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Abstract: Carbon emissions have negative effects on the climate regardless of the location they
are generated, and several strategies were introduced to meet the Sustainable Development Goals,
precisely, Goal 13 “Take urgent action to combat climate change and its impacts”. Recently, to tackle
the so-called carbon leakage, the European Union (EU) introduced the Carbon Border Adjustment
Mechanism (CBAM), which is a crucial instrument to establish a fair price for the carbon emissions
during the production of certain carbon-intensive goods, including fertilizers. The objective of this
study is to assess the efficacy of the CBAM in addressing carbon leakage within the EU by evaluating
the virtual carbon emission flows to the EU in the timespan 2019-2023, focusing on the top ten
primary exporters of fertilizers. The assessment is based on the comparison of the world weighted
average (WWA) emission factor and the country-specific one, to identify a more suitable method
for measuring carbon emission flows. Results highlighted the opportunity of treating countries
individually, rather than employing WWA emission factors. Emissions could be minimized by
reducing production levels in countries with lax environmental policies, but this could penalize
third-party economies. Sustainable development can be achieved by introducing fair environmental
policies, maintaining constant production levels, economically compensating production economies,
and exporting skills and know-how.

Keywords: carbon border adjustment mechanism; carbon footprint; carbon leakage; European Union;
fertilizer trade

1. Introduction

The increase in anthropogenic greenhouse gas (GHG) emissions into the atmosphere,
resulting from the combustion of fossil fuels, unsustainable energy and land use, and incor-
rect consumption and production patterns, is responsible for the present global warming
and subsequent climate change on the planet. The last report of the Intergovernmental
Panel on Climate Change asserts that the temperature has increased by 1.1 °C above pre-
industrial levels [1]. This phenomenon has numerous consequences, including severe
weather events (such as floods, droughts, and storms), melting glaciers, and rising sea
levels, particularly in regions that are highly vulnerable to climate change, where more
than 3 billion individuals reside, frequently prompting mass migrations [2]. To ensure a
sustainable future for the next generation and to meet the Sustainable Development Goals
(SDGs) introduced by the United Nations [3], several actions should be implemented. Goal
13 “Take urgent action to combat climate change and its impacts” and its target 13.2 “Inte-
grate climate change measures into national policies, strategies and planning” highlight
the need to estimate GHG emissions at the single country level and introduce long-term
strategies and national adaptation plans to reduce carbon emissions and pursue sustainable
consumption and production patterns [4]. To achieve the SDGs, climate solutions must be
scaled up in critical international trade markets [5], such as fertilizers [6,7].
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To tackle climate change, different worldwide agreements and actions have been
implemented in the last years. The Kyoto Protocol, which was adopted in 1997 at the
Conference of the Parties (COP) in Japan, represents a significant milestone in the inter-
national community’s efforts to reduce GHG emissions by 5.75% compared to 1990 levels
during the period 2008-2012. It was amended in December 2012 at the COP in Qatar, which
established a new goal of at least 18% below 1990 levels in the eight-year period from 2013
to 2020 [8]. Over time, the number of signatories grew from 84 to over 190, encompassing
both industrialized nations and economies in transition. However, due to its apparent
weaknesses (i.e., not compulsory restrictions for many major polluting countries or targets
set considered too low to limit global warming), it was replaced by the Paris Agreement
in 2015 signed at the COP in France. It intensified worldwide efforts by keeping “a global
temperature increases well below 2 °C above pre-industrial levels, and to pursue efforts to
limit the temperature increase to 1.5 °C” [9].

A key component that has distinguished climate change mitigation measures over
time is the flexible market mechanism of the “Emission Trading System (ETS)” or “Cap-and-
Trade (CAT)”. The initiative was established pursuant to article no. 17 of the Kyoto Protocol,
with the objective of enabling countries that possess excess emission units—emissions
that have been permitted but not utilized—to sell this excess capacity to countries that
exceed their targets [2]. From then on, the number of ETSs in force at regional, national,
and subnational levels has gradually increased from 13 systems in 2013 to 28 in 2023,
differing substantially in their approach to regulating emissions [10,11]. Specifically, the
ETS of the European Union (EU) is the oldest and one of the largest emissions systems,
being established with the Directive 2003/87/EC and launched in 2005. It is considered
the leading cap-and-trade programme globally. The EU determines a total emissions
“cap”, lower every year, and distributes relative allowances to the most energy-consuming
companies (power plants, manufacturing, and aircraft sectors), which can “trade” them
if not used, accounting for 44% of global carbon profits in 2022 [12,13]. This mechanism
has undergone various phases; currently it is in the fourth one (2021-2030), which was
reformed in 2023 for incorporating GHG emissions from transportation, buildings, and
some small industries, and for aligning with the European Green Deal target. As a result, it
has established a new emission reduction goal of 62% by 2030 compared to the baseline year
2005 [14]. This reform is also focused on limiting the “carbon leakage” effect (drawback of
this mechanism), primarily due to the transfer of production activities to other countries,
with weak mitigation climate policies, by certain energy-intensive industries, and to the
substitution of EU goods by more carbon-intensive imports. Consequently, the increase
of total GHG emissions in both nations occurs, invalidating the corresponding efforts to
mitigate them [15]. To avoid this phenomenon, free allocation of ETS allowances has been
provided over time with different models to determine the amount [16]. However, 100% of
benchmarked emissions have been allocated for those sectors deemed at significant risk of
carbon leakage [17].

As of 2026, free allocation will gradually be phased out due to the introduction of
a new measure, the Carbon Border Adjustment Mechanism. It was issued on 1 October
2023, with the EU Regulation 2023/956, and is now in a transitional phase until 2025.
This novel environmental policy instrument, commonly referred to as the “carbon tax”, is
implemented in sectors such as cement, iron and steel, aluminium, fertilizers, electricity,
and hydrogen production, with the objective of reducing emissions by more than 50%
in the sectors covered by the ETS. The EU proposed this measure to guarantee equitable
conditions in the market regarding the quantity of emissions resulting from products and
services. This tax ought to restrict the importation of products that fail to meet specified
environmental standards and is calculated based on the quantity of CO,eq released during
the production of imported goods, with the aim of incentivizing foreign manufacturers to
decrease their emissions [18]. To achieve this aim, it is imperative that companies calculate
the carbon footprint (CF) of their imported products within the EU and procure the CBAM
certificates that correspond to the quantity of emissions contained within the imported
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products. They should then proceed to optimize their supply chains, invest in cleaner
technologies, or adopt more sustainable practices to reduce their CF. This concern extends
to the agricultural sector, wherein existing studies indicate a significant potential for carbon
leakage [19]. The EU CBAM will have a significant impact on the agri-food supply chain
through its interventions on the international fertilizer trade. Many countries require these
goods to improve soil fertility and increase crop productivity. During the 20th century, they
were responsible for an increase of up to 50% in agricultural yields, and about 40% of the
global population was consuming food produced using synthetic fertilizers [19,20].

Based on the recent literature [21-26], the CBAM was mainly analysed in terms of
economic feasibility and to examine the implications of its implementation on global
markets, specifically with regards to China, Russia, and other emerging economies. Several
researchers attempted to shed light on its mechanisms to determine the carbon tax and the
financial costs for importing and exporting products or services, with particular emphasis
on iron, steel, and aluminium products, and fertilizers (Section 2). However, according to
the authors’ opinion, there is still room for further investigation into the environmental
dynamics behind the CBAM, since the assessment of the carbon emission associated with
products or services imported into the EU is essential for determining the correct carbon tax.
In its transitional phase, the calculation method proposed by the CBAM requires countries
to determine the carbon emissions based on a world weighted average (WWA) emission
factor. However, many states have country-specific (CS) emission factors that are higher
or lower than the global average. China’s CS emission factors in the field of fertilizers are
higher than the WWA ones, and the adoption of the current CBAM method leads to an
underestimation of its carbon emissions. For Russia, Egypt, and Trinidad and Tobago, the
CS factors are lower than the WWA ones, resulting in an overestimation of the emission
levels. Therefore, the use of the WWA instead of the CS emission factors could lead to
market distortions from an economic and environmental perspective.

In this perspective, the purpose of this research is to evaluate the functioning of the
CBAM in the international fertilizer trade, through the assessment (and the comparison)
of the virtual carbon emission flows in the EU in the timespan 2019-2023. This research
focuses on the top ten main exporters of fertilizers to the EU, with an emphasis on Russia,
Egypt, Trinidad and Tobago, and China. The novelty of this research depends on several
factors: (i) based on the current state-of-the-art (Section 2), it represents one of the first
academic articles that tests the functioning of the CBAM to the international fertilizer trade
through a direct calculation of carbon emissions associated with fertilizer trade (Section 3);
(ii) it discusses challenges and opportunities associated with implementing the CBAM at
the EU level, both from a theoretical and empirical perspective, and examines the difference
between the application of the WWA and the CS emission factors for the evaluation of
the carbon flows (Section 4); and (iii) it increases the studies on carbon leakage in the
fertilizer industry at the global scale. The findings should be useful to EU policymakers
to implement better strategies and actions for ensuring the carbon neutrality target in the
international fertilizer trade, according to the CBAM approach.

2. Literature Review

The CBAM is a cross-border environmental regulation aimed at addressing climate
change and the environmental challenge of carbon leakage in international trade. The objec-
tive is to impose taxes on energy-intensive imports from countries with lax environmental
regulations, specifically on six carbon-intensive commodities such as iron and steel, cement,
fertilizers, aluminium, hydrogen, and electricity production [21,22].

In the literature, the CBAM was mainly analysed from an economic standpoint, with
an emphasis on international trade and the shock dynamics that the introduction of this
EU regulation may have on international trade. Several studies examine the significance of
the CBAM in safeguarding fair competition in the EU’s emission-intensive industries [22].
Others discuss the impacts of the CBAM on the China-EU trade with regards to aluminium
and steel products [23], and on the Russia—-EU economy with reference to iron and steel and
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fertilizers [24]. Last, Gergonder [25] investigated the effects of the CBAM on the Africa-EU
trade. Regarding payments, it is expected that Russia, Uzbekistan, Georgia, Tajikistan, and
Belarus will be responsible for the largest CBAM payments commencing in 2026 [26].

Considering the potential implications of the CBAM, Shidiq et al. [27] indicated that
the implementation of this environmental regulation may result in higher production
costs for the targeted industries, since they should account for their carbon footprints.
However, although there is a higher production cost (due to investments, adaptation to
technological innovation, and additional fees), stakeholders expect a reduction in the car-
bon emissions. Based on the analysis of the ASEAN’s carbon-intensive businesses, Shidiq
et al. [27] conducted a survey to evaluate the readiness of companies in implementing sus-
tainable solutions to meet the CBAM requirements, and their expectations in terms of costs
and environmental benefits. Stakeholders trust in the role of the CBAM to reduce emissions
and think that it can be a tool to achieve zero-net emissions. Lin and Zhao [7] carried out an
assessment of the embodied carbon flows in the energy-intensive trade-exposed industries
at the global scale, with the purpose of identifying priority sectors for emission reductions.
Among different industries, the production of potassium and phosphorus fertilizers be-
longs to the category “priority sector”, whereas nitrogen fertilizers are included in the
“non-critical sector” category. In terms of countries, Russia, the United States, the United
Kingdom, and China represent the primary providers for energy-intensive commodities,
also considering that Russia and China still rely on carbon-intensive fuels such as coal.

From an environmental impact assessment perspective, some solutions should be
adopted before the end of the transitional phase of the CBAM, namely: (i) the improvement
of data emission inventories, and a harmonization of data to ensure accountability and
transparency; and (ii) the development of standardized emissions calculation, for guaran-
teeing a uniform measurement and an effective evaluation of the effects of the CBAM [27].
Similar results were obtained by Sudakov [26] that highlighted the need by Eurasian coun-
tries to adopt a transparent system for collecting and publishing high-quality and detailed
information on embedded emissions of different products. Precisely, the authors underline
that “country-specific data on embedded emissions of certain goods (CO,eq per tonne of
food produced) is not always available or published”. This means that countries should
make several efforts to enhance country-specific (case) studies to gather country-specific
data. The same limitations were discussed by Wenmei and Mou [28]. In China, although
it is the second-largest commodity exporter, there are still no official statistical data on
carbon emissions. de Boer et al. [29] complains that previous studies on the CBAM focus
on its CO,eq effective impacts rather than its CO,eq potential reduction. Moreover, it
underlines that there are still some challenges in the assessment of the carbon emissions,
when accounting for Scope 1, Scope 2, and Scope 3. Carbon emission factors are fixed
for a certain period, and it is difficult to reflect the dynamic characteristics of direct and
indirect emissions across different countries or local areas (e.g., regions) [30]. Moreover,
using uniform carbon emission factors in a region is more likely to provide not accurate
and not fair measures of the indirect carbon emissions from the user’s perspective, and
therefore case-specific emission factors should be preferred, since they are more likely to
capture the temporal and spatial characteristics of each area [30].

3. Materials and Methods

The purpose of this research is to evaluate the functioning of the CBAM to tackle carbon
leakage in the international fertilizer trade, through the assessment (and the comparison)
of the virtual carbon emission flows in the EU in the timespan 2019-2023. This research
focuses on the top ten main exporters of fertilizers to the EU, with an emphasis on Russia,
Egypt, Trinidad and Tobago, and China. To achieve this objective, this study is based on a
stepwise approach, as follows: (i) initially, the authors quantified the flows of fertilizers
(in material terms) according to a mass balance approach, on European Commission data
(Section 3.1); and (ii) subsequently, by distinguishing among WWA and CS emission factors,
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as outlined by the CBAM, this research estimated the virtual flows of carbon emissions
from foreign countries into the EU, and vice versa (Section 3.2).

3.1. Mass-Balance Approach

This research adapts the definition of virtual flows as outlined by Lamastra et al. [31],
namely, the amount of carbon emissions embodied in imported and exported products
(specifically, fertilizers) from a country to another country. Equation (1) identifies the
formula for measuring the amount of virtual carbon flows (VCFs) associated with fertilizers:

VCFs = TFSfertilizers X CEsfertilizers 1

where TFs = trade flows of fertilizers and CEs = carbon emissions of fertilizers.

The concept of VCFs takes into account two main variables, namely, the quantity of
fertilizers flowing from one country to another (i.e., TFs, expressed in t), and the environ-
mental impacts (i.e., CEs, expressed in tCO,eq), expressed in CO,eq, associated with their
production (according to a country-specific carbon footprint).

Data related to “trade flows fertilizers” (Equation (1)) are retrieved from the European
Commission [32], from the database “Fertilizer trade” developed by the Directorate-General
for Agriculture and Rural Development. Precisely, this research focuses on mineral fer-
tilizers, which are divided into three groups, namely, nitrogen (N), phosphorus (P), and
potassium (K). In the Technical Report developed by the Joint Research Centre of the Euro-
pean Commission [33], five main fertilizer products were accounted, which represent 85%
of the EU total mineral fertilizer production and use, as follows: (i) ammonia, anhydrous
or in aqueous solution (23.5%); (ii) fertilizers, mineral or chemical, nitrogenous (54.9%);
(iif) nitric acid, sulphonitric acids (0.1%); (iv) nitrates of potassium (3%); (v) mineral or
chemical fertilizers containing two or three of the fertilizing elements NPK (16%). In the
context of the countries under scope, about ten countries represent about 80% of the imports
of fertilizers in EU [18], namely, Russia (37.7%), Egypt (10.3%), Morocco (6.1%), Belarus
(5.9%), Trinidad and Tobago (5.4%), Norway (4.4%), Ukraine (3.1%), United Kingdom
(2.6%), United States (1.9%), Serbia (1.5%), and China (1.3%).

In the present research, the collection of data pertaining to “trade flows fertilizers”
encompasses a five-year period, spanning from 2019 to 2023, and covers the following
types of fertilizers: (i) ammonia (CN code: 2814); (ii) urea (CN code 3102 10), (iii) urea
ammonium nitrate (3102 80 00), and (iv) NPK 15-15-15 (CN code 3105 20). Specifically, this
research considers the top-three importers for the four types of fertilizers in the timespan
(2019-2023), namely, Russia, Egypt, and Trinidad and Tobago that together cover about
70% of the entire fertilizer trade to the EU. Moreover, this research dedicates a focus on
China, since it presents the highest direct and indirect emission factors and a negative net
fertilizer balance trade (Section 4.2).

7

3.2. Carbon Emission Values for CBAM Fertilizers

The CBAM estimates the carbon footprint (also defined “GHG footprint”) associated
with “complex goods”, among which fertilizers are accounted for, and it also considers the
emissions of precursors according to a lifecycle approach. Figure 1 illustrates the system
boundaries for the carbon footprint evaluated by the CBAM, which is rather different
compared to the product carbon footprint (ISO 14064).

The transitional CBAM considers “world average values” for carbon emissions (ex-
pressed in CO,eq per t of good), weighted by production volumes, and the default values
apply independently of the country of origin until the end of the transitional period on
31 December 2025 [21,34,35]. Precisely, default value distinguishes between direct and
indirect emissions, defined as follows: (i) “direct emissions” are “direct CO,eq emissions
(plus nitrous oxide emissions from some fertilizer goods) embedded during production of
goods being imported to the EU, at installation or production site level”; and (ii) “indirect
emissions” are “emissions embedded in the goods as a result of activities involved other
than physical production (e.g., electricity, heating/cooling)” [36].
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SYSTEM BOUNDARIES FOR THE CARBON FOOTPRINT (ISO 14064)
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Figure 1. System boundaries for the carbon footprint evaluated by the CBAM. Source: personal
elaboration by the authors.

Table 1 identifies the “carbon emissions fertilizer” distinguishing between direct and
indirect emissions per import country.

Table 1. “Carbon emissions fertilizer” values according to the CBAM in kgCO,eq per kg of fertilizer.

Country Ammonia Urea Urea Amm. Nitrate NPK
D I T D I T D I T D I T

Russia 2.16 0.09 2.25 1.39 0.07 1.46 2.53 0.07 2.60 1.05 0.06 1.12
Egypt 1.96 0.12 2.08 1.35 0.10 1.45 1.82 0.09 1.92 0.79 0.09 0.88
T&T 227 0.16 243 1.52 0.12 1.64 2.74 0.12 2.86 1.15 0.11 1.25
Morocco 1.96 0.16 2.12 1.53 0.12 1.65 247 0.12 2.59 1.04 0.12 1.16
Belarus 2.16 0.09 2.25 1.43 0.07 1.51 1.86 0.07 1.93 0.80 0.07 0.87
Norway 191 0.00 191 1.52 0.08 1.60 1.30 0.06 1.36 0.58 0.03 0.61
Ukraine 2.16 0.09 2.25 1.46 0.08 1.53 2.57 0.07 2.64 1.07 0.06 1.14
UK 1.91 0.06 1.97 1.11 0.05 1.16 1.01 0.05 1.06 0.45 0.05 0.50
USA 191 0.09 2.00 1.31 0.08 1.39 1.65 0.07 1.72 0.72 0.07 0.79
Serbia 2.07 0.15 2.22 1.47 0.11 1.58 2.33 0.11 2.44 0.98 0.11 1.08
China 3.70 0.18 3.88 2.37 0.14 2.51 3.02 0.13 3.16 1.31 0.12 1.43
WWA 2.68 0.14 2.82 1.78 0.12 1.90 2.32 0.07 2.39 1.23 0.11 1.35

Notes: D = direct emissions; I = indirect emissions; T = total emissions; T&T = Trinidad and Tobago;
USA = United States of America; UK = United Kingdom; WWA = world weighted average. Source: adapted from
Vidovic et al. [33] and the European Commission [34,35].

4. Results
4.1. Fertilizer Trade Flows

The total amount of fertilizer trade imported to the EU from foreign countries is about
21,678,331 t in 2023, whereas the highest peak in the last five years was registered in 2019,
with about 26,767,111 t. On the export side, its amount was 9,944,451 t in 2023 and the
highest peak in 2021 (12,875,435 t) [32].

Table 2 presents the top ten importers from foreign countries to the EU, plus China.
It is important to distinguish between the total imports before and after the start of the
Russia-Ukraine conflict in 2021. Prior to the onset of the conflict in 2021, the top ten nations
accounted for approximately 36% of the total imports, with Russia occupying the lead
position with approximately 16%. In 2023, Russia declined to the fourth place of the top
ten (1.19%), soon after Egypt (11.18%), United States (4.82%), and Trinidad and Tobago
(3.54%). In terms of China, it covered less than 0.01% of the total imports in 2019, but its
rate increased up to 0.46% in 2023.
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Table 2. Fertilizer trade flows (t) from the top ten countries to the EU in the timespan 2019-2023, plus
China.

Country 2019 2020 2021 2022 2023 (2019-2023) %
Russia 4,328,518 3,685,774 3,966,976 3,256,607 257,964 15,495,839 37.09%
Egypt 1,643,639 1,553,067 1,727,910 2,295,349 2,423,292 9,643,257 23.08%
T&T 916,730 834,894 871,774 1,229,548 767,402 4,620,348 11.06%
Belarus 959,838 1,060,721 671,171 67,660 54,792 2,814,182 6.74%
USA 262,358 23,761 70,778 1,163,283 1,044,097 2,564,277 6.14%
Norway 403,320 328,907 387,074 468,887 387,283 1,975,471 4.73%
Ukraine 408,991 508,334 557,846 157,326 37,142 1,669,639 4.00%
UK 382,443 451,457 192,731 138,509 102,076 1,267,216 3.03%
Morocco 92,104 178,181 225,778 134,974 245,570 876,607 2.10%
Serbia 106,706 106,484 159,850 208,907 112,680 694,627 1.66%
China 6,604 6,753 3,113 41,055 100,041 157,566 0.38%
Total 9,527,674 8,764,727 8,862,628 9,260,568 5,606,738 42,022,335 100%

Notes: Quantities are expressed in t; T&T = Trinidad and Tobago. Fertilizer trade flows consider ammonia (CN code:
2814), urea (CN code 3102 10), urea ammonium nitrate (3102 80 00); (vii) NPK 15-15-15 (CN code 3105 20).

Table 3 illustrates the top-three importers over the timespan 2019-2023, namely, Russia,
Egypt, and Trinidad and Tobago, whereas in the category “Others” it includes Belarus,
USA, Norway, Ukraine, UK, Morocco, and Serbia (Appendix A illustrate the detailed
values in each country). Specifically, it focuses on the four most traded fertilizers, such as
ammonia, urea, urea ammonium nitrate, and NPK fertilizers. In terms of ammonia, the
leading importer to the EU was Trinidad and Tobago (495,049 t), whereas in terms of urea,
the top importer was Egypt (2,216,258 t). As concerns urea ammonium nitrate, Russia was
the leading importer, as well as for NPK fertilizers (561,723 t and 537,366 t, respectively).
However, before the start of the Russia—Ukraine conflict, Russia was the leading importer
for all four fertilizers. It means that, after the beginning of the conflict, the international
trade changed in favour of Egypt, and Trinidad and Tobago.

Table 3. Fertilizer trade flows (t) from the top three importers to the EU in the timespan 2019-2023.

Year Country Ammonia Urea Urea Amm. Nitrate NPK
2023 Russia 244 679 1,515,397 561,723 537,366
Egypt 206,999 2,216,258 0 935
T&T 495,049 11,152 261,201 1839
Others 229,605 146,848 812,957 824,473
2022 Russia 362,974 1,539,265 1,100,836 926,733
Egypt 175,773 2,119,385 0 192
T&T 544,415 11,933 673,200 2203
Others 246,233 286,636 958,127 1,244,201
2021 Russia 1,057,407 1,111,568 533,251 1,653,295
Egypt 933,72 1,628,789 0 5749
T&T 475,665 7562 388,547 2733
Others 259,090 484,751 259,262 1,262,123
2020 Russia 998,940 954,259 507,708 1,642,460
Egypt 49,268 1,479,847 26,811 67
T&T 407,233 10,068 417,594 2924
Others 622,670 370,881 518,947 1,145,348
2019 Russia 1,157,333 1,330,115 714,606 1,527,112
Egypt 50,659 1,566,071 33,863 98
T&T 502,670 13,412 400,647 2071
Others 558,413 331,598 610,420 1,115,600

Notes: Quantities are expressed in t; T&T = Trinidad and Tobago. Others include Belarus, USA, Norway, Ukraine,
UK, Morocco, and Serbia. See Appendix A for details related to single countries included in “Others”.
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4.2. Fertilizer Virtual Carbon Flows

The analysis of virtual carbon flows is essential to understand how carbon emissions
circulate from foreign countries to the EU (and vice versa, in terms of net virtual flows). This
analysis is essential to comprehend the different environmental impacts associated with
the production of fertilizers in light of the carbon leakage and the CBAM, also considering
that: (i) producers and consumers are located at various places in different parts of the
world, and they have significant differences in virtual GHGs; and (ii) China is increasingly
carrying out the load of virtual GHGs. In order to better comprehend the carbon emissions
associated with fertilizer production at the global scale, the current analysis calculates the
CO,eq emissions according to the WWA emission factors, and the CS ones (Figure 2).
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Figure 2. Carbon virtual flows (tCO,eq) distinguishing between WWA and CS emission factors
in the timespan 2019-2023 for: (a) ammonia; (b) urea; (c) urea ammonium nitrate; and (d) NPK
fertilizers. Notes: T&T = Trinidad and Tobago; WWA = world weighted average; CS = country-
specific; EI = environmental impact.

By considering the carbon virtual flows in Russia, Egypt, and Trinidad and Tobago,
four different scenarios should be considered in light of ammonia, urea, urea ammonium
nitrate, and NPK fertilizers.

In the field of ammonia, the amount of carbon virtual flows estimated with the WWA
emission factor is about 20%, 26%, and 14% higher compared to the CS emission factor
of Russia, Egypt, and Trinidad and Tobago, respectively. It means that the application
of the CS emission factor compared to the WWA one would provide different values,
as follows (year = 2023): (i) in Russia, WWA = 689,995 tCO,eq > CS = 550,528 tCOseq;
(ii) in Egypt, WWA = 583,737 tCO,eq > CS = 430,558 tCO,eq; (iii) in Trinidad and Tobago,
WWA = 1,396,038 tCO,eq > CS = 1,202,969 tCO,eq.

In the field of urea, the application of the WWA emission factor provides results that
are 23%, 24%, and 14% higher compared to the application of the CS emission factor. On
the contrary, when considering urea ammonium nitrate, it results that the WWA emission
factor creates a bias in the opposite direction, at least as regards Russia and Trinidad and
Tobago. Precisely, results calculated according to the WWA emission factor are 9% and
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19% lower compared to results estimated through the CS emission factor. Last, the highest
differences between WWA and CS emission factors are calculated for NPK fertilizers,
as follows: (i) in Russia, WWA = 725,444 tCO,eq > CS = 601,850 tCOyeq (+17%); (ii) in
Egypt, WWA = 1262 tCO,eq > CS = 823 tCO,eq (+35%); and (iii) in Trinidad and Tobago,
WWA = 2483 tCO,eq > CS = 2299 tCOseq.

Table 4 presents the CO,eq emissions according to the WWA emission factors, and
CS emissions factors for Belarus, USA, Norway, Ukraine, UK, Morocco, and Serbia. When
comparing WWA with CS results, it turns out that the WWA values are penalizing, with
significant impacts on the assessment of the CO,eq emissions associated with the produc-
tion of urea ammonium nitrate and NPK fertilizers in Norway and the United Kingdom.
Among others, it results that: (i) the CO,eq emissions calculated with the WWA for the
NPK fertilizers in the United Kingdom are 170% higher compared to those assessed with
the CS emission factor; (ii) the CO,eq emissions calculated with the WWA for the urea am-
monium nitrate in the United Kingdom are 125% higher compared to those assessed with
the CS emission factor; and (iii) the CO,eq emissions calculated with the WWA for the NPK
fertilizers in Norway are 121% higher compared to those assessed with the CS emission
factor. Moreover, several other significant results could be highlighted, for instance, for
the production of NPK fertilizers in the USA, the assessment of the CO,eq emissions by
using the WWA is 71% compared to the assessment by using the CS emission factors. On
the contrary, no particular differences are found between WWA and CS factors in Serbia or
Ukraine, where sometimes the CS values are higher than the WWA ones.

Table 4. Ammonia, urea, urea ammonium nitrate, and NPK fertilizers carbon virtual flows (tCO,eq)
in Morocco, Belarus, Norway, Ukraine, UK, USA, and Serbia.

Ammonia Urea Urea Amm. Nitrate NPK

Year Country CS WWA CS WWA CS WWA CS WWA
2023 Morocco 0 0 0 0 0 0 284,861 331,520
Belarus 0 0 53,582 67,422 37,243 46,120 26,320 40,842
Norway 10,912 16,111 725 861 0 0 232,481 514,508

Ukraine 0 0 40,453 38,756 43,964 39,801 104 123
UK 9062 12,972 30,670 50,236 2249 5072 34,457 93,034

USA 438,582 618,401 80,400 109,900 1,315,136 1,827,427 1857 3173
Serbia 2 3 9843 11,837 25,061 24,548 103,872 129,840
2022 Morocco 0 0 43 49 0 0 156,540 182,180
Belarus 0 0 14,709 18,508 53,395 66,122 370,536 574,969
Norway 12,352 18,237 981 1165 0 0 281,702 623,439

Ukraine 93,364 117,016 124,521 154,633 90,254 81,707 293 347

UK 93,874 134,379 36,298 59,453 122 275 29,726 80,259

USA 301,236 424,743 215,942 295,173 1,467,612 2,039,299 3199 5466
Serbia 2 3 12,996 15,628 104,666 102,521 170,409 213,011
2021 Morocco 0 0 0 0 0 0 261,902 304,800
Belarus 2 3 130,591 164,320 306,451 379,491 370,535 574,968
Norway 15,376 22,701 3237 3844 0 0 229,970 508,950

Ukraine 276,698 346,795 524,337 651,138 243,258 220,222 25 30
UK 149,572 214,109 40,318 66,038 417 939 40,828 110,236

USA 104,274 147,026 20,996 28,700 2 2 2793 4772

Serbia 0 0 5811 6988 19,378 18,981 160,088 200,111
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Table 4. Cont.
Ammonia Urea Urea Amm. Nitrate NPK
Year Country CS WWA CS WWA CS WWA CS WWA
2020 Morocco 0 0 18 21 0 0 206,677 240,530
Belarus 41,762 52,342 143,790 180,928 1,001,178 1,239,801 372,526 578,058
Norway 18,170 26,827 186 220 0 0 194,760 43,1025
Ukraine 739,712 927,106 274,574 340,974 0 0 129 153
UK 518,736 742,557 89,603 146,764 164 370 55,370 149,499
USA 4938 6963 25,285 34,563 81 112 2413 4123
Serbia 107 135 1002 1205 0 0 114,266 142,833
2019 Morocco 0 0 0 0 0 0 106,841 124,340
Belarus 25,805 32,343 197,114 248,024 743,529 920,743 376,346 583,986
Norway 16,489 24,345 930 1104 0 0 240,405 532,044
Ukraine 643,520 806,545 188,008 233,474 0 0 114 135
UK 461,465 660,574 66,868 109,526 3400 7667 43,672 117,913
USA 35,730 50,379 27,451 37,523 381,778 530,494 2410 4119
Serbia 424 539 321 386 0 0 114,818 143,523
China represents a separate case, since its CS emission factors are much higher than the
WWA ones, and this compromises the environmental impact assessments associated with
fertilizer production within its boundaries. Table 5 illustrates the virtual carbon flows from
China to the EU for ammonia, urea, urea ammonium nitrate (even if its trade from China to
the EU is rather null), and NPK fertilizers distinguishing between WWA and CS emission
factors. The comparison is based on the WWA as a reference value. Considering 2023 as
a reference year, it results that: (i) for ammonia, WWA =798 tCO,eq < CS = 1098 tCOzeq
(—37%); (ii) for urea, WWA = 256,433 tCO,eq < CS = 291,939 tCO,eq (—13%); and (iii) for
the NPK fertilizers, WWA = 1526 tCOyeq < CS = 1616 tCOeq (—5%). These differences, far
from marginal, can compromise the mechanism for calculating virtual carbon flows within
the CBAM.
Table 5. Fertilizer carbon virtual flows (tCOpeq) from China to the EU in the timespan 2019-2023.
Ammonia Urea Urea Amm. Nitrate NPK
Year
WWA CS A WWA CS A WWA CS A WWA CS A
2023 798 1098 300 256,433 291,939 35,506 0 0 0 1526 1616 90
2022 25,374 34912 9538 81,419 92,692 11,273 0 0 0 1116 1183 66
2021 73 101 28 5951 6775 824 10 10 0 1072 1135 64
2020 56 78 21 12,535 14,270 1736 7 7 0 2576 2728 153
2019 161 221 60 13,101 14,915 1814 22 22 0 2030 2151 120

Notes: WWA = world weighted average; CS = country-specific; A = country-specific carbon virtual flows—world
weighted average carbon virtual flows.

In terms of net virtual carbon flows from foreign countries to the EU, Figure 3 presents
the results at an aggregate level considering the WWA emission factors in the timespan
2019-2023. Appendix B presents the net fertilizers trade (net trade = imports — exports).
Overall, the balance of the net virtual carbon flows presents the vast majority of GHGs in
Russia (net value = 39,615,450 tCO,eq), followed by Egypt (net value = 18,784,645 tCO,eq),
and Trinidad and Tobago (net value = 12,207,515 tCO,eq). China, on the other hand, has a
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Ammonia: 6,837,894 tCOzeq
Urea: 252,179 tCOz2eq

Urea amm. nitr.: 5,117,442 tCOzeq
NPK: 0 tCO2eq

TOT. NET: 12,207,515 tCOzeq

negative net balance, which means that emissions are higher in the EU and not in China
(net value = —1,628,323 tCO»eq).

Ammonia: 10,775,646 tCO2eq
Urea: 12,238,132 tCO2eq

Urea amm. nitr.: 8.169,216 tCO2eq
NPK: 8,432,456 tCO2eq

TOT. NET: 39,615,450 tCOzeq

»"Ammonia: 25,448 tCO2eq
Urea: 252,179 tCO2eq

Urea amm. nitr.: —629 tCO2eq
NPK: 1,905,321 tCO2eq

TOT. NET: 1,628,323 tCO2eq

Ammonia: 162,385 tCOzeq

o Urea: 17,114,174 tCOzeq .
| Urea amm. nitr.: 144,846 tCO2eq /"
NPK: 88,760 tCOzeq

TOT. NET: 18,794,645 tCO2eq

Figure 3. Net carbon virtual flows from Russia, Egypt, Trinidad and Tobago, and China to the EU
(and vice versa) in the timespan 2019-2023. Notes: net = import — export.

4.3. Some Indicators to Interpret the Carbon Leakage

The assessment of the carbon emissions associated with the production of fertilizers
can provide some insights on the functioning of the CBAM. However, it takes on a worrying
significance if looking at some indicators such as kgCO,eq/person or tCOyeq/km?, where
the CO,eq are the net carbon emissions estimated with the WWA emission factors. These
indicators could integrate the use of the CBAM and could help interpret the carbon leakage
phenomenon, for a better estimation of the effects of the production of specific commodities
in each country from an environmental standpoint.

In Russia, which is the largest country in the world (17,864,345 km?), and which ac-
counts for about 145,440,000 inhabitants [37], the impacts are somehow slight, but the situa-
tion changes when coming to Trinidad and Tobago, which accounts for 1,500,000 inhabitants
and less than 5120 km?. These indicators, based on 2023 as a reference year (see Appendix C),
illustrate that: (i) in Russia, the carbon emissions associated with the fertilizer trade ac-
count for 38 kgCO,eq/person and 0.31 tCOyeq/km?; (ii) in Egypt, the emissions are
41 kgCOyeq/person and 4.77 tCO,eq/km?; (iii) in Trinidad and Tobago, they are
1360 kgCO,eq/person and 398 tCO,eq/km?; and (iv) in China, they are —0.13 kgCO,eq/person
and —0.01 tCOzeq/kmz.

However, a more significant indicator should compare the CO,eq associated with
the net trade of fertilizers with the Gross Domestic Product (GDP, expressed in USD), to
comprehend the weight of carbon emissions on the GDP [38]. In other words, it could help
policy makers and public authorities understand how much the environmental impacts of
the production of fertilizers load on the richness of a certain country. Precisely, (i) in Russia,
it results in 0.003, which means that, considering one USD produced through the sale of
local products, the production of fertilizers is responsible for solely 0.003 kgCO»eq; (ii) in
Egypt, it is equal to 0.013; (iii) in Trinidad and Tobago, it is 0.43; and (iv) in China, —1.06
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(considering its negative net trade balance and its impressive GDP, which is around USD
18 trillion).

5. Discussion

The adoption of the CBAM is currently in the testing phase (from 1 October 2023 to
31 December 2025) and will be introduced gradually. Currently, its goal is to tackle carbon
leakage and attain climate neutrality by the year 2050. Therefore, it does not target single
countries, but the virtual GHGs included in specific commodities, such as fertilizers.

Theoretically, countries importing the six commodities identified by the CBAM are
asked to disclose the GHGs embodied in their products in accordance with pre-determined
thresholds. However, as shown by the previous quantitative case, it results that the
suggested default values (i.e., WWA) tend to underestimate or overestimate the actual
carbon emissions associated with the production of commodities at the country level. In the
case of Russia or Egypt, for instance, the WWA emission factor is rather higher compared
to the CS one, meaning that the estimate of emissions associated with fertilizers produced
in these countries is overestimated. This results in higher carbon costs for the importing
country. The opposite is true for China, where the emission coefficient is underestimated,
resulting in lower carbon expenses for the country importing from China.

The guidelines introduced by the CBAM, included in the document entitled “Default
values for the transitional period of the CBAM between 1 October 2023 and 31 December
2025” [39], may raise some concerns (under the environmental standpoint) in the definition
of carbon costs. In detail, the guidelines state that: “default values apply independently
of the country of origin of the CBAM goods and only until the transitional period on
31 December 2023. From 2026 ongoing, another set of default values will apply”. However,
although a new set of values is expected, they will still be based on an “average emission
intensity of each exporting country, increased by a proportionately designed mark-up” [39].
The quantitative example (Section 4) illustrates the usefulness of treating each specific case
individually, rather than using weighted averages, because each individual country has its
own emission factor (i.e., carbon intensity due to technologies, energy sources, etc.) and
therefore the emissions generated during the production of goods within its borders should
be calculated as country-specific and not with global average values. This is especially true
because these factors are the starting point for the definition of the CBAM methodology
and are available [34].

Based on the previous (and very few) studies on the topic [19], the adoption of country-
specific values may seem complex for importer countries. First, to obtain actual emissions
embodied in traded goods (i.e., virtual carbon flows), importers should rely on qualitative
and consistent data, which usually lack and exclude several countries [40]. Secondly,
datasets should consider the high variability of carbon content in specific commodities, such
as fertilizers. For example, the high spatial and temporal variability in N,O is due to many
factors beyond individual production technologies, such as soil type, temperature, moisture,
or management practices. Specifically, fertilizers do not generate carbon emissions solely
during the production phase, but also during the consumption phase.

When determining carbon costs to offset emissions generated during fertilizer pro-
duction, a country-specific approach should be considered instead of the global average.
Furthermore, it is important to consider the environmental damage generated by individual
exporting countries, such as Trinidad and Tobago, which are among the main producers
and importers of fertilizers to the EU. While maintaining a constant internal production, it is
certain that the kgCO,eq/person (or per tCO,eq/km?) is significantly higher in comparison
to other nations. From a technology perspective, it is possible to export skills, know-how,
and green technologies from countries with lower emission factors and therefore with
a lower carbon intensity. From a policy perspective, it is also possible to include in the
definition of carbon costs the greater damage caused to certain realities.
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It is imperative for the importing countries to ensure environmental protection and
economic development, in addition to compensating the exporting countries economically.
Emissions can be reduced by reducing production levels in countries with lax environmen-
tal policies (but this could penalize third-party economies, such as those of Trinidad and
Tobago), or by creating sustainable value through fair environmental policies, maintaining
constant production levels, economically compensating production economies, and export-
ing skills and know-how to improve production and make it green. In fact, in the definition
of carbon costs (or environmental taxes, more generally), public authorities should consider
the strategic importance of some countries that have natural resources useful to produce
certain commodities. Certain goods cannot be produced in “sustainable countries”, and
therefore production cannot be easily transferred from one country to another. Instead, a
“sustainable production” can be implemented by enhancing (and transferring) technologies
and skills. In order to achieve carbon neutrality, the CBAM should consider the specific
characteristics of each country, rather than treating everyone “in the same way” (to quote
the rule presented by the CBAM: “default values apply independently of the country of
origin of the CBAM goods”).

6. Conclusions

Climate change is a worldwide challenge, and several policies and environmental
regulations have been introduced to address the so-called carbon leakage in international
trade. The present study examined the functioning of the CBAM in the domain of fertilizer
production and trade, with regards to the evaluation of virtual carbon emission flows in the
EU from 2019 to 2023. It compared the CBAM of the production and trade of fertilizers with
the emissions assessed by the authors and associated with the top ten importers, namely,
Russia, Egypt, Trinidad and Tobago, Belarus, the United States, Norway, Ukraine, the
United Kingdom, Morocco, and Serbia, with a focus on China. These countries contribute
to 80% of the import of fertilizers to the EU, with regards to four specific commodities,
namely, ammonia, urea, urea ammonium nitrate, and NPK fertilizers.

Through the assessment of the mass-balance and the virtual carbon flows, it was
determined that the total amount of fertilizers imported to the EU was about 21 Mt in
2023, with the highest peak in 2019 (about 27 Mt). The EU produced and sold about 10 Mt
in 2023, with the highest peak in 2021. In this study, the evaluation of virtual carbon
flows differed from the assessment of carbon footprint through the use of CBAM (which
relies on the use of WWA emission factors), as it was based on CS emission factors. One
of the main reasons was that producers and consumers are located at different places in
different parts of the world, and they have significant differences in virtual GHGs (due to
different technologies, internal environmental regulations, environmental backgrounds,
etc.). Considering the top-ten importers of fertilizers to the EU, the most significant results
highlight that: (i) the CO,eq emissions calculated with the WWA (considered by the CBAM)
for the NPK fertilizers in the United Kingdom are 170% higher compared to those assessed
with the CS emission factor (considered by this research); and (ii) the CO,eq emissions
calculated with the WWA for the urea ammonium nitrate in the United Kingdom are 125%
higher compared to those assessed with the CS emission factor. This trend, substantially,
applies to almost all the main importing countries, while the WWA value is almost in
line (compared to the CS value as regards Serbia or Ukraine, whereas China represents a
standalone country since all WWA emission factors are lower compared to the CS ones.

Last, this research presented some interesting (and preliminary) indicators that may
be used for integrating the analysis on the carbon leakage and to better interpret the
functioning and the effects of the CBAM in international trade. Among other, some
possible indicators could be: (i) kgCOeq/person (where kgCO,eq are associated with the
production of fertilizers in a single country); (ii) tCO,eq/km?; and (iii) kgCOyeq/GDP
(expressed in USD).
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In conclusion, this quantitative study emphasized the significance of treating each
individual case individually, as opposed to employing weighted averages. It is possible
to reduce emissions in countries with lax environmental policies by reducing production
levels, but this could penalize third-party economies, such as those of Trinidad and Tobago.
Nonetheless, sustainable development can be achieved through the implementation of
equitable environmental policies, the maintenance of constant production levels, the eco-
nomic compensation of production economies, and the exportation of skills and know-how
to boost production and reduce its negative environmental impact.

Despite being novel in the field of CBAM studies, the present research is restricted to
an analysis of the fertilizer trade. The CBAM includes other commodities, such as cement,
iron and steel, aluminium, electricity, and hydrogen production. Hence, it is necessary to
broaden the assessment of virtual carbon flows to encompass these sectors. Additionally,
the present study only investigates four typologies of fertilizers (that represent about 85%
of the EU total mineral fertilizer production and use), but the remaining quota could be
added to shed additional light on the topic.

Future research directions ought to incorporate additional indicators, such as eco-
efficiency or material cycle indicators, to comprehend the carbon leakage phenomenon on a
global scale and accurately evaluate the environmental impacts of the production and trade
of specific commodities. These indicators should consider either environmental or economic
factors. Furthermore, the authors intend to proceed with an economic—environmental
analysis to integrate the economic variables (such as the value of the carbon tax) with the
environmental variables (such as the value of carbon emissions) and ascertain the potential
impacts of environmental policies on international commerce. The authors intend to focus
on geographic areas for which it is not possible to mitigate the production of certain
commodities, as they own critical raw materials that other countries do not have (i.e.,
Trinidad and Tobago in the field of fertilizers production). It is imperative to monitor the
trend in the costs of green technologies to verify the effectiveness of the CBAM, as a means
of reducing country-specific emissions. The introduction of this mechanism is necessary,
but it is not sufficient without an assessment of other micro- and macroeconomic variables,
such as production costs, availability of raw materials, or local environmental policies.
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Appendix A

Table A1. Fertilizer Trade Flows (t) from Belarus, USA, Norway, Ukraine, UK, Morocco and Serbia to
the EU in the Timespan 2019-2023.

Year Country Ammonia Urea Urea Amm. Nitrate NPK
2023 Morocco 0 0 0 245,570
Belarus 0 35,485 19,297 30,253
Norway 5713 453 0 381,117
Ukraine 0 20,398 16,653 91
UK 4600 26,440 2122 68,914
USA 219,291 57,842 764,614 2350
Serbia 1 6230 10,271 96,178
2022 Morocco 0 26 0 134,948
Belarus 0 9741 27,666 425,903
Norway 6467 613 0 461,807
Ukraine 41,495 81,386 34,187 257
UK 47,652 31,291 115 59,451
USA 150,618 155,354 853,263 4049
Serbia 1 8225 42,896 157,786
2021 Morocco 0 0 0 225,778
Belarus 1 86,484 158,783 425,902
Norway 8050 2023 0 377,000
Ukraine 122,977 342,704 92,143 22
UK 75,925 34,757 393 81,656
USA 52,137 15,105 1 3535
Serbia 0 3678 7942 148,230
2020 Morocco 0 11 0 178,170
Belarus 18,561 95,225 518,745 428,191
Norway 9513 116 0 319,278
Ukraine 328,761 179,460 0 113
UK 263,318 77,244 155 110,740
USA 2469 18,191 47 3054
Serbia 48 634 0 105,802
2019 Morocco 0 0 0 92,104
Belarus 11,469 130,539 385,248 432,582
Norway 8633 581 0 394,107
Ukraine 286,009 122,881 0 100
UK 234,246 57,645 3208 87,343
USA 17,865 19,749 221,964 3051
Serbia 191 203 0 106,313
Appendix B

Table A2. Net Fertilizer Trade (Import—Export) Expressed in t of Fertilizers.

Year Country Ammonia Urea Urea Amm. Nitrate NPK

2023 Russia 244,679 1,515,105 561,723 535,296
Egypt 206,979 2,215,864 —53 —9670
T&T 494,901 11,152 261,201 0

China 207 97,875 0 —272,253
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Table A2. Cont.

Year Country Ammonia Urea Urea Amm. Nitrate NPK
2022 Russia 362,971 1,538,527 1,100,832 920,625
Egypt 175,769 2,119,316 0 —10,380
T&T 544,369 11,912 673,200 0
China 8917 29,846 -39 —91,994
2021 Russia 105,7361 1,108,240 533,225 1,640,642
Egypt 93,360 1,628,041 -8 —14,443
T&T 475,641 7562 388,547 0
China —51 1225 -9 —242,936
2020 Russia 998,875 951,434 507,708 1,634,017
Egypt 49,264 1,478,477 26,811 —17,314
T&T 407,233 10,068 417,594 0
China -29 2474 —12 —397,836
2019 Russia 1,157,265 1,327,816 714,594 1,515,684
Egypt 50,651 1,565,762 33,855 —13,941
T&T 502,641 13,412 400,647 0
China —20 1306 —203 —406,330
Appendix C

Table A3. Net Carbon Emissions in 2023, Expressed in tCO2eq.

Year Country Ammonia Urea Urea Amm. Nitrate NPK Total
2023 Russia 689,994 2,878,700 1,342,518 722,650 5,633,862
Egypt 583,680 4,210,142 —127 —13,055 4,780,641
T&T 1,395,620 21,189 624,270 0 2,041,080
China 583 185,963 0 —367,542  —180,995
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