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Abstract:  5 

Background: Border Carbon Adjustments (BCAs) are designed to regulate carbon emissions 6 

and reduce carbon leakage. So far, BCAs are mainly applied for imported carbon-intensive 7 

products. On the other hand, harvested wood products (HWPs) are the extension of forest 8 

carbon stocks, whose changes affect a country’s carbon stock level. Nonetheless, the trade of 9 

HWPs also raises the problem of carbon leakage when their carbon stocks are exported, which 10 

can be partially solved by applying export BCAs. 11 

Result: By constructing a two-stage game, governments’ and forestry companies’ strategies 12 

under BCAs are analyzed. The government imposes BCAs on exports of HWPs when the 13 

carbon stock value exceeds a threshold. Moreover, the export BCAs on HWPs can effectively 14 

reduce the amount of HWPs exported. The results also show that BCAs diminish forestry 15 

exporters’ revenues and consumer surplus while having no significant detrimental impact on a 16 

country’s welfare. 17 

Conclusion: BCAs help include carbon stock values into HWPs’ prices and reduce carbon 18 

leakage, so they are beneficial for climate change. Thus, exporting countries can maintain their 19 

welfare by implementing BCAs, and the affected forestry companies can effectively cope with 20 
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BCAs by improving the utilization efficiency of raw materials and their product quality. 21 

Keywords: dynamic game, border carbon adjustments (BCAs), carbon tariffs, harvested wood 22 

products (HWPs), carbon leakage 23 

1. Background 24 

Carbon emissions have accumulated since the Industrial Revolution and caused global 25 

warming. Therefore, more and more countries are calling for carbon border adjustments (BCAs) 26 

to prevent carbon leakage. For example, the US Trade Policy Agenda 2021 and Annual Report 27 

2020, issued in March 2021, explicitly stated that BCAs would be considered for the agenda in 28 

the future. In addition, the EU planned to impose BCAs on imports from five major industries 29 

in 2026. Although BCAs have not yet been implemented, scholars have widely discussed them. 30 

In essence, BCAs shift the economic burden of emission reduction to non-emission-reducing 31 

countries [6]. Furthermore, the BCAs level the playing field for emissions-intensive by 32 

applying a domestic carbon price to carbon emissions from traded goods [4]. 33 

The discussion on BCAs has mainly focused on import carbon tariffs imposed on carbon-34 

intensive products, including economic and environmental impacts. Implementing BCAs limits 35 

carbon emissions and leakage [3, 11, 17, 27] but is also expensive to reduce leakage [41]. 36 

Moreover, BCAs in mitigating carbon leakage may reduce trade flows and lower welfare [28, 37 

41]. For example, if $50/ton were imposed on carbon, imports from China, India, and South 38 

Africa would face an average tariff rate of 10%, 8%, and 12%, respectively [1]. Moreover, an 39 

anti-trade scenario with an additional 25% tariff would reduce global export volumes by 32.5% 40 

[29]. Moreover, Sheng and Wang’s (2022) study shows the negative impacts of carbon tariffs 41 

imposed by developed countries on the Chinese economy [37]. Furthermore, high carbon 42 
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tariffs would reduce carbon-intensive products’ competitiveness in foreign markets [27, 5]. 43 

In terms of research methodology, game theory is a popular research approach to model 44 

the strategic choices of companies and governments. Since game theory allows for the 45 

exploration of game participants’ interplays, many scholars have used it to study the border 46 

adjustment of bilateral trade [43]. For example, Eyland and Zaccour (2014) explore the 47 

significance of BCAs in countries’ bilateral trade with different carbon taxes by establishing a 48 

three-stage game model [11]. Nevertheless, game theory is often used to explore participants’ 49 

behavior and the impact of welfare policies. Wang et al. (2016) built a two-stage game to 50 

investigate the behavioral strategies of textile firms in developing countries under the 51 

background of carbon tariffs [39]. Hou and Jia (2016) use a three-stage game to study the 52 

government’s and enterprises’ optimal choices under BCAs [19]. 53 

Moreover, Fang et al. (2020) use game theory to analyze the global abatement effects of 54 

BCAs by game theory [12]. Furthermore, Huang et al. (2022) used game theory to analyze the 55 

impact of EU BCAs on other countries and systematically analyzed the behavioral decisions of 56 

both sides [20]. Finally, Rustico and Dimitrov (2022) analyze the impact of the carbon tax on 57 

corporate behavior and welfare by comparing the game in different states [36]. 58 

Therefore, current studies on BCAs have focused on differences in countries’ carbon 59 

emission adjustments and import carbon tariffs imposed on carbon emissions of carbon-60 

intensive products. However, besides carbon emission-intensive products, we also need to 61 

consider carbon storage products as harvested wood products (HWPs) because HWPs have 62 

unique characteristics. Forestry is important in mitigating climate change [14, 18, 29, 30, 31, 63 

34]. Specifically, after a forest stand is harvested, a significant portion of the wood remains 64 
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stored in HWPs, affecting a country’s GHG inventories under the Kyoto Protocol treaty [10, 65 

21, 24]. Overall, an increase in the HWP carbon stock is also the removal of carbon from the 66 

atmosphere, while a decrease in the carbon stock is considered emissions [26]. Although carbon 67 

stocks of HWPs are not as large as forest carbon sinks, their continuous increase is a significant 68 

contribution to emission reductions on a global scale [9, 22]. In other words, the carbon pool of 69 

HWPs has great carbon removal potential [44]. For example, managing all of Thailand’s teak 70 

forests could reduce emissions by up to 19.8% of Thailand’s autonomous national contribution 71 

by 2030 [8]. 72 

However, the use of and trade in HWPs affects a country’s carbon pool of HWPs [42]. 73 

Specifically, HWPs’ trade changes a country’s carbon storage, thus affecting its emission 74 

reduction level [16, 23, 38]. For example, China’s CO2 emissions from trading in HWPs were 75 

121.25 Mt in 2014 [35]. Furthermore, by the end of 2015, the total carbon stock of HWPs 76 

exported from New Zealand to China was 227,000 tonnes [32]. Moreover, carbon leakage from 77 

the forestry sector is also noticeable [33, 46]. It is worth noting that carbon leakage will reduce 78 

the impact of the forestry sector in mitigating climate change [25]. García et al. (2018) pointed 79 

out that the government’s management policies are crucial to influencing carbon leakage in the 80 

forestry sector, but their research is not from a trade perspective [13]. 81 

In summary, HWPs serve as carbon sinks, and their trading affects a country’s carbon 82 

stock. Especially, under the accounting of stock change method, exporting HWPs increases the 83 

economic benefits of domestic companies while decreasing a country’s carbon stocks. 84 

Therefore, HWPs exporting countries need to balance companies’ benefits and values of carbon 85 

stocks in exporting HWPs to optimize their welfare. So the government can levy taxes on 86 
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exported HWPs to make other countries pay for the value of carbon stocks and compensate for 87 

the loss of carbon stocks. On the other hand, the government can provide export subsidies to 88 

the companies to promote the development of its forestry industry if it is more economically 89 

beneficial. Furthermore, both export tariffs and subsidies are border carbon adjustments 90 

(BCAs), and the way of BCAs depends on the measurement of carbon stocks value and 91 

economic benefits: if the economic benefits are dominant, the government prefers to implement 92 

export subsidies; if the carbon stocks value is dominant, the government prefers to apply export 93 

tariffs. However, existing studies seldom mention BCAs in the trade of HWPs specifically. 94 

This article aims to model a game and compare the governments’ and companies’ 95 

behaviors with and without BCAs to explore the feasibility of implementing BCAs on exporting 96 

HWPs and the impact of BCAs on countries’ welfare and companies’ profits. 97 

2. Methods and basic assumptions  98 

This article models unilateral trade to focus more on the export segment, such as log 99 

exports from New Zealand to China [11, 19, 40]. Moreover, to explore the changes in countries’ 100 

carbon stock in international trade, this article assumes the stock change method to account for 101 

the countries’ carbon stocks. Under this accounting method, the export of HWPs is regarded as 102 

carbon emissions by the exporting country; conversely, the importing country increases its 103 

carbon stocks [15]. The carbon stocks of HWPs are affected by multiple factors [2, 7], so this 104 

article assumes that the amount of carbon storage per unit of HWPs is denoted by the parameter 105 

(𝑚 > 0), and the constant parameter 𝜀 denotes the value of carbon storage per unit of HWPs. 106 

Our game model considers two countries with open economies—Country E and Country 107 

I, where Country E is the producer and exporter of HWPs, and Country I is the importer of 108 
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HWPs of country E. As in the case of New Zealand’s HWP trade with China, the amount of 109 

HWPs consumed domestically in Country E is negligible compared to the amount exported. 110 

Therefore, we ignore the domestic market of Country E and assume that Country I is the only 111 

market for the HWPs in the game. Moreover, Country I can also produce homogeneous HWPs 112 

except by importing. We assume that I and E have only one company, Company i and Company 113 

e, respectively. Company e’s output is for export only because we ignore the HWPs’ market in 114 

Country E. Assume that the marginal cost of producing HWPs in Company 𝑥   is 𝐶𝑥  (𝑥 =115 

𝑒 or 𝑖) . We also assume that Company e is a large producer of HWPs and it has lower 116 

production costs, which means 𝐶𝑖 > 𝐶𝑒 > 0. For simplicity, transportation costs are assumed 117 

to be 0. We also assume that the demand function for the HWPs in the Country I is 𝑝 = 𝛼 −118 

𝛽(𝑄𝑖 + 𝑄𝑒) (𝛼、𝛽 > 0), where p denotes the price of HWPs, 𝑄𝑥 is the output of Company 𝑥 119 (𝑥 = 𝑒 or 𝑖), 𝛼 denotes the limiting price of the HWPs when the output is 0, and 𝛽 denotes the 120 

sensitivity of price to supply. The limiting price must be greater than the marginal cost because 121 

a rational producer will always produce when the price is greater than the marginal cost, so 𝛼 >122 

𝐶𝑖 > 𝐶𝑒. 123 

Furthermore, this article compares two scenarios: with and without BCAs. We assume that 124 

the game in both scenarios is played under the condition of perfect information. In the scenario 125 

without BCAs, the only players involved in the game are Companies i and e, whose strategic 126 

choice is their output to maximize their profits, which is equivalent to oligopolistic competition. 127 

We use 𝜋𝑥 to denote the profit of Company x (x=e or i). The scenario with BCAs is a two-stage 128 

game involving Country E, Company i, and Company e. In the first stage of the game, country 129 

E determines the form of BCAs as export carbon tariffs or subsidies to make a country’s welfare 130 
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maximize—the exporting country can impose tariffs to make countries that import HWPs pay 131 

for the value of carbon stocks in HWPs or give export subsidies to exporters in order to promote 132 

the development of its forest industry. We denote the rate of BCAs by t and 𝑊𝑋 denotes the 133 

welfare of Country X (X= E or I). The sign of t indicates whether it is an export subsidy or a 134 

tariff—a negative t means giving an export subsidy, and the positive t means exposing a tariff. 135 

In the second stage, Companies i and e simultaneously choose their outputs to maximize their 136 

profits. We use the superscript N to denote the equilibrium value of the scenario without BCAs 137 

and the superscript B to denote the equilibrium value with BCAs. 138 

In solving the two-stage game, we use the inverse solution method. The method’s basic 139 

idea is to start from the last stage of the dynamic game and determine the optimal action of the 140 

participants by maximizing their interests in their historical conditions. Thus, in this article, we 141 

first solve for the output that maximizes the benefits of Companies e and i and then bring this 142 

output into the welfare function of Country E to find the BCA level that maximizes its value. 143 

3. Game process and results 144 

3.1 Game without border carbon adjustments (BCAs) 145 

In the scenario without BCAs, Companies e and i choose their outputs to maximize their 146 

benefits, whose profit functions include their income and costs, as shown by Equation (1). We 147 

determine the optimal strategies of the companies to maximize their profit functions: 148 

{max𝑄𝑒 𝜋𝑒(𝑄𝑒 , 𝑄𝑖) = (𝛼 − 𝛽𝑄𝑒 − 𝛽𝑄𝑖)𝑄𝑒 − 𝐶𝑒𝑄𝑒𝑚𝑎𝑥𝑄𝑖 𝜋𝑖(𝑄𝑒 , 𝑄𝑖) = (𝛼 − 𝛽𝑄𝑒 − 𝛽𝑄𝑖)𝑄𝑖 − 𝐶𝑖𝑄𝑖 (1.) 149 

The optimal outputs of Companies e and i can be obtained by differentiating the above 150 

equations and making them equal 0. We use the superscript N to denote the equilibrium value 151 

of the scenario without BCAs. Equation (2) presents the optimal output for Companies e and i 152 



 

 8 / 29 

 

without the BCAs scenario. 153 

{ 
 𝑄𝑒𝑁 = 𝛼 + 𝐶𝑖 − 2𝐶𝑒3𝛽𝑄𝑖𝑁 = 𝛼 + 𝐶𝑒 − 2𝐶𝑖3𝛽 (2) 154 

Bringing the companies’ optimal outputs into the price function, we obtain the equilibrium 155 

price of HWPs as: 156 

𝑝𝑁 = 𝛼 − 𝛽(𝑄𝑒𝑁 + 𝑄𝑖𝑁) = 𝛼 + 𝐶𝑖 + 𝐶𝑒3 (3) 157 

Then we bring the optimal outputs into the profit function, and we can find the respective 158 

profits of companies e and i as: 159 

{  
  πeN(𝑄𝑒 , 𝑄𝑖) = (𝛼 + 𝐶𝑖 − 2𝐶𝑒)29𝛽πiN(𝑄𝑒 , 𝑄𝑖) = (𝛼 + 𝐶𝑒 − 2𝐶𝑖)29𝛽 (4) 160 

Next, we calculate countries’ welfare. Since we ignore the HWPs market in Country E, 161 

country E’s welfare consists of Company e’s profits (πeN) and the country’s carbon stock value. 162 

On the other hand, Country I’s welfare function has three components—Company i’s profits 163 

(πiN), the country’s carbon stock value (𝜀𝑄𝑒N(𝑡)), and the consumer surplus (𝐶𝑆). Under the 164 

stock change method, company e’s exporting of HWPs reduces country E’s carbon stocks; on 165 

the contrary, the country importing HWPs increases. Therefore, we can get the welfare of 166 

countries A and B, respectively, as: 167 

{  
  𝑊EN = πeN (𝑄𝑒N(𝑡), 𝑄𝑖N(𝑡)) − 𝜀𝑄𝑒N(𝑡) = (𝛼 + 𝐶𝑖 − 2𝐶𝑒)(𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 3𝜀)9𝛽𝑊IN = πiN (𝑄𝑒N(𝑡), 𝑄𝑖N(𝑡)) + 𝐶𝑆 + 𝜀𝑄𝑒N(𝑡) = (𝛼 + 𝐶𝑒 − 2𝐶𝑖)29𝛽 + (2𝛼 − 𝐶𝑒 − 𝐶𝑖)218𝛽 + 𝜀 𝛼 + 𝐶𝑖 − 2𝐶𝑒3𝛽 (5) 168 

3.2 Game with border carbon adjustments (BCAs) 169 

The game with BCAs is a two-stage game. In the first stage, Country E determines the 170 

form and tax rate of BCAs; in the second stage, Company e and Company i determine their 171 
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outputs. Using the inverse solution method, we first consider the second stage. In this scenario, 172 

the profit function of Company e is composed of three parts: income, production cost, and 173 

export carbon tariff or subsidy. As m denotes carbon stocks in a unit of HWPs, exporting 𝑄𝑒 174 

units of HWPs are subject to export tariffs or subsidies of 𝑚𝑡𝑄𝑒 . The profit function of 175 

Company i is composed of two parts: income and production cost. Thus, the profit 176 

maximization problem for the two companies can be expressed as follows: 177 

{max𝑄𝑒 𝜋𝑒(𝑄𝑒 , 𝑄𝑖) = (𝛼 − 𝛽𝑄𝑒 − 𝛽𝑄𝑖)𝑄𝑒 − 𝐶𝑒𝑄𝑒 −𝑚𝑡𝑄𝑒𝑚𝑎𝑥𝑄𝑖 𝜋𝑖(𝑄𝑒 , 𝑄𝑖) = (𝛼 − 𝛽𝑄𝑒 − 𝛽𝑄𝑖)𝑄𝑖 − 𝐶𝑖𝑄𝑖 (6) 178 

We use the superscript B to denote the equilibrium value in the scenario with BCAs. Then, 179 

solving for the first-order derivative of Equation (6), we obtain the optimal outputs of 180 

Companies e and i with BCAs scenario, respectively: 181 

{𝑄𝑒B(𝑡) = (𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 2𝑚𝑡) (3𝛽)⁄𝑄𝑖B(𝑡) = (𝛼 − 2𝐶𝑖 + 𝐶𝑒 +𝑚𝑡) (3𝛽)⁄ (7) 182 

The total output and the price of HWPs for the two companies are: 183 

𝑄𝑒B(𝑡) + 𝑄𝑖B(𝑡) = 2𝛼 − 𝐶𝑖 − 𝐶𝑒 −𝑚𝑡3β (8) 184 

𝑝𝐵 = 𝛼 − 𝛽 (𝑄𝑒B(𝑡) + 𝑄𝑖B(𝑡)) = 𝛼 + 𝐶𝑖 + 𝐶𝑒 +𝑚𝑡3 (9) 185 

Under the assumption t>0, the government imposes export carbon tariffs on companies. 186 

From a simple static comparison to Equation (7), an increase in the export carbon tariff leads 187 

to a decrease in the export volume of Company e and an increase in the output of Company i. 188 

Furthermore, we can see from Equations (8) and (9) that the total amount of HWPs in the market 189 

of Country I decreases with the increase of carbon tariffs, while the price increases with carbon 190 

tariffs simultaneously. The reason is that the export carbon tariffs increase the cost of Company 191 

e, reducing its competitive advantage and sales volume and making Company i more 192 

competitive. Further, the decrease in Company e’s supply leads to a decrease in the market’s 193 
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supply and an increase in the price. 194 

In addition, we are comparing Equations (3) and (9) and find that the carbon stock can be 195 

reflected in the price of HWPs under the BCAs scenario, which means BCAs make the price of 196 

HWPs respond to the carbon stock of HWPs and likewise raise the price of HWPs. 197 

Then bringing Equation (7) into Equation (6), we can obtain the profits of Companies e 198 

and i, respectively, as follows: 199 

{  
  𝜋𝑒𝐵 = (𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 2mt)29𝛽𝜋𝑖𝐵 = (𝛼 − 2𝐶𝑖 + 𝐶𝑒 +𝑚𝑡)29𝛽 (10) 200 

By analyzing Equation (10), it is known that the imposition of carbon tariffs reduces the 201 

profit of export companies, while Company i increases as the carbon tariff increases. The reason 202 

is that Country E raises its export carbon tariff to prevent carbon leakage, which raises the 203 

company’s marginal cost and reduces its competitiveness, resulting in lower sales volume and 204 

profits. In contrast, Company i becomes more competitive, and its sales volume and profits 205 

increase. 206 

For the first stage, Country E determines the form of BCAs and the tax rate to maximize 207 

its welfare. Based on the assumption, the Country E’s objective function can be expressed as: 208 max𝑡 𝑊𝐸𝐵(𝑡) = 𝜋𝑒𝐵 (𝑄𝑒B(𝑡), 𝑄𝑖B(𝑡)) + 𝑡𝑚𝑄𝑒B(t) − 𝜀𝑄𝑒B(𝑡) (11) 209 

Bringing from Equation (7) in Equation (11), we get the Country E’s profit as: 210 

𝑊𝐸𝐵(𝑡) = (𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 3𝜀 +𝑚𝑡)(𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 2𝑚𝑡)9𝛽 (12) 211 

Take the derivative with respect to 𝑡  for Equation (12), and we can get the BCAs of the 212 

government as: 213 

𝑡B = −𝛼 − 𝐶𝑖 + 2𝐶𝑒 + 6𝜀4𝑚 (13) 214 
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Equation (13) shows that the sign of 𝑡B is ambiguous, and the larger the carbon stock value 215 

𝜀 is, the larger the rate of carbon tariff. It implies that the larger the value of HWP, the more 216 

Country E wants to keep the HWPs within the country to maintain its carbon stocks. Therefore, 217 

country E reduces its export volume by a higher carbon tariff rate. If the value of 𝜀 is small, the 218 

carbon tariff can be negative, interpreted as export subsidies from Country E to Company e. 219 

Bringing Equation (14) into Equations (6) and (11), we can get the welfare of the two 220 

countries and the profits of the two companies as: 221 

{  
  𝜋𝑒𝐵 = (𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 2mt)29𝛽 = (𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 2𝜀)24𝛽𝜋𝑖𝐵 = (𝛼 − 2𝐶𝑖 + 𝐶𝑒 +𝑚𝑡)29𝛽 = (𝛼 − 3𝐶𝑖 + 2𝐶𝑒 + 2𝜀)216𝛽 (14) 222 

{  
  𝑊𝐸𝐵(𝑡) = (𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 2𝜀)28𝛽𝑊𝐼𝐵(𝑡) = (𝛼 − 3𝐶𝑖 + 2𝐶𝑒 + 2𝜀)216𝛽 + (3𝛼 − 𝐶𝑖 − 2𝐶𝑒 − 2𝜀)232𝛽 + 𝜀(3𝛼 − 𝐶𝑖 − 2𝐶𝑒 − 2𝜀)4𝛽 (15) 223 

Then bringing 𝑡B into Equations (8), (9), (10), and (12), we can obtain Table 1, which 224 

presents and compares the differences between the welfare functions of Countries E and I and 225 

the profit functions of Companies e and i in the two scenarios. 226 

By comparing the two scenarios, we find that the profit of Company i monotonously 227 

increases when Country E imposes export carbon tariffs in the BCAs scenario. At the same time, 228 

Company e’s profit and Country E’s welfare decrease with higher carbon stock value. The 229 

decrease in Company e’s profit is because the carbon tariff increases its marginal cost, while 230 

the decrease in Country E’s welfare results from the double effects of Company e’s decreasing 231 

profit and the loss of carbon stock of HWPs. In order to demonstrate the game results more 232 

intuitively, numerical simulations are carried out in the next section. 233 

 234 
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Table 1 Comparison of game results 235 

 Without BCAs With BCAs 

Welfare of Country E 
(𝛼 + 𝐶𝑖 − 2𝐶𝑒)(𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 3𝜀)9𝛽  

(𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 2𝜀)28𝛽  

Changes in the 

welfare of Country E 

(𝛼 + 𝐶𝑖 − 2𝐶𝑒)(𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 12𝜀) + 36𝜀272𝛽  

Tariff revenue or 

subsidies 
—— 

(−𝛼 − 𝐶𝑖 + 2𝐶𝑒 + 6𝜀)(𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 2𝜀)8𝛽  

Welfare of Country I 

(𝛼 + 𝐶𝑒 − 2𝐶𝑖)29𝛽 + (2𝛼 − 𝐶𝑒 − 𝐶𝑖)218𝛽  

+𝜀 𝛼 + 𝐶𝑖 − 2𝐶𝑒3𝛽  

(𝛼 − 3𝐶𝑖 + 2𝐶𝑒 + 2𝜀)216𝛽 + (3𝛼 − 𝐶𝑖 − 2𝐶𝑒 − 2𝜀)232𝛽  

+𝜀(3𝛼 − 𝐶𝑖 − 2𝐶𝑒 − 2𝜀)4𝛽  

Profit of Company e 
(𝛼 + 𝐶𝑖 − 2𝐶𝑒)29𝛽  

(𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 2𝜀)24𝛽  

Changes in profit of 

Company e 

(5𝛼 + 5𝐶𝑖 − 10𝐶𝑒 − 6𝜀)(𝛼 + 𝐶𝑖 − 2𝐶𝑒 − 6𝜀)6𝛽  

Profit of company i 
(𝛼 + 𝐶𝑒 − 2𝐶𝑖)29𝛽  

(𝛼 − 3𝐶𝑖 + 2𝐶𝑒 + 2𝜀)216𝛽  

Changes in profit of 

Company i 

(7𝛼 − 17𝐶𝑖 + 10𝐶𝑒 + 6𝜀)(−𝛼 − 𝐶𝑖 + 2𝐶𝑒 + 6𝜀)12𝛽  

Note: BCAs is the abbreviation for Border Carbon Adjustments. 𝛼 represents the limit price 236 

when the supply of harvested wood products (HWPs) tends to zero, 𝛽 represents the sensitivity 237 

of HWPs prices to supply, 𝐶𝑥(𝑥 = 𝑒, 𝑖) is the marginal production cost of Company x (𝑥 =238 

𝑒 or 𝑖), and 𝜀 represents the value of carbon storage. 239 

 240 

4. Numerical analysis 241 

The game’s parameters will be assigned in this section to explore better the influence of 242 

BCAs on countries’ welfare and companies’ profitability. Referring to existing literature studies 243 

and the trade of HWPs, the parameters for this paper are set as follows [11, 39]. 244 
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Table 2 Parameter definitions and values 245 

Parameter definition value 𝛼 The limit price when HWPs’ supply tends to zero 100 𝛽 Sensitivity of HWPs prices to supply 5 𝐶𝑒 The production cost of Company e 30 𝐶𝑖 The production cost of Company i 50 𝜀 Carbon storage value 5~25 𝑚 Carbon storage in unit HWPs 10 

 246 

We bring the parameters in Table 2 to the previous section’s equations to obtain the game’s 247 

results. Figure 1 presents the trend of the BCA rate with the values of carbon stocks. 248 

 249 

Figure 1 Variation of border carbon adjustments (BCAs) with carbon stock value of harvested 250 

wood products (HWPs). 𝜀  represents the value of carbon storage per unit HWPs, and 𝑡 251 

represents BCAs’ tax rates. 252 

 253 

From Figure 1, we can see that when the value of carbon stock is less than 15, the BCAs 254 

imposed by Country E are negative, indicating subsidies for exported HWPs. On the other hand, 255 

when the carbon stock value 𝜀 is greater than 15, Country E imposes export carbon tariffs on 256 
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exported HWPs. It implies that when the carbon stock value is small, the economic benefit 257 

gained by Company e outweighs the loss of carbon stocks of HWPs for Country E. Therefore, 258 

the country gives export subsidies, enabling Company e greater economic benefits and thus 259 

enhancing the welfare level of country E. However, as the value of carbon stocks continues to 260 

rise, the economic benefit gained by Company e is not significant enough to make up for the 261 

lost value of carbon stocks for Country E, so it imposes export carbon tariffs on the HWPs to 262 

make the importing country pay for carbon storage in HWPs. 263 

 264 

Figure 2 Movement of companies’ profits with border carbon adjustments (BCAs). t represents 265 

BCAs’ tax rates, and 𝜋𝑥(𝑥 = 𝑒, 𝑖) represents the profit of the Company x (𝑥 = 𝑒 or 𝑖). 266 

 267 

Next, we focus on the variation of Companies’ profits with BCAs. Figure 2 shows that 268 

Company e’s profits decrease as the BCAs increase. When the export subsidy is applied to 269 

Company e, it earns more profits. However, when export carbon tariffs are imposed, Company 270 

e’s profits decrease as the carbon tariffs rate increases. In contrast, Company i’s profits move 271 

in the opposite direction from Company e’s, which implies that if the government imposes 272 

carbon tariffs on exports, the competitiveness of the exporters will suffer. Figure 3 shows the 273 
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change in consumer surplus similar to that of Company e—both decrease as the BCAs tax rate 274 

increases. The reason is that export carbon tariffs increase the price of HWPs, thereby reducing 275 

the consumer surplus. 276 

  277 

Figure 3 Movement of consumer surplus with border carbon adjustments (BCAs). t represents 278 

BCAs’ tax rates, and 𝐶𝑆 represents the consumer surplus of the Company 𝐼. 279 

 280 

Finally, we explore the impact of BCAs on a country’s welfare. Figure 4 shows that the 281 

welfare of Countries E and I is higher when BCAs are implemented. The reason is that the 282 

border regulation in Country E can balance the economic benefits and the carbon HWPs’ stock 283 

value to maximize its welfare. For country I, which enjoys the benefits from the adjustment of 284 

Country E, the lower HWPs prices lead to an increase in consumer surplus in Country I when 285 

Country E subsidizes Company e’s exports; and Company e’s impaired competitiveness by 286 

being imposed export tariffs leads to an increase in Company i’s profits. This result suggests 287 

that the government’s border regulation behavior is a justified way to maintain welfare for 288 

exporting and importing countries. 289 
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Figure 4 Movement of countries’ welfare with border carbon adjustments (BCAs). t represents 290 

BCAs’ tax rates; 𝑊𝑖(𝑖 = 𝐼, 𝐸) represents the welfare of Country 𝑖 (𝑖 = 𝐼 or 𝐸). 291 

 292 

The export carbon tax does not harm the exporting country’s welfare but reduces the 293 

exporting company’s profits and consumer surplus. Specifically, BCAs include the value of 294 

carbon stocks in HWPs in the price, making countries that buy HWPs pay for the value of 295 

carbon stocks. We infer from Figures 2 and 3 that the exporting company and consumers in the 296 

importing country share the carbon tariff cost. Compared with consumers, Company e has a 297 

better chance to improve its profits. Thus, we adjust the parameters to explore companies’ 298 

responses to maintain their profits. Figures 5-7 present the effects of price elasticities of supply, 299 

production costs, and carbon stocks per unit of HWPs on the exporters’ profit, respectively. 300 

 301 
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Figure 5 The variations of the company profits with different supply elasticities. t represents 302 

BCAs’ tax rates, 𝜋𝑒  represents the profit of Company 𝑒 , and 𝛽  represents HWPs prices to 303 

supply. 304 

 305 

 Figure 6 The variation of the company profits with different marginal costs. t represents 306 

BCAs’ tax rates, 𝜋𝑒 represents the profit of Company 𝑒, and 𝐶𝑒 represents the marginal 307 

production cost of Company 𝑒. 308 

 309 

Figure 5 shows that the smaller the elasticity, the greater the Company e’s profit. It implies 310 

that Company e can reduce its supply elasticity by improving the quality and uniqueness of its 311 

products to make its profits remain at a higher level. Nevertheless, no matter how the elasticity 312 

changes, the curves’ trend does not change significantly, which means that the change in 313 

elasticity does not affect the impact of BCAs on the company’s profit. Similarly, Figure 6 shows 314 

that reducing the production cost also enhances company profits. Therefore, companies can 315 

increase their profits by improving production efficiency to reduce costs. Also, production costs 316 

do not affect the impact of BCAs on company profits. 317 
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 318 

Figure 7 The variations of the company profits with different carbon storage in unit 319 

harvested wood products (HWPs). t represents BCAs’ tax rates, 𝜋𝑒  represents the profit of 320 

Company 𝑒, and m represents carbon storage in one unit of HWPs 321 

 322 

The impact of HWPs’ carbon storage on company a’s profits is more complex as shown 323 

in Figure 7. The larger m is, the more the company’s profits are affected by BCAs, which are 324 

policies that target carbon stocks in HWPs. Using t=0 as a threshold, when t<0, the larger the 325 

carbon stock of HWPs, the larger the company’s profits; when t>0, the result is reversed. This 326 

trend indicates that carbon stocks in HWPs affect companies’ profits, but it is difficult for 327 

companies to adjust the amount of carbon stored in HWPs. 328 

5. Discussion and conclusion  329 

This paper discusses the impacts of BCAs on countries’ welfare and companies’ profits 330 

using a dynamic game and comparative static analysis with and without BCAs. First, the results 331 

show that carbon stock values influence levels of BCAs—exporting countries impose carbon 332 

tariffs on exported HWPs only when the carbon stock value is greater than the threshold, while 333 

the government grants export subsidies to companies when the carbon stock value is lower than 334 

the threshold. We focus on the scenario where the government imposes export carbon tariffs on 335 
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forestry companies. For the HWPs’ exporters, export carbon tariffs reduce their profits but do 336 

not harm the exporting country’s welfare. For HWPs importing country, the other country’s 337 

export carbon tariffs make their import more expensive and less supplied but enhance their 338 

company’s economic interests, so they do not negatively affect the importing country’s welfare. 339 

From our results, importing export carbon tariffs on HWPs would not hurt countries’ 340 

welfare. This conclusion contrasts the those drawn for carbon-intensive products, which 341 

indicated that BCAs negatively impacted countries’ welfare [1, 5]. The reason is that unlike 342 

punitive BCAs for carbon-intensive products, BCAs on HWPs are designed to balance the 343 

economic benefits and carbon stock values and are aimed at making carbon stock importing 344 

countries pay for carbon stocks. As a result, while HWPs exporters have lower economic gains 345 

from the imposition of BCAs, they also have lower carbon stock losses, which means they have 346 

more carbon assets in the carbon market. In addition, we found that BCAs are beneficial for 347 

climate change: BCAs make the price of HWPs reflect the carbon stock values in HWPs. As 348 

Zhang et al. (2020) once suggested, assigning carbon storage values to HWPs would increase 349 

HWPs’ prices and carbon stocks and is vital for mitigating climate change [45]. 350 

Therefore, if BCAs are implemented, we should pay more attention to victims in the 351 

game—HWPs’ exporting companies and consumers in importing countries. The imposition of 352 

carbon tariffs on exported HWPs has resulted in higher prices for HWPs and lower consumer 353 

demand. As a result, forest companies reduce the production and export of HWPs, affecting 354 

consumer surplus and the company’s profits. From the above analysis, we know that improving 355 

product quality, enhancing product uniqueness, and reducing production costs or lean 356 

production can reduce the cost of HWPs and increase the profits of forestry companies. 357 
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However, these measures have higher requirements on companies’ production processes. Thus, 358 

the government can give some technical subsidies to forestry companies to guide them to 359 

improve production technologies and flexibly respond to market changes. Moreover, to increase 360 

consumer surplus in importing countries, importers of HWPs need to use domestic forest 361 

resources efficiently. At the same time, to reduce dependence on specific countries, importing 362 

countries can also actively broaden their suppliers of HWPs, and maintain good trade relations 363 

with other countries. 364 

This paper is an ideal game that involves only two countries. Future research can include 365 

more participants to explore the effect of implementing BCAs policies. Furthermore, this paper 366 

does not consider carbon emissions in producing HWPs. So further research can consider the 367 

carbon emissions in the production of HWPs in the game and link carbon tax and carbon tariff 368 

to investigate forestry companies’ more realistic commercial strategies. 369 
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