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GREEN AMMONIA TO ADVANCE THE ENERGY TRANSITION IN CHINA: AN ANALYSIS
FROM A COMPLEX SYSTEM ENGINEERING PERSPECTIVE
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Faculty of Technology, Policy and Management, Delft University of Technology, Jaffalaan 5, 2628BX Delft, the Netherland
*Corresponding author e-mail: h.zhao-1@tudelft.nl

ABSTRACT

This paper discusses the development of future green ammonia supply chains in China with the theory of complex
system engineering, taking account of technical system, actors and institutions in future energy systems featured
socio-technical systems as a whole. The energy condition in China identified features a spatial imbalance between
renewable energy supply and demand, which cannot be fully addressed by the current power system-centric solution.
This calls for hydrogen to make a concerted effort in the energy transition. By comparing major hydrogen delivery
options, we argue that green ammonia can play a feasible role for large-scale energy distribution and long-term
energy storage. The development of green ammonia supply chains and direct use of ammonia are proposed to avoid
large uncertainties and initial investment in the early stage. The market creation will be key in the supply chain
development. A long-term bilateral contract between buyer and seller and a joint investment in an integrated supply
chain by several stakeholders are advised to share risks and ensure capital recovery. In addition, government
participation is crucial in the early development phase by setting regulatory and financial institutions to support the
market creation and supply chain development.

Keywords: Hydrogen Economy, Green Ammonia, Supply Chain, China, Complex System Engineering

INTRODUCTION

China pushes towards peaking emission by 2030 and reaching neutrality by 2060 [1]. Investments in wind and solar
energy grew significantly and accounts for one-third of the world’s total capacity [2]. However, the divergence between
installed capacity and renewable power generation grows due to the gird inflexibility and insufficient transmission [3].
Lately, China step a move to green hydrogen produced from renewable energy. Mid and long-term targets was set for
achieving carbon reduction goals and supporting the energy transition [4]. In the upcoming hydrogen economy, green
ammonia increasingly draws attention as a reliable and efficient means to storing and transporting hydrogen [5, 6].
Therefore, an assessment of the development of future green ammonia supply chains is necessary.

A review of current literature reveals that recent studies have paid attention to assessments of green ammonia supply
chains. Most of them have discussed cases beyond China (e.g. see [7-9]), and a limited number of studies are in the
scope of China (e.g. see [10]). Moreover, these studies concentrate on the techno-economic evaluation. However,
modern supply chains comprise of technical infrastructure, actors, interactions, etc. [11]. No research has discussed
socio-technical supply chains. This paper aims to analyze the development of green ammonia supply chains in China
with the theory of complex system engineering.

The remainder of this paper is arranged as follows: the methodology of complex system engineering is introduced in
Section 2. Section 3 discusses green ammonia to advance the energy transition in China, while Section 4 presents
our conclusions.

METHODOLOGY

Energy transitions are defined as long-term structural changes in energy systems [12]. Today’s energy system is
essentially a supply chain, known as a socio-technical system, as it is not only a technical matter, values of individual
actors, policies, regulations and markets also shape the system [11, 13]. Complex system engineering addresses not
only challenges in technical dimension, but also multi-actor complexity of socio-technical systems [14]. The framework
proposed in works [14, 15], which is improved from previous works [16, 17], identifies three key pillars in handling
complex socio-technical systems, including: technical system, actors and institutions, as shown in Fig. 1. In general,
technical system refers to technical components in energy systems; institutions are the devised rules, while actors are
the entities making decisions and participating in the process; the connections emphasizes the interactions between
each other that should be considered simultaneously. Actors build and operate technical systems, which in turn
influence actors’ decisions. Institutions such as: norms, strategies influence actor behaviours, which in turn reshape
institutions. The theory is used to view system behaviours as a results of interactions between social and technical
components of energy systems.

1273



PROCEEDINGS of WHEC-2022 A H E C-‘QO 22

23 World Hydrogen Energy Conference

TRACK 13 w June 26-30, 2022 - Istanbul
Actors }
W i & ¥
Technical system | ) . ! Institutions

Fig. 1. Framework for analysing socio-technical systems

GREEN AMMONIA TO ADVANCE THE ENERGY TRANSITION IN CHINA

This section is discussed separately from the aspects of the energy condition in China, the current power system
centered solution, and the development of green ammonia supply chains as follows.

The energy condition in China

China’s economy still relies heavily on coal. The coal-dominant primary energy supply has made China the world’s
largest coal consumer and CO2 emitter [18]. The government targeted to phase out fossil fuel use by increasing
the share of non-fossil energy in total energy consumption, in which, renewable energy is expected to play a key
part [19]. China outpaces the rest of the world in wind and solar energy. The aggregate wind and solar generation
capacity reached over 500 GW by 2020, and a massive renewable energy projects are in planning [20]. However,
the energy condition in China presents an obvious spatial mismatch between renewable energy supply and
potential demand, as shown in the Fig. 2. The aggregate wind and solar energy generation capacity in the north,
northwest and northeast of China accounts for around 60% of the total capacity in China by 2020, thanks to the
abundant renewable resources in these regions [20]. In contrast, economic clusters are generally located in the
east and south of China. Therefore, large-scale and long-distance renewable energy distribution is fundamental to
facilitating the energy transition in China.

SO Gr -

Fig. 2. Spatial mismatch between renewable energy supply and economic development

The power system centered solution

The spatial imbalance has led to serious renewable power curtailment, which declines the use of renewable
energy. The further development of power system has been the focal point to address energy distribution and
facilitate the energy transition declared in the 14" Renewable Energy Development Five Year Plan [21]. By 2020,
China’s national grid companies: China State Grid and China Southern Power Gird have built 20 ultra-high voltage
lines to transmit renewable energy to load centers accounting for around 30% of total installed capacity of wind and
solar energy, which is still not sufficient considering the fast expansion of renewable power bases in recent years
[22]. Meanwhile, the intermittent power aroused challenges for grid integration that the overall operating rate of
these lines was lower than 40% in 2019 [23]. Therefore, smarter power system is urgently needed by incorporating
energy storage technologies. In addition, introducing market-based solutions is encouraged to eliminate
institutional barriers.
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The development of green ammonia supply chains

Meanwhile, these challenges also call for a concert effort. Revealed from the latest published 2021-2035 Hydrogen
Development Plan of China, green hydrogen is expected to play a leading role for large-scale energy storage and
long-distance energy distribution [4].

Fig. 3 shows hydrogen distribution costs we estimated for the most promising options. Although pipeline
transportation appears to be the ultimate solution, distribution cost is influenced dramatically by volume and
distance due to the high capital and operating expenses required. In contrast, liquid hydrogen and ammonia are
more flexible options which have similar costs and limited influences by distance and volume. Ammonia defeats
liquid hydrogen in terms of safe transportation and long-term storage due to much lower flammability and mild
storage conditions [5, 6]. In addition, the transportation will be more efficient if ammonia can be directly used.
Therefore, these advantages enable transporting hydrogen as ammonia a flexible, economical and safe option.
Since infrastructure for ammonia is already in place due to a century of use in agriculture, the development of
green ammonia supply chains and direct use of ammonia are proposed to avoid large uncertainties and significant
initial investment in the early stage.

A supply chain comprises upstream production, midstream transportation and downstream wholesale and retail
markets. The creation of green ammonia markets is essential in the development of future supply chains, given that
green ammonia costs double that of grey ammonia [10]. Considering the large capital investments required in the
infancy stage, the upstream and midstream with the participation of hydrogen producers, ammonia producers and
ammonia transport operators can be operated with a joint investment to optimize the supply chain and reduce risks.
Similar to the practices in renewable power generation [24], the creation of a long-term bilateral contracts between
producer and consumer is proposed to share risks between both sides and guarantee investment recovery.
Besides, government participation in the early stage is essential to support market creation and development of
supply chains, e.g. incentivizing supply and demand, designing a clear and consistent regulatory framework,
achieving ancillary policies, etc.

Unit: USD/kg H2 Levelized H2 distribution costs
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Fig. 3. Hydrogen distribution costs by distance and volume
CONCLUSIONS

Green ammonia is expected to play a key role in the transition to a hydrogen economy. The development of green
ammonia supply chains to advance the energy transition in China was analyzed with the theory of complex system
engineering. We considered the components of technical system, actors and institutions in the analysis of future
energy systems featured socio-technical systems. We identified the spatial imbalance between future energy supply
and consumption in China which cannot be fully addressed by the development of power systems. As a prospective
hydrogen carrier, we argued that green ammonia can play a feasible role for large-scale energy distribution and long-
term energy storage. The development of green ammonia supply chains and direct use of ammonia were proposed
to avoid large uncertainties and significant initial investment in the early stage. Market creation will be key to the
supply chain development. A joint investment in an integrated supply chain by several stakeholders and the creation
of long-term bilateral contract between buyer and seller were also proposed to share risks and ensure capital recovery
in the early phase. In addition, regulatory and financial institutions are essential to support supply chain
development, which well requires government participation.

1275



29
PROCEEDINGS of WHEC-2022 A H E C'Q@ 22

1
/ !L 23 World Hydrogen Energy Conference

TRACK 13 S June 26-30, 2022 - Istanbul

REFERENCES

[1] Zhao X, Ma X, Chen B, Shang Y, Song M. Challenges toward carbon neutrality in China: Strategies and countermeasures.
Resources, Conservation and Recycling. 2022;176:105959.

[2] Ye Q, Lu J, Zhu M. Wind curtailment in China and lessons from the United States. China's Energy in Transition. 2018.

[3] Mengye Z, Ye Q, David B, Jiaqi L, Bart K. The China wind paradox: The role of state-owned enterprises in wind power
investment versus wind curtailment. Energy Policy. 2019;127:200-12.

[4] NDRC. Mid and Long-term Hydrogen Development Plan of China (2021-2035). China: National Development and Reform
Commission; 2022.

[5] Kakish N. Green ammonia: Opportunity knocks. Argus. 2020; https://www.argusmedia.com/en/blog/2020/may/28/green-
ammonia-opportunity-knocks.

[6] The future of hydrogen. IEA. 2019; https://www.iea.org/reports/the-future-of-hydrogen.

[7] Guerra CF, Reyes-Bozo L, Vyhmeister E, Caparr MJ, Salazar JL, Clemente-Jul C. Technical-economic analysis for a green
ammonia production plant in Chile and its subsequent transport to Japan. Renewable Energy. 2020;157:404-14.

[8] Smith C, Torrente-Murciano L. The potential of green ammonia for agricultural and economic development in Sierra Leone.
One Earth. 2021;4:104-13.

[9] Bicer Y, Dincer |, Zamfirescu C, Vezina G, Raso F. Comparative life cycle assessment of various ammonia production
methods. Journal of Clean Production. 2016;135:1379-95.

[10] Zhao H, Kamp LM, Lukszo Z. Exploring supply chain design and expansion planning of China's green ammonia production
with an optimization-based simulation approach. International Journal of Hydrogen Energy. 2021;46:32331-49.

[11] Hoggett R, Bolton R, Candelise C, Kern F, Mitchell C, Yan J. Supply chains and energy security in a low carbon transition.
Applied Energy. 2014;123:292-5.

[12] WEC. A Comparative Analysis of Key Countries and Implications for the International Energy Debat. Global Energy
Transitions2014.

[13] Li FGN, Trutnevyte E, Strachan N. A Review of Socio-Technical Energy Transition (STET) Models. Technological
Forecasting and Social Change. 2015;100:290-305.

[14] J.A.Moncade, Lee EHP, Guerrero GDCN, O.Okur, S.T.Chakraborty, Z.Lukszo. Complex Systems Engineering: designing in
sociotechnical systems for the energy transition. Energy Web. 2017.

[15] Moncada JA, Lukszo Z, Junginger M, Faaij A, Weijnen M. A conceptual framework for the analysis of the effect of
institutions on biofuel supply chains. Applied Energy. 2017;185:895-915.

[16] Williamson OE. Transaction cost economics: how it works; where it is headed. De economist. 1998;146:23-58.

[17] Ottens M, Franssen M, Kroes P, Van De Poel I. Modelling infrastructures as socio-technical systems. International journal
of critical infrastructures. 2006;2:133-45.

[18] BP. Statistical Review of World Energy 2020. 2020.

[19] Ye Q. China’s peaking emissions and the future of global climate policy. China's Energy in Transition. 2018.

[20] Renewable Capacity Statistics 2021. International Renewable Energy Agency; 2021.

[21] NDRC. The 14th Renewable Energy Development Five Year Plan. National Development and Reform Commission of
China; 2021.

[22] Downie E. Sparks fly over ultra-high voltage power lines 2018.

[23] Xi J. Wind power transmission problem in the three North regions of China remains unsolved. 2020; https://www.jiemian.co
m/article/5263167.html.

[24] Price H, Mehos M, Kearney D, Cable R, Kelly B, Kolb G, et al. Chapter 20 - Concentrating solar power best practices. In:
Lovegrove K, Stein W, editors. Concentrating Solar Power Technology (Second Edition): Woodhead Publishing; 2021. p.
725-57.

1276



