wind farm to obtain the wind 

power profile.  
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The matching between the demand and the supply happens thanks to the Power-to-Ammonia-

toPower and Heat system shown in Fig. 4 and follows different scenarios:  

 If the demand exceeds the wind power supply: all the wind power is allocated to fulfil the demand, 

the ICE plant furnishes the maximum or required power from the stored NH3 and electricity is 

bought from the grid to fill any remaining design-dependent gap. The NH3 production plant is 

operated under minimal power to avoid a costly shutdown.  

 If the wind power supply exceeds the demand: all the demand is directly covered by the wind power. 

The NH3 production plant is operated with the remaining renewable power to produce and store 

NH3. The engine runs at minimal power to utilize the purge flow of the Haber-Bosch loop.   

  

  

Fig. 2.  Yearly heat demand of a typical Belgian dwelling.  

If the heat provided by the CHP plant does not satisfy the demand, the additional heat is provided by 

individual heat pumps fed by either renewable or grid power. The heat pumps are taken into account 

in the costs calculations for the whole system, though being commissioned individually in the 

dwellings.  

  

Fig. 3.  Yearly wind capacity factor for a typical Belgian location.  

Black box models were chosen for the system components and no physical models were included. 

The NH3 production virtually consists in an electrolyzer, an air separation unit, a hydrogen buffer 
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storage, and a Haber-Bosch system comprising one or several compressors or reactors, as well as all 

the necessary heat exchangers and expanders, but none of those components is modelled here. For 

the sake of simplification, a single efficiency coefficient was applied between the input power (wind 

farm) and the output mass of ammonia (LHV basis) in accordance with data from the literature. The 

purge flow of the Haber-Bosch process is used in the ICE CHP plant as a fuel. The ICE CHP plant 

may consist of several units in order to provide a good ramp-up behavior, flexibility and operate at 

the highest efficiency. No losses are assumed from the NH3 storage tanks. The assumptions on the 

system components are summarized in Table 1.  

  

Fig. 4.  Schematic of the system streams.  

Table 1.  System components characteristics.  

Item  Characteristic  Unit  Value  

NH3 production plant  Energy efficiency  %  50 [51] or 74 [35]  

  Minimal required power  % of nominal capacity  20 [34]  

  Purge flow  % of NH3 output  5  

ICE power plant  Power efficiency  % of fuel energy  40  

  Heat efficiency  % of fuel energy  40  

Heat pumps  Coefficient of performance  -  4  

  

2.2. Cost and self-sufficiency analysis methods  
The proposed cost assessment follows the essential steps of the method proposed in [58] with some 

simplifications and aims at estimating the Levelized Cost of Energy (LCOEn) over the entire lifetime 

of the studied energy system. The assumptions for the cost estimates and calculations are summarized 

in Table 2. For each system design, total capital costs are calculated as a sum of the capital 

expenditures (CAPEX) for each system components (wind farm, NH3 plant, NH3 tanks, CHP plant, 

heat pumps). They are then annualized by multiplying by the capital recovery factor, given in Eq. 

(1):  

 

,  (1)  
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where i is the interest rate and T the lifetime of the system. The annual Operational Expenditures 

(OPEX) are then added, with no distinction between fixed and variable operation and maintenance 

costs. No replacement costs were considered, even though electrolyzer stacks may have a shorter 

lifetime than the rest of the system, and should thus be replaced in a more detailed analysis. The total 

annualized costs are eventually obtained by adding the annual electricity expenses, when electricity 

is bought from the grid. The result is finally divided by the total annual energy demand, yielding the 

LCOEn.   

Since the proposed system is connected to the power grid and the costs of current P2A2P systems is 

not yet competitive with the market price of electricity, another target parameter has been introduced 

in the present study, namely the Self-Sufficiency Ratio (SSR). It quantifies the ability of the energy 

supply system to satisfy the demand without assistance of the power grid. It gives an indication on 

the resilience of the local energy system against blackouts, what should become increasingly relevant 

in VRES-dominated power grids. The SSR is calculated in Eq. (2):  

 ,  (2)  

 is the annual total energy consumption from the grid and  is the annual total  

energy demand.  

Table 2. Economic assumptions for this study.  

Cost item  Unit  Value  

Onshore wind farm (CAPEX)    850 [10]  

Onshore wind farm (annual OPEX)    55 [10]  

NH3 production plant: Electrolyser + H2 buffer + ASU + Haber-   1740 [10] Bosch 

(CAPEX)  

NH3 production plant: Electrolyser + H2 buffer + ASU + Haber-   29 [10] Bosch (annual 

OPEX)  

NH3 storage (CAPEX)    2.7528 [38]  

Engine power plant (CAPEX)    1000 [59]  

Engine power plant (annual OPEX)    0.02 [59]  

Heat pump (CAPEX)    3000  

Grid electricity price  Wh  200-400 

Interest rate (constant)  %  10  

System Lifetime  years  20  

 

  

2.3. Optimization method  
Based on the former system model and economic assumptions, a search for optimal designs is 

conducted, aiming at minimizing the LCOEn, while maximizing the SSR. The Nondominated 

Sorting Genetic Algorithm (NSGA-II) [60,61] is a multi-objective optimization method which 

effectively handles complex, non-linear models. The NSGA-II algorithm starts from an initial 

population of design samples, out of which it creates an offspring based on crossover probability 

(90%) and mutation probability (10%) [32]. The population and offspring samples are sorted based 

on their dominance in the objectives. The top half samples compose the next generation, where more 

isolated samples in the design space are favored to ensure an optimal diversification of the set of 
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solutions. This process is repeated until the maximum number of generations is reached. In this work, 

a population count of 120 samples is evaluated over 300 generations. The design parameters are the 

nominal capacities of the NH3 production plant and the ICE CHP plant.  

3. Results and discussion  
Figure 5 presents the results of the optimization for a wind farm nominal capacity of 6 MW, and 

different cases corresponding to different assumptions with respect to the efficiency of the Power-

toAmmonia system and grid electricity price. All other characteristics or assumptions but the design 

parameters remain unchanged. The different cases are summarized in Table 3.   

 

 

 

 

Table 3.  Different cases studied. 

 
  

Preliminary investigations showed that under current assumptions, the size of the wind farm mostly 

determines the SSR of the system, due to the remaining significant cost barrier of the P2A2P+H 

system. For each case, the lower left design with smallest SSR has a negligible P2A2P+H system.  

However, optimal designs with P2A2P+H cover the SSR range 0.92-0.94 at LCOEn of 67- /MWh, 

slightly higher than the production price of electricity for 200 MWh market price, as shown in Fig. 

5. A better efficiency of the P2A process allows reaching a better SSR at the same LCOEn, as 

expected. From a cost perspective, the system appears not to be competitive at present, but the 

advantages of a high SSR may prove to justify the high cost of energy. Moreover, the cases with a 

higher market price of electricity (Cases 3 and 4) show a higher optimized LCOEn of the system 

between 83 and 87 €/MWh, but it would be competitive with the grid price before taxes (about 120 

€/MWh). However, the SSR range described by the Pareto front of the optimized trade-offs is 

narrowed at higher electricity prices. Thus, it is likely that P2A2P systems could become competitive 

in scenarios with increasing grid electricity prices caused by an increasing share of VRES. In such a 

scenario, the advantages of a high SSR, such as blackout resilience appear more decisive.  

 

   

     50  

 74      

 50      

 74      
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Fig. 5.  Trade-offs between the optimal LCOEn and SSR.  

Among the optimal designs in Fig. 5, three designs (A,B,C) are given in Table 4 and compared in 

the following. At equivalent LCOEn, design B presents one point SSR benefit over design A, thanks 

to the better P2A efficiency in Case 2. The size of the engine plant increases in consequence to take 

advantage of the additional quantities of NH3 produced. Design C presents the same SSR as Design 

A, but this is only thanks to the better efficiency of the P2A system, since both the size of the P2A 

system, as well as the engine plant are reduced.  
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Table 4.  Optimization results for chosen designs.  

Design  Installed capacity of the P2A 

system (kW)  

Installed capacity of the CHP 

plant (kW)  

LCOEn  

  

SSR  

A  537  465  72.5  0.933  

B  527  703  72.5  0.943  

C  213  300  68  0.933  

Figure 6 presents the quantities of NH3 produced and stored in the different designs as a function of 

time. The maximum tank capacity approaches 120 metric tons for Design B, with the best P2A 

efficiency. Due to the scaling of the wind power plant, the period of the year in which the energy 

production exceeds the demand is between the end of summer and the beginning of winter. Thus, the 

period of ammonia storage in the P2A system corresponds to that period, with short-term variations 

to balance the system. It should be highlighted that the period of ammonia storage stretches over 

several months, which is one of the main interests of using gaseous or liquid fuels as energy storage 

media. The different system designs affect the magnitude of ammonia storage, but its temporal shape 

does not vary with the present design parameters. The most ammonia needs to be stored for the design 

proving the highest SSR in the case of high P2A efficiency (B). However, for a constant SSR, Design 

C requires less storage than Design A.  

Another interest of the proposed system is to take advantage of ammonia combustion to provide heat 

to the community thanks to the enthalpy of the hot exhaust gases. Design B corresponds to the 

configuration with the maximal heat provided by the P2A2P system, with 10.2% of the annual heat 

demand satisfied by the engine plant. In the design with a less efficient P2A system (A), the amount 

of heat furnished by the engine is about 7% of the total demand. It falls down to 4.7% for Design C, 

as expected due to the smaller size of the P2A2P components. Those values are relatively modest 

because they compete with very efficient and relatively affordable heat pumps in the present model. 

Still, it appears that a non-negligible amount of the required heat can be provided to the community 

thanks to the system. Moreover, as heat pumps are individual pieces of equipment, there might be 

cases where a collective heat network remains the preferred solution.  

  

Fig. 6.  Yearly evolution of ammonia storage in selected system designs.  
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4. Conclusions  
This paper present the methodology and the first results of a techno-economic assessment on the use 

of ammonia as an energy storage medium for stationary heat and power applications. A modelled 

Power-to-Ammonia-to-Power and Heat system was used to match the energy demand of a local 

community with the power production of a wind power plant, based on simple techno-economic 

assumptions from the literature. It includes a combined heat and power plant based on internal 

combustion engines, that benefit from a high technological maturity level, a high flexibility and 

reliability, and a fast dynamic behavior. A multi-objectives optimization was attempted to look for 

optimal designs by means of a genetic algorithm.  

First results demonstrate a high self-sufficiency potential of such an energy system at costs that 

slightly exceed the current electricity grid prices. Increased grid prices result in optimal designs 

becoming competitive. The system allows for seasonal energy storage during periods of high 

production and low consumption, that is allowed by the great stability of the ammonia fuel. That 

makes it an asset for future energy systems dominated by Variable Renewable Energy Sources.  

Future work should refine the models assumptions and their uncertainties, by looking into the 

physical processes of the system components, particularly the Haber-Bosch loop and its dynamic 

behavior, as well as the engine performances based on previous experimental data. A real distinction 

between the

  

 

Acknowledgments  

 

LABX-0006-01).  

References  
[1] International Energy Agency. The Future of Hydrogen. 2019.  

[2] Avery WH. A role for ammonia in the hydrogen economy. Int J Hydrogen Energy 

1988;13:761 73. doi:10.1016/0360-3199(88)90037-7.  

[3] Zamfirescu C, Dincer I. Using ammonia as a sustainable fuel. J Power Sources 2008;185:459

 
65. doi:10.1016/j.jpowsour.2008.02.097.  

[4] Valera-Medina A, Xiao H, Owen-Jones M, David WIF, Bowen PJ. Ammonia for power. Prog 

Energy Combust Sci 2018;69:63 102. doi:10.1016/j.pecs.2018.07.001.  

[5] Zamfirescu C, Dincer I. Ammonia as a green fuel and hydrogen source for vehicular 

applications. Fuel Process Technol 2009;90:729 37. doi:10.1016/j.fuproc.2009.02.004.  

[6] Kang DW, Holbrook JH. Use of NH3 fuel to achieve deep greenhouse gas reductions from 

US transportation. Energy Reports 2015;1:164 8. doi:10.1016/j.egyr.2015.08.001.  

[7] Miura D, Tezuka T. A comparative study of ammonia energy systems as a future energy 

carrier, with particular reference to vehicle use in Japan. Energy 2014;68:428 36. 

doi:10.1016/j.energy.2014.02.108.  

[8] Goldmann A, Sauter W, Oettinger M, Kluge T, Schröder U, Seume J, et al. A Study on 

Electrofuels in Aviation. Energies 2018;11:392. doi:10.3390/en11020392.  

[9] Yapicioglu A, Dincer I. A review on clean ammonia as a potential fuel for power generators. 

Renew Sustain Energy Rev 2019;103:96 108. doi:10.1016/j.rser.2018.12.023.  



  

11  

  

[10] Ikäheimo J, Kiviluoma J, Weiss R, Holttinen H. Power-to-ammonia in future North European 

100 % renewable power and heat system. Int J Hydrogen Energy 2018;43:17295 308. 

doi:10.1016/j.ijhydene.2018.06.121.  

[11] Wijayanta AT, Oda T, Purnomo CW, Kashiwagi T, Aziz M. Liquid hydrogen, 

methylcyclohexane, and ammonia as potential hydrogen storage: Comparison review. Int J 

Hydrogen Energy 2019;44:15026 44. doi:10.1016/j.ijhydene.2019.04.112.  

[12] Pfromm PH. Towards sustainable agriculture: Fossil-free ammonia. J Renew Sustain Energy 

2017;9:34702. doi:10.1063/1.4985090.  

[13] Palys MJ, Kuznetsov A, Tallaksen J, Reese M, Daoutidis P. A novel system for ammoniabased 

sustainable energy and agriculture: Concept and design optimization. Chem Eng Process - 

Process Intensif 2019;140:11 21. doi:10.1016/j.cep.2019.04.005.  

[14] Tallaksen J, Bauer F, Hulteberg C, Reese M, Ahlgren S. Nitrogen fertilizers manufactured 

using wind power: Greenhouse gas and energy balance of community-scale ammonia 

production. J Clean Prod 2015. doi:10.1016/j.jclepro.2015.05.130.  

[15] Andersson J, Lundgren J. Techno-economic analysis of ammonia production via integrated 

biomass gasification. Appl Energy 2014;130:484 90. doi:10.1016/j.apenergy.2014.02.029.  

[16] Gilbert P, Alexander S, Thornley P, Brammer J. Assessing economically viable carbon 

reductions for the production of ammonia from biomass gasification. J Clean Prod 

2014;64:581 9. doi:10.1016/j.jclepro.2013.09.011.  

[17] Arora P, Hoadley AFA, Mahajani SM, Ganesh A. Multi-objective optimization of biomass 

based ammonia production - Potential and perspective in different countries. J Clean Prod 

2017;148:363 74. doi:10.1016/j.jclepro.2017.01.148.  

[18] Arora P, Sharma I, Hoadley A, Mahajani S, Ganesh A. Remote, small

of ammonia production. J Clean Prod 2018;199:177 92. doi:10.1016/j.jclepro.2018.06.130.  

[19] Shahid U Bin, Bicer Y, Ahzi S, Abdala A. Thermodynamic assessment of an integrated 

renewable energy multigeneration system including ammonia as hydrogen carrier and phase 

change material energy storage. Energy Convers Manag 2019;198:111809. 

doi:10.1016/j.enconman.2019.111809.  

[20] Flórez-Orrego D, Maréchal F, de Oliveira Junior S. Comparative exergy and economic 

assessment of fossil and biomass-based routes for ammonia production. Energy Convers 

Manag 2019;194:22 36. doi:10.1016/j.enconman.2019.04.072.  

[21] Michalsky R, Parman BJ, Amanor-Boadu V, Pfromm PH. Solar thermochemical production 

of ammonia from water, air and sunlight: Thermodynamic and economic analyses. Energy 

2012;42:251 60. doi:10.1016/j.energy.2012.03.062.  

[22] Bicer Y, Dincer I, Zamfirescu C, Vezina G, Raso F. Comparative life cycle assessment of 

various ammonia production methods. J Clean Prod 2016;135:1379 95. 

doi:10.1016/j.jclepro.2016.07.023.  

[23] Singh V, Dincer I, Rosen MA. Life Cycle Assessment of Ammonia Production Methods. 

Elsevier; 2017. doi:10.1016/B978-0-12-813734-5.00053-6.  

[24] Tuna P, Hulteberg C, Ahlgren S. Techno-Economic Assessment of Nonfossil Ammonia 

Production. Environ Prog Sustain Energy 2014;33:1290 7. doi:10.1002/ep.  

[25] Wang Y, Zheng S, Chen J, Wang Z, He S. Ammonia (NH 3 ) Storage for Massive PV 

Electricity. Energy Procedia, vol. 150, Elsevier Ltd; 2018, p. 99 105. 

doi:10.1016/j.egypro.2018.09.001.  



  

12  

  

[26] Smith C, Hill AK, Torrente-Murciano L. Current and future role of Haber Bosch ammonia in 

a carbon-free energy landscape. Energy Environ Sci 2020. doi:10.1039/c9ee02873k.  

[27] Allman A, Daoutidis P. Optimal design of synergistic distributed renewable fuel and power 

systems. Renew Energy 2017;100:78 89. doi:10.1016/j.renene.2016.03.051.  

[28] Allman A, Daoutidis P. Optimal scheduling for wind-powered ammonia generation: Effects 

of key design parameters. Chem Eng Res Des 2018;131:5 15. 

doi:10.1016/j.cherd.2017.10.010.  

[29] Sánchez A, Martín M. Optimal renewable production of ammonia from water and air. J Clean 

Prod 2018;178:325 42. doi:10.1016/j.jclepro.2017.12.279.  

[30] Frattini D, Cinti G, Bidini G, Desideri U, Cioffi R, Jannelli E. A system approach in energy 

evaluation of different renewable energies sources integration in ammonia production plants. 

Renew Energy 2016;99:472 82. doi:10.1016/j.renene.2016.07.040.  

[31] Cinti G, Frattini D, Jannelli E, Desideri U, Bidini G. Coupling Solid Oxide Electrolyser (SOE) 

and ammonia production plant. Appl Energy 2017;192:466 76. 

doi:10.1016/j.apenergy.2016.09.026.  

[32] Verleysen K, Coppitters D, Parente A, De Paepe W, Contino F. How can power-to-ammonia 

be robust? Optimization of an ammonia synthesis plant powered by a wind turbine considering 

operational uncertainties. Fuel 2020;266. doi:10.1016/j.fuel.2020.117049.  

[33] Hasan A, Dincer I. Development of an integrated wind and PV system for ammonia and power 

production for a sustainable community. J Clean Prod 2019;231:1515 25. 

doi:10.1016/j.jclepro.2019.05.110.  

[34] Nayak-Luke R, Bañares-  

Energy Intermittency on Plant Sizing and Levelized Cost of Ammonia. Ind Eng Chem Res 

2018;57:14607 16. doi:10.1021/acs.iecr.8b02447.  

[35] Zhang H, Wang L, Van herle J, Maréchal F, Desideri U. Techno-economic comparison of 

green ammonia production processes. Appl Energy 2020;259. 

doi:10.1016/j.apenergy.2019.114135.  

[36] Grinberg Dana A, Elishav O, Bardow A, Shter GE, Grader GS. Nitrogen-Based Fuels: A 

Power-to-Fuel-to-Power  Analysis.  Angew  Chemie  Int  Ed 

 2016;55:8798 805. doi:10.1002/anie.201510618.  

[37] Bicer Y, Dincer I. Life cycle assessment of ammonia utilization in city transportation and 

power generation. J Clean Prod 2018;170:1594 601. doi:10.1016/j.jclepro.2017.09.243.  

[38] Rouwenhorst KHR, Van der Ham AGJ, Mul G, Kersten SRA. Islanded ammonia power 

systems: Technology review &amp; conceptual process design. Renew Sustain Energy Rev 

2019;114:109339. doi:10.1016/j.rser.2019.109339.  

[39] Perna A, Minutillo M, Jannelli E, Cigolotti V, Nam SW, Han J. Design and performance 

assessment of a combined heat, hydrogen and power (CHHP) system based on ammonia-

fueled SOFC. Appl Energy 2018;231:1216 29. doi:10.1016/j.apenergy.2018.09.138.  

[40] Ezzat MF, Dincer I. Comparative assessments of two integrated systems with/without fuel 

cells utilizing liquefied ammonia as a fuel for vehicular applications. Int J Hydrogen Energy 

2018;43:4597 608. doi:10.1016/j.ijhydene.2017.07.203.  

[41] Cha J, Jo YS, Jeong H, Han J, Nam SW, Song KH, et al. Ammonia as an efficient CO X -free 

hydrogen carrier: Fundamentals and feasibility analyses for fuel cell applications. Appl 

Energy 2018;224:194 204. doi:10.1016/j.apenergy.2018.04.100.  



  

13  

  

[42] Afif A, Radenahmad N, Cheok Q, Shams S, Kim JH, Azad AK, et al. Ammonia-fed fuel cells: 

a comprehensive review. vol. 60. 2016. doi:10.1016/j.rser.2016.01.120.  

[43] Ezzat MF, Dincer I. Energy and exergy analyses of a novel ammonia combined power plant 

operating with gas turbine and solid oxide fuel cell systems. Energy 2020;194:116750.  

doi:10.1016/j.energy.2019.116750.  

[44] Siddiqui O, Dincer I. A review and comparative assessment of direct ammonia fuel cells. 

Therm Sci Eng Prog 2018;5:568 78. doi:10.1016/j.tsep.2018.02.011.  

[45] Siddiqui O, Dincer I. Development and performance evaluation of a direct ammonia fuel cell 

stack. Chem Eng Sci 2019:285 93. doi:10.1016/j.ces.2019.01.059.  

[46] Siddiqui O, Dincer I. Analysis and performance assessment of a new solar-based 

multigeneration system integrated with ammonia fuel cell and solid oxide fuel cell-gas turbine 

combined cycle. J Power Sources 2017;370:138 54. doi:10.1016/j.jpowsour.2017.10.008.  

[47] Cox B, Treyer K. Environmental and economic assessment of a cracked ammonia fuelled 

alkaline fuel cell for off-grid power applications. J Power Sources 2015;275:322 35. 

doi:10.1016/j.jpowsour.2014.11.023.  

[48] Bicer Y, Khalid F. Life cycle environmental impact comparison of solid oxide fuel cells fueled 

by natural gas, hydrogen, ammonia and methanol for combined heat and power generation. 

Int J Hydrogen Energy 2018. doi:10.1016/j.ijhydene.2018.11.122.  

[49] Cinti G, Discepoli G, Sisani E, Desideri U. SOFC operating with ammonia: Stack test and 

system analysis 2016. doi:10.1016/j.ijhydene.2016.06.070.  

[50] Giddey S, Badwal SPS, Munnings C, Dolan M. Ammonia as a Renewable Energy 

Transportation Media. ACS Sustain Chem Eng 2017;5:10231 9. 

doi:10.1021/acssuschemeng.7b02219.  

[51] Morgan E, Manwell J, McGowan J. Wind-powered ammonia fuel production for remote 

islands: A case study. Renew Energy 2014;72:51 61. doi:10.1016/j.renene.2014.06.034.  

[52] Lhuillier C, Brequigny P, Contino F, Mounaïm-Rousselle C. Combustion Characteristics of 

Ammonia in a Modern Spark-Ignition Engine. SAE Tech Pap 2019. doi:10.4271/2019-

240237.  

[53] Lhuillier C, Brequigny P, Contino F, Mounaïm-Rousselle C. Performance and Emissions of 

an Ammonia-Fueled SI Engine with Hydrogen Enrichment. SAE Tech Pap 2019. 

doi:10.4271/2019-24-0137.  

[54] Lhuillier C, Brequigny P, Contino F, Mounaïm-Rousselle C. Experimental study on 

ammonia/hydrogen/air combustion in spark-ignition engine conditions. Fuel 2019;(U. 

review.) 

[55] OpenEI database. Off  Energy Effic Renew Energy n.d., https://openei.org/doe-

opendata/dataset/commercial-and-residential-hourly-load-profiles-for-all-tmy3-locations-

inthe-united-states (accessed February 4, 2020).  

[56] Carrero MM, Sánchez IR, De Paepe W, Parente A, Contino F. Is there a future for small-scale 

cogeneration in Europe? Economic and policy analysis of the internal combustion engine, 

micro gas turbine and micro humid air turbine cycles. Energies 2019;12:1 27. 

doi:10.3390/en12030413.  

[57] System SETI. EMHIRES dataset. Eur Comm 2019. 

https://setis.ec.europa.eu/EMHIRESdatasets (accessed February 4, 2020).  

[58] Zakeri B, Syri S. Electrical energy storage systems: A comparative life cycle cost analysis. 

Renew Sustain Energy Rev 2015;42:569 96. doi:10.1016/j.rser.2014.10.011.  



  

14  

  

[59] Zhang J, Cao S, Yu L, Zhou Y. Comparison of combined cooling, heating and power (CCHP) 

systems with different cooling modes based on energetic, environmental and economic 

criteria. Energy Convers Manag 2018;160:60 73. doi:10.1016/j.enconman.2018.01.019.  

[60] Coppitters D, De Paepe W, Contino F. Surrogate-assisted robust design optimization and 

global sensitivity analysis of a directly coupled photovoltaic-electrolyzer system under 

technoeconomic uncertainty. Appl Energy 2019;248:310 20. 

doi:10.1016/j.apenergy.2019.04.101.  

[61] Giorgetti S, Coppitters D, Contino F, De Paepe W, Bricteux L, Aversano G, et al. 

SurrogateAssisted Modeling and Robust Optimization of a Micro Gas Turbine Plant With 

Carbon Capture 2020. doi:10.1115/1.4044491.  

  


