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I. Introduction and Background 
The Carbon Border Adjustment Mechanism (CBAM) announced by the European Union (EU) will require importers of selected carbon-intensive goods to pay for carbon emissions embodied in imported commodities (“Carbon Border Adjustment Mechanism - European Commission,” n.d.). This policy aims to limit carbon leakage, reduce global greenhouse gas emissions, and create an incentive for EU consumers to buy goods from countries with more sustainable production practices or domestically. Without a global carbon policy, those countries without stringent climate policies hold an economic advantage over countries with stringent climate policies, such as a carbon tax. This advantage comes from the theoretically lower production cost in the country with less stringent climate policies. Therefore, such countries maintain the ability to out-compete firms facing higher production costs from climate policies. In previous literature, the chemical sector was identified as the most impacted sector. However, this research was done using an aggregation of the chemical sector to include fertilizer, rubber, and plastics. Fertilizer is an important commodity to agriculture, but its production and use cause high levels of greenhouse gas emissions. Ammonia production (an input for fertilizer) is estimated to emit 1-2% of all greenhouse gas emissions and it is estimated that about half of all fertilizer applied becomes an environmental pollutant resulting in nitrous oxide emissions, which warm the plant 300 times more than carbon (“Fertilizer and Climate Change | MIT Climate Portal,” n.d.). This paper investigates takes a deeper analysis at a previously aggregated sector, fertilizers, to analyze the impact of CBAM on global fertilizer production and trade patterns through a series of trade scenarios using the GTAP model.
The EU has an established goal of being carbon neutral by 2050 and has set out to achieve that goal through several decarbonization measures. In 2005, the EU established the Emissions Trading System (ETS) which set a cap-and-trade market for greenhouse gas emissions (“EU Emissions Trading System (EU ETS) - European Commission,” n.d.). This cap on emissions steadily has been lowered over time to reduce greenhouse gas emissions and in the hopes of shifting production to less carbon intensive methods. Current EU policy has set aside free allocations (or allowance of emissions) for sectors of carbon intensive goods that are at high risk for carbon leakage. Carbon leakage refers to type of spillover effect caused where the reduction of greenhouse gas emissions in a region or country ends of shifting greenhouse gas emissions to a different region or country that does not face the same stringent environmental policies. There has been criticism about these free allocations as this policy does not incentivize EU producers within these sectors to reduce carbon emissions and thus CBAM was established to replace such a policy. With the implementation of CBAM, previous sectors that were given free allowances are now required to participate in the ETS where they must purchase allowances to emit more than their established allocation. Allowances have varied in price since the establishment of ETS with a range between €20–100 per ton of CO2 (“EU Carbon Permits - Price - Chart - Historical Data - News,” n.d.). To mitigate the incentive to purchase carbon-intensive goods in countries that do not have these carbon policies, CBAM sets an import tax on all carbon-intensive goods based on their volume of emissions that were generated during production through a CBAM certificate (based on the carbon allowances price). 
In December of 2022, the EU voted to a CBAM on selecting carbon-intensive products including iron and steel, aluminum, cement, fertilizers, and electricity (“Carbon Border Adjustment Mechanism - European Commission,” n.d.). These products were selected because of their high risk of carbon leakage, their high GHG emission levels, and the relative feasibility of enacting such a tax. Currently, the European Union (EU) is implementing a CBAM reporting-only measure as of October 1, 2023, and is set to continue with a transition period from October 2023 to December 2025 when Scope 1 and Scope 2 of the CBAM measure will be implemented. Scope 1 of the CBAM measures specifically taxes GHG emissions emitted during production (“Carbon Border Adjustment Mechanism - European Commission,” n.d.). Scope 2 of the CBAM measures and accounts for the indirect GHG emitted during production through the sectors’ electricity use. Starting from January 2026, importers of CBAM goods will be required to purchase the CBAM certificates, offsetting the emissions embedded into the imported commodities. It is important to note that CBAM may be in violation of internation trade commitments governed by the World Trade Organization (WTO) (Norton Rose Fulbright, 2023). The WTO has an established policy of non-discrimination amongst WTO members as a pillar of free trade. CBAM may violate the WTO’s “most favored nation rule” because it will treat WTO member nations differently based on the individual countries carbon emissions and production practices. Whether or not this policy is seen as discriminatory and therefore in violation of the WTO policies has not been established yet, but worth considering as a part of this analysis. 
Fertilizers – a backbone of the agricultural sector –are particularly carbon intensive, with natural gas comprising roughly half of the total production costs. Production and trade in these fertilizers have proven particularly sensitive to the price of natural gas and, therefore, are prone to a high risk of carbon leakage. There are various types of fertilizer nutrients with varying degrees of carbon intensiveness and therefore, it is important to disaggregate the different types of nutrients with the fertilizer sector Nitrogen (N), Phosphorous (P2O5), and Potassium (K2O). The production of nitrogen fertilizer is based on the Haber-Bosch process in which atmospheric nitrogen is fixed to hydrogen resulting in liquid ammonia. Natural gas is used in this process both in sourcing hydrogen and needed to heat the nitrogen fixation process itself. It is estimated that this process uses about 3-5% of global annual natural gas consumption (“Green Ammonia Synthesis” 2023). This sets nitrogen fertilizer as a carbon-intensive product whose market will be affected by CBAM. Whereas phosphorus-based fertilizers come from mined ore that is converted into fertilizer through chemical extraction (“A More Sustainable Way to Generate Phosphorus” 2023). Finally, potassium-based fertilizer (known as potash) comes from a mined rock and is converted into fertilizer through a purification process. This process is much less energy demanding than nitrogen or phosphorus-based fertilizer production (Prakash and Verma 2016). The EU produces a relatively small amount of fertilizer and instead imports a substantial amount of fertilizer. In 2022, the EU imported about half of its consumption of fertilizer. Its leading fertilizer trade partners were Russia, Egypt, Algeria, and Morocco for Nitrogen. Table 1 below shows the top 15 exporters to the EU in 2017. We can see that across all fertilizer trade within the EU is the highest, second being Russia. It is important to note that not all of these top exporters are developed countries, with many being developing country they may be very effected by CBAM and have a harder time adjusting their production practices to be in compliance with the EU standards. 
	Table 1. Top 15 EU Importers by Fertilizer Type (Tons)

	Nitrogen
	P2O5
	K20

	EU
	EU
	EU

	Russian Federation
	Russian Federation
	Russian Federation

	Egypt
	Morocco
	Belarus

	Algeria
	Tunisia
	Israel

	United States of America
	Israel
	Chile

	Belarus
	Belarus
	Canada

	Morocco
	Norway
	Norway

	Trinidad and Tobago
	Mexico
	Jordan

	Norway
	Jordan
	United States of America

	United Kingdom
	Serbia
	United Kingdom

	Ukraine
	United Kingdom
	Serbia

	Georgia
	Turkey
	Egypt

	Tunisia
	Egypt
	Morocco

	Serbia
	China
	Ukraine

	Iran, Islamic Republic of
	United States of America
	India

	Source: BACI 



II. Literature Review
The fundamental hurdle in developing effective and efficient climate policy originates from the very nature of climate protection as a global public good. Thus, it is necessary that climate policy address the intricacies of cross-border cooperation. Over the last thirty years of climate change policy there have been two main schools of thought, a neoclassical, and a Keynesian and Schumpeterian mindset, when it came developing climate policies that were conscious of both the economic and environmental issues at hand (Meckling and Allan 2020). Early in the 1990’s economists and policymakers were very focused on neoclassical policies aimed at constructing pricing metrics that integrate the intrinsic value of natural resources. This includes the development of policies like carbon tax and pricing. This shifted as time went on to include the idea of “green growth” embodied by the Keynesian and Schumpeterian discourse where the idea of simulating a low-carbon industrial revolution through government intervention (Meckling and Allan 2020). This school of thought on climate policy heavily emphasizes interventions by government to push for technological change and therefore driving growth through adaptation to climate change rather than economic growth stagnating from stringent environmental policies. These two policy frameworks have grown to be seen as complementary to one another as the need to address climate change has because politically more palatable. 
The United Nations Framework Convention on Climate Change was established in 1992 and was the first global joint effort to address climate change (UNFCCC). This effort resulted in the enforcement of Kyoto Protocol in 2005 which sets binding targets for industrial countries to limit their greenhouse gas emissions (Purdy 2005). Culminating nearly 20 years of international effort, the Paris Climate Agreement in 2015 ser forth the ambitious goal of reducing global greenhouse gas emissions to limit goal warming to below 2 degrees Celsius (Martin, n.d.). This established each country’s “nationally determined contribution” or NDC which sets a greenhouse gas emission reduction by a set date and for transparency amongst nations on data related to greenhouse gas emissions. The agreement set forth precedent that carbon taxes would be a means by which countries could lower their emissions and that high income countries have an obligation to lower income countries to provide technological aid that helps them reduce their emissions. Even though it brought climate change to the forefront of countries’ policies, current estimates have many countries falling far short of their set emissions targets and there are no legally binding emissions caps globally. 
Policies on how to reach these emissions goals are referred to as climate mitigation policies. This literature review offers a comprehensive analysis of economic research related to climate mitigation policies by breaking climate mitigation into two groups, non-carbon tax-based policies and carbon taxed based policies. Non-carbon taxed based policies include emissions performance standards, renewable shares requirements, renewable subsidies, and research and development subsidies aimed at reducing greenhouse gas emissions. Fischer and Newell (2007) argue that while economists may suggest that carbon pricing is the most efficient way to combat climate change, they are not the types of policies coming forward(Fischer and Newell 2008). They find that although carbon pricing is the most efficient strategy alone, that research and development policies are keen to create a robust climate mitigation strategy. Green and Staffell (2021) find that expansion in renewable energy sector driven through subsidies and policies have replaced some fossil fuel combustion emissions (Green and Staffell 2021). Their example focuses on the British electricity market, and they emphasize that this shift in energy source was mostly driven by investment in renewables. In India, the Bureau of Energy Efficiency addressed greenhouse gas emissions in their building sector through capacity building efforts(Malhotra et al. 2022). They introduced energy certification, labels, and standards that resulted in significant greenhouse gas emission reduction. Voluntary programs like the U.S. Environmental Protection Agency’s (EPA) Strategic Goals Programs, which aim to help included sectors to go above and beyond the established environmental compliance related to water and energy usage, were found to be more be beneficial to emission reduction goal and even more efficient when there was a threat of increased regulation(Brouhle, Griffiths, and Wolverton 2009). Beyond company and sector initiatives to reduce greenhouse gas emissions, policymakers have also addressed individual emissions from cars through such public goods initiatives as increasing public transportation and cycling infrastructure. Cheng et al (2018) find that in San Francisco an optimal design of the transit system (MUNI) would results in a decrease of total cost for the city and consumers and a reduction in emissions(Cheng et al. 2018). This literature highlights the efficiency of non-market-based climate mitigation policies and the robust nature of ongoing climate mitigation policies. 
Now we will explore the market-based carbon-pricing literature to better understand the economic and environmental efficiency and effectiveness of such market mechanisms. A carbon tax aims to address the leading driver of climate change, CO2 emissions, and general reasons suggest that the most efficient method to address such an externality would be to tax it wherever it occurs. This has been found to be generally inefficient given a lack of coordination amongst countries as it creates a free rider problem in which each country has the incentive to opt out of the carbon tax. Despite the concerns about its economic efficiency, some countries have chosen to still implement their own carbon tax. In the early 1990s, Sweden introduced a carbon tax on transport fuels. They adjusted the carbon tax rate to increase over time from $30 to $132 /ton of CO2 overtime. Their aim was to reduce carbon emissions in the transportation sector, but they did not want to decrease their economic competitiveness, so they set lower tax rates for industry and agriculture. They found that carbon emissions decrease by 6% from the carbon tax and interestingly they also found that consumers responses were stronger to price changes from a carbon tax than from a general market response in the gasoline market(Andersson 2019). However, this raises the question of the efficiency of a unilateral policy on a global problem. Hoel (1991) takes a game theory approach to the issues and sets the game with two countries (Hoel 1991). He finds that unilateral emissions from a single country may in fact increase total emissions and decrease welfare when their intent was to reduce emissions. This is not to say that the actions of one country would not inspire another country to reduce their own emissions, but rather that in a scenario where one country acts altruistically or environmentally and the other selfishly that the good intentioned policy may have unintended consequences. 
There has been extensive literature on the efficiency of carbon taxes, and many come to the same conclusion: they are not efficient unless they account for carbon leakage. A border carbon tax seeks to account for this carbon leakage and increase the efficiency of a country’s unilateral carbon tax and it is found to be the most effective measure to reduce carbon leakage as compared to industry exemptions from carbon regulation and output-based allocation of emission allowances (Böhringer, Carbone, and Rutherford 2012). For example, if country A had a carbon tax and country B did not this might lead to production shifting to country B and increase emissions. However, if country A were to tax all imported goods from country B relative to their carbon price, this in theory should account for the carbon leakage. Elliott et al. (2010) discusses the impact of establishing a carbon tax on Annex B countries, as defined by the Kyoto Protocol, and then the impact of the carbon tax and a carbon border tax on Annex B countries(Elliott et al. 2010). They find that the addition of the carbon border tax removes carbon leakage and reduces emissions overall. Böhringer et al (2018) highlight that the introduction of a carbon border tax in tandem with unilateral carbon tax often sets the border tax too high to be efficient and further does not account for the likely behavioral shifts by industries through shifts in trade(Böhringer, Carbone, and Rutherford 2018). Other research has suggested that relevancy and efficiency of carbon border taxes is directly impacted by the type of trade flow and emissions intensiveness of trade between the relative countries(Böhringer, Schneider, and Asane-Otoo 2021). After the 2008 financial crisis there was a relatively sharp decrease in OECD countries’ net and total imports of carbon intensive products and since then there has been a plateau relative to the increasing trend in the decade before the financial crises. This highlights the discrepancies of environmental regulations between OECD countries and non-OECD countries and thus the shift of trade from between non-OECD countries to OECD countries to between non-OECD countries limits the effectiveness of a carbon border tax to have significant global impacts. 
Interestingly, evidence suggests that the EU’s implementation of the ETS in 2005 has significantly reduced emissions and that such a carbon pricing scheme has not resulted in a decrease in the competitiveness of EU firms(Joltreau and Sommerfeld 2018). This has been in part due to the ability of the firm to pass the increase in production cost due to the carbon tax to consumers. However, the current carbon tax in the EU does not include select carbon intensive sectors that will now be included in the carbon tax with the introduction of CBAM. Governments of many EU trading partners have raised concerns about the possible implications of the CBAM for their economies, and several earlier studies have provided an assessment of CBAM policy in countries around the world and introduced various measures of CBAM exposure. 
Zhong and Pei (2022) discuss the welfare impacts and the relative trade competitiveness of EU and non-EU countries(Zhong and Pei 2022). They find that China sees the biggest export losses, specifically related to chemicals and chemical products, and other high and middle-income countries, including the United States, Russia, and India, are also sensitive to implementing CBAM. They find the EU’s chemical sector would expand specifically in Germany, France, and the Netherlands. Authors find that the CBAM policy could lead to the increasing demand for domestic production by EU countries. However, they estimate a limited impact of this policy in terms of reduction in greenhouse gas (GHG) emissions. 
Bellora and Fontagné (2023), using a dynamic global computable general equilibrium (CGE) model (MIRAGE-VA), find that, although there are substantial environmental benefits and GHG emission reductions due to the CBAM implementation, there is also a significant decrease in demand from EU consumers for carbon-intensive goods overall due to the increase in prices (Bellora and Fontagné 2023). Authors find that the chemical sector will decline around 36% in exports worldwide. These results are important because they highlight the ongoing discussion about the relative impact of CBAM on global trade and the environment and the differences in results that can come from different models.
Another strain of literature explores the level of countries’ vulnerability to the potential CBAM implementation based on the observed emission intensities and trade patterns. Maliszewska et al. (2023) develop the relative and absolute CBAM Exposure Indexes identifying countries with high exposure to the EU CBAM across specific commodities and aggregately. In the latter case, the authors suggest that Zimbabwe, Ukraine, Georgia, Mozambique, and India are among the most exposed countries (Maliszewska 2023).
While providing valuable insights into the topic, most of the earlier studies suffer from one important data limitation – an insufficient level of sectoral detail. Almost all of the published studies (e.g. (Chepeliev 2021; Bellora and Fontagné 2023; UNCTAD 2021) utilize the standard Global Trade Analysis Project (GTAP) Data Base (Aguiar et al. 2019) for assessing the CBAM impacts, within which a number of commodities that are covered by the CBAM, such as cement, aluminum and fertilizers, are aggregated within broad sectors (non-metallic minerals, non-ferrous metals and chemicals, respectively). Maliszewska et al. (2023) use a more disaggregated version of the GTAP Data Base, namely GTAP-CE (Chepeliev et al. 2022), however, the latter still aggregates fertilizer sector within a broad group of chemicals.
An explicit representation of fertilizers within the CBAM assessment framework is important for the two key reasons. First, this allows for a more granular representation of the CBAM scenarios capturing trade and emission intensities at the level that corresponds to the actual CBAM commodity coverage avoiding the sectoral aggregation bias. Second, an explicit representation of fertilizer flows within the database provides better opportunities to further extend the modeling framework in terms of capturing the link between fertilizer use in agriculture and crop yields (Arndt et al. 2023). The latter is an important aspect that is missing in most of the global CGE models (e.g. Corong et al. 2017; van der Mensbrugghe 2008). 
III. Data
A holistic evaluation of the impact of CBAM within an economy-wide framework demands detailed sectoral data for all CBAM specified commodities (i.e. iron and steel, aluminum, cement, fertilizers, and electricity). The standard GTAP database does not provide this level of sectoral detail, prompting the compilation of additional data to create a new GTAP-CBAM database designed for this research. The GTAP-CBAM database introduces additional disaggregation of the fertilizer sector (i.e. nitrogen, phosphate, and potassium). The starting point for GTAP-CBAM database is the GTAP-CE (Chepeliev et al 2022) which had 95 distinct sectors and 160 regions and a 2017 reference year. The chemical sector within this database was then broken into chemicals and the three unique fertilizer sectors for all regions. 
In order to break out the fertilizer sectors in such a way that can be utilized with the GTAP-CE database the same database development method was used as with the generation of the GTAP-CE database. The output or production quantities were collected from the United Nation Food and Agriculture Organization (FAO) database for nitrogen, phosphate, and potassium. For the corresponding trade data both trade values and tonnage were collected from CEPII BACI database. This data was also used to establish a price of the three-fertilizer using a reference commodity (HS310210 (Urea) for price of nitrogen, HS310530 (DAP) for price of phosphate, and HS310420 (MOP) for price of potassium). The supply structure or fertilizer use was gathered from the Internation Fertilizer Association that releases estimates for fertilizer usage by crop type and country. For both production and supply data countries that were not included in the database were estimated by taking the mean of adjacent or economically similar countries (for supply) and by estimate the per capita production of adjacent or economically similar countries and scaling to the country of interest (for production). Cost structures were calculated based on unstructured information on production costs related to nitrogen and phosphate from IFA and for potassium through reference. The database disaggregation procedure is done using a MSPLITCOM utility which utilizes all the collected data and then determines a balance within the GTAP database to maintain the original flow characteristics of the GTAP-CE database. A pivotal goal of the CBAM policies is to reduce carbon leakage and decrease GHG emissions so energy and emission flows were incorporated into the disaggregated database. 
IV. Methodological Framework
ENVISAGE Model - Traditional empirical methods are unable to adequately answer the questions asked in this research paper. The primary interest in the scenarios we are discussing is the interest in the interaction effects of the different policy decisions by the EU and RoW and how these policies influence changes in output, trade, and emissions. Quantifying the effects of these interactions is limited when using traditional econometric methods highlighting the relevance of opting for a computable general equilibrium (CGE) approach. The results presented in this paper utilize the Environmental Impact and Sustainability Applied General Equilibrium (ENVISAGE) Model. This model allows for assessment of growth and structural impacts for developing countries related to climate change policies. The ENVISAGE model is a recursive dynamic global CGE model that follows traditional CGE economic theories and principles in its formulation. Production is driven by the purchase of inputs that results in goods in services by countries or regions. Demand of these goods is calculated based on the household factor income and prices are set through the equilibrium of supply and demand. The model solving process is completed through a sequence of comparative static equilibria. At each time period the production factors are set to be exogenously given and then the time periods are linked to one another lending to accumulation expression. 
Experimental Design -To assess the potential impacts of CBAM on the global economy, we formulated a series of scenarios (see Table 1). The need for CBAM stems from an effort to reduce carbon leakage as the EU ETS include previously unrepresented sectors in the carbon trading market including iron and steel, aluminum, cement, fertilizers, and electricity. Therefore, we start with a baseline scenario where these commodities are integrated into the ETS market, but there is no CBAM (Scenario 1). This will allow us to quantify the carbon leakage and better assess how effective CBAM would be for maintaining the competitiveness of the EU fertilizer industry. 
In subsequent scenarios, we will introduce CBAM implementation, with one version reflecting the current proposed structure and another reflecting adjustment for compliance with WTO regulations, enabling a comparative analysis of their respective impacts on carbon leakage and the competitiveness of the EU fertilizer industry. As of Spring 2024, the WTO has yet to rule if the CBAM policies are or are not complaint. Scenarios that are “WTO Compliant” refers to placing a boarder tax on all commodities, not just the ones specified by CBAM. This assumption is based on previous literature about the legality of CBAM from the WTOs perspective. 
From the Rest of the World (RoW) perspective there are three responses. First, is simply no response. This would mean that the non-EU countries accept the boarder tax and do not adjust their trade or production policies (Scenarios 1, 2, and 3). Second, the RoW countries could adjust their production methods to be in compliance with EU standards and adopt stringent climate policies. These policies would reduce their GHG emissions for the carbon-intensive products specified in CBAM and, therefore, remove the tax from those exporting products and likely reduce GHG emissions worldwide. We simulate an adjustment in production practice to reflect compliance with EU standards for the global north and half of the global south. Finally, the RoW counties could respond through a protectionist trade policy. This would be a measurable trade response from non-EU countries that would come through the form of a tax on EU-exported goods. Scenarios 6 and 7 characterize a protectionist policy shift by implementing a Through a thorough analysis of options for both the EU and the Rest of the World (RoW), we have pinpointed seven scenarios that will be the subject of our results presentation.
	Table 1: Scenarios on CBAM Implementation and Trade Action

	Scenario Name
	EU Action
	RoW Response

	Scenario 1
(Baseline)
	ETS
	No Response

	Scenario 2
(Basic-CBAM)
	CBAM
	No Response

	Scenario 3
(WTO-CBAM)
	CBAM
(WTO Compliant)
	No Response

	Scenario 4
(Environmentalist)
	CBAM
	Environmentalist

	Scenario 5
(WTO-Environmentalist)
	CBAM
(WTO Compliant)
	Environmentalist

	Scenario 6
(Protectionist)
	CBAM
	Protectionist

	Scenario 7
(WTO-Protectionist)
	CBAM
(WTO Compliant)
	Protectionist
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