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Abstract: We investigate the effects of low-carbon technology transfer between two rival 

manufacturers on their economic, environmental, and social welfare performance under a cap-and-trade 

policy. We model alternative licensing arrangements of technology transfer and evaluate the model 

performance from the perspectives of different stakeholders, including manufacturers, customers, and 

policy makers. Our findings show that the contractual choice on low-carbon technology licensing is 

dependent on the trade-off between the benefits gained from technology licensing and the consequential 

losses incurred from competition with a strengthened competitor, which is influenced by a combination 

of factors, including internal technological abilities, the interfirm power relationship, external market 

competition, and the carbon emission control policy. Among them, the interfirm power relationship is 

most influential in determining the optimal contractual decision. In addition, we extend the analysis of 

technology licensing strategies to different carbon emissions caps with additional cost incurred from 

purchasing emission allowances through auction, and a two-period model considering emissions cap 

reduction respectively. Finally, our analyses show it is critical for policy makers to develop appropriate 

emissions control policies to promote the agenda of a sustainable, low-carbon economy. 
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1. Introduction 

While more people are realizing the post-pandemic economic recovery is going to be bumpy, there is 

general consensus among academics, politicians, and industries regarding the ability of recovery of the 

green economy to tackle the climate emergency. A recent survey of economics experts, as well as 

officials from central banks and finance ministries from G20 countries has revealed consensus that 

policies supporting green transitions such as clean physical infrastructure and R&D investments will 

lead to better economic recovery (Hepburn et al. 2020). Many companies are investing in low-carbon 

technologies and innovations to achieve carbon-efficient products and processes to gain competitive 

advantages. For instance, Lenovo announced a technological breakthrough of a low-temperature solder 

manufacturing process that leads to a 35% reduction in carbon emissions from traditional manufacturing 

processes (Lenovo NEWSROOM 2017). In Europe, nearly 900 listed firms spent over €125bn in capital 

investments and R&D on low-carbon technology in 2019 (Bailey et al. 2020). 

While it is critical to invest in low-carbon innovation and R&D to achieve the net-zero emission 

target, it is equally important to have an effective technology transfer mechanism to enable the 

development and diffusion of low-carbon technologies. Although the importance of low-carbon 

technology transfer for the betterment of the environment and society is widely acknowledged in the 

literature (Dechezleprêtre et al. 2015), rare attention has been paid to interfirm technology transfer at 

firm level, despite the reality that the private sector pays for the majority of low-carbon innovation and 

R&D (Bailey et al. 2020). Firms should explore using their low-carbon intellectual property (IP) in a 

collaborative way to maximize financial benefits and meet environmental challenges (Arora and 

Ceccagnoli, 2006; Hall and Helmers 2010). Likewise, the commercialization of low-carbon IP through 

technology licensing has become a crucial form of interfirm technology transfer and commercialization 

(Khoury et al. 2019). However, there are mixed views regarding the commonly used technology 

licensing contractual arrangements, i.e., royalties, upfront fixed-fees, or a mixture of royalties and 

upfront fixed-fees (Kim and Lee 2016b; Sen and Stamatopoulos 2016; Khoury et al. 2019). For example, 

royalty licensing requires licensees to make continuous payments known as royalties and are likely 

subject to long-run uncertainty. In contrast, an upfront fixed licensing fee brings faster return of 

investment for green innovators, but the gain is capped at the fixed fee. A more general form often 

includes royalties and a smaller initial fee payment. Therefore, our investigation on optimal low-carbon 

technology transfer strategy mainly focuses on fixed-fee licensing (FL) and mixed licensing (ML). 

There is an emerging stream of literature around the importance of contractual choices involving 
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interfirm technology-licensing. Previous research addressing this general question has focused on 

competitively sensitive issues (Gulati et al. 2005; Ariño et al. 2014; Kotha et al. 2018). Despite many 

studies that have acknowledged the benefits of environmental collaboration between supply chain 

parties or even competitors (Caro et al. 2013; Luo et al. 2016; Lin et al. 2019), little attention has been 

paid to the effectiveness of licensing’s contractual design and interfirm power relationship (Touboulic 

et al. 2014) in accelerating the diffusion of green technology with a consideration of cap-and-trade 

policy (Grubb 2012; Zhang et al. 2016). To fill this gap, our research addresses some key questions: 

Which is the better licensing contract arrangement between an upfront fixed-fee and a mixture of a 

royalty and fixed-fee for rival firms? How do the alternative contractual designs of low-carbon 

technology licensing affect economic, environmental, and social performance? How can government 

policies be developed to promote technology transfer and diffusion for a low-carbon economy? 

With these questions in mind, we focus on two rival manufacturers that produce substitutable 

products with different carbon emission efficiencies of production processes. One manufacturer can 

adopt its rival firm’s (green innovator) low-carbon technology to reduce its unit carbon emissions 

through different forms of licensing agreements, including an upfront fixed licensing fee and a mixture 

of royalty and fixed fee. Our analysis results provide some key insights. First, the contractual choice on 

low-carbon technology licensing is decided by the trade-off between the benefits gained from 

technology licensing and the consequential losses incurred from competition with a strengthened 

competitor. This trade-off is influenced by a combination of factors, including the internal operations 

and technology capability, the interfirm power relationship, the external market environment, and the 

carbon emission control policy. Among these factors, the interfirm power relationship is more 

influential in determining the low-carbon technology licensing strategy. Second, the decisions on low-

carbon technologies have profound impacts on the environment and consumers. In general, low-carbon 

technology transfer improves the environmental performance under certain conditions when they 

increase the economic benefits collectively; consumers do not necessarily pay extra prices. Furthermore, 

the firm’s optimal decision may change over time according to the alteration of the internal operational 

and technological capability, external market and policy environment, or interfirm power relationship. 

Theoretically, our research complements the green technology licensing literature (Kim and Lee 

2014, 2016a,b; Hu et al. 2017) through demonstrating how various contractual arrangements of low-

carbon technology licensing impact on low-carbon manufacturing. The comprehensive examination of 

alternative technology licensing arrangement provides a structured guidance on whether/how to 
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participate in low-carbon technology licensing with rival firms considering their unique operational and 

technological capabilities, interfirm power relationship, market competition, and policy circumstances. 

In addition, our study contributes to the coopetition literature by expanding the applications to low-

carbon technology transfer, an important contemporary area in the fight against climate change (Luo et 

al. 2016; Tian et al. 2019). Finally, there are some important practical and policy contributions. For 

manufacturing firms, our findings could aid with making informed strategic and operational decisions 

regarding low-carbon technology licensing and therefore enhance their competitiveness. For policy 

makers, our findings could support the development of appropriate control policies for carbon emissions 

in pursuit of a sustainable, low-carbon economy. 

After reviewing the relevant research in Section 2, the competition and technology licensing 

models and equilibrium analysis are presented in Section 3. Impacts of FL and ML models on the 

manufacturers, environment, and consumers are examined in Sections 4 and 5. In Section 6, we analyze 

the optimal technology licensing strategy from the perspectives of manufacturers and social welfare. 

Section 7 examines the impact of cap-and-trade policy on firms’ choice on technology licensing and 

associated performance. In section 8, we extend the analysis to different emissions caps with additional 

cost incurred from buying emissions allowance through auction and a two-period model incorporating 

emissions reduction respectively. Section 9 discusses the key findings and future research avenues. 

2. Literature review 

Our study is related to the following three streams of research: (1) technology licensing; (2) technology 

licensing in green cooperation; and (3) coopetition in the low-carbon economy.  

As an important asset for innovators, low-carbon technology IP can be commercialized through 

technology licensing, which is often arranged through royalties, a fixed-fee, or even a combination of 

the two. Existing literature on technology licensing reflects different views regarding contractual 

features, such as an exclusive versus non-exclusive license (Aulakh et al. 2010; Khoury et al. 2019). 

These differences can be explained by the licensing dilemma indicated in Fosfuri (2006) that the 

technology license holder must balance the trade-off between the revenue from licensing payments and 

the lower price-cost margin and/or reduced market share triggered by increased competition from the 

licensees. This investigation is consistent with the view of the technology licensing studies (Aulakh et 

al. 2010; Khoury et al. 2019) on the choice between exclusivity and non-exclusivity, i.e., that the 

licensor’s strategic choice of contracting with one versus multiple licensees is determined by the trade-

off between expected revenues and associated costs. Differing from the above studies, we explore the 
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licensing issues between two rival firms in the context of low-carbon technologies. 

Regarding the licensing of low-carbon technology, evidence from the wind power industry has 

shown that licensing is the most direct channel of technology diffusion (Dechezleprêtre and Glachant 

2014). Hall and Helmers (2013) found that making patents accessible royalty-free does not necessarily 

lead to an increase in technology diffusion. More relevant to this research, Kim and Lee (2014, 2016a) 

studied different patent licensing arrangements such as royalties, fixed fees, and auction licensing 

contracts and found that a non-exclusive contract would increase welfare, subject to the level of 

emission taxation and the gap in production cost. Kim and Lee (2016b) further investigated the two-

part tariff licensing agreement including both royalty and fixed fee and found that the innovator always 

prefers the two-part tariff or fixed-fee licensing over a royalty licensing contract. Nevertheless, the 

above studies (Kim and Lee 2014, 2016a,b) consider the green technology licensing between an 

upstream monopoly innovator and downstream polluting firms, which is different from the setting of a 

green innovator and a horizontally competing firm under a cap-and-trade policy in this research.  

The simultaneous competitive and cooperative forces involved in technology licensing between 

rival firms are closely associated with the notion of “coopetition” (Brandenburger and Nalebuff, 1996; 

Mantovani and Ruiz-Aliseda, 2016). Several studies have explored the impact of vertical cooperation 

in the context of a low-carbon economy (Park et al. 2015; Hafezalkotob 2017). Different to the above 

studies on the vertical supply chain cooperation, we explore the horizontal cooperation in green 

technology between rival manufacturers. Among the few studies on horizontal green cooperation, Luo 

et al. (2016) showed that coopetition is viable for increasing profits and reducing total carbon emissions 

by participating firms. However, the cooperative relationship in their study was articulated as a joint 

decision on green investment and pricing between two rival manufacturers, which requires a high degree 

of trust between the engaging firms. More recently, Tian et al. (2019) found that producers would favor 

firm-based recycling strategies over market-based recycling cooperation strategies with intense market 

competition and differentiated market sizes. Differing from their study, we focus on green cooperation 

in the form of low-carbon technology licensing, and our modelling considers the interfirm power 

relationship in contractual negotiation and government carbon control policy.  

The green technology licensing research conducted by Kim and Lee (2014, 2016a,b) is most 

relevant. However, differing from their studies which concentrate on green technology licensing 

between vertically related green innovators and polluters, our focus is green technology licensing 

between two rival firms. In such a setting, important factors such as price elasticity of demand, product 



6 

 

substitution level, and power relationship in the licensing contractual negotiation, need to be 

incorporated to reflect market competition and the dynamic “coopetitive” relationship. Furthermore, we 

investigate technology licensing under the cap-and-trade policy, as it is more widely adopted than the 

carbon taxation scheme or emission trading system. Another closely related study is Hu et al. (2017), 

who investigated the effects of technology-sharing strategies on the upstream supplier. Their study 

focuses on open technology for electronic vehicle but does not contemplate carbon emission control 

policies. Furthermore, an open technology policy can be considered as one specific case of technology 

licensing in which the licensing fee is zero. In practice, many companies still charge licensing fees 

through a royalty or fixed fee when they open technologies to rival firms or supply chain partners. 

3. The models  

We consider the setting where two competing manufacturers sell substitutable products in a market 

regulated by cap and trade. It is common in Europe, some parts of China, and the U.S. (e.g., California) 

for major carbon emitters, such as power plants and steel makers, to be regulated by cap-and-trade 

policies (Grubb 2012; Barrieu and Fehr 2014; Zhang et al. 2016). For instance, under the EU Emission 

Trading System (ETS), carbon emission caps are applied to an economy or an industrial sector first. 

The emission allowances are then allocated to manufacturers for free or they can buy allowances 

through auctioning. In Europe, all airlines receive tradeable allowances covering a certain level of 

emissions from their flights per year under the EU ETS (European Commission 2021a). Although 

auctioning is the default method for allocating allowances, free allocation often applies to industrial 

sectors with carbon leakage risk as a safeguard for international competitiveness. According to the 

revised EU ETS Directive, free allocation will be prolonged for another decade and will focus on sectors 

at the highest risk of relocating their production outside of the EU (European Commission 2021b). 

Manufacturers can buy shortage quotas from the outside market if they exceed the initial emission 

allowance cap. If they emit less carbon than the cap, they can sell surplus quotas to the outside market. 

We present the notations in Appendix A (Table A1) and the main assumptions as follows. 

    (1) We assume that the two manufacturers have different unit carbon emissions from their 

production processes. Without a loss of generality, we assume that manufacturer 1 is an innovator and 

generates fewer unit product carbon emissions from its production processes, and manufacturer 2 emits 

more unit product carbon emissions. These assumptions are reasonable since the difference of 

technological capability in carbon emission reduction is the primary reason for firms (e.g., Ford and 

Lenovo) to pursue interfirm technology transfers and commercialization (Khoury et al. 2019).  
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    (2) The demand faced by the retailer is 𝑝𝑖 = 𝛼 − 𝛽𝑞𝑖 − 𝛾𝑞𝑗, 𝑖, 𝑗 = 1,2 and 𝑖 ≠ 𝑗. 𝛼 represents 

the manufacturer’s maximum retail price. 𝛽  measures the self-price elasticity of demand. 𝛾  is a 

parameter that measures the cross-effect of the change in manufacturer 𝑖’s product demand caused by 

a change in that of manufacturer 𝑗. Here, 0 < 𝛾 < 𝛽 corresponds to the scenario of partial substitutes, 

and the limiting value, 𝛾 = 𝛽 corresponds to the case of perfect substitutes. This type of linear inverse 

demand function is commonly used in the operations field (e.g., Shang et al., 2016; Chen et al., 2019). 

(3) Both firms are assumed to act rationally to maximize their own profits. This assumption is 

reasonable because, despite increasing awareness of the environmental issue, economic benefits and 

stakeholder value remain the main drivers for firms’ investment in low-carbon technology (Luo et al. 

2016) and licensing of green technologies to other firms (Khoury et al. 2019).  

The research framework is illustrated in Figure 1, in which the following three models are 

considered: competition, fixed-fee licensing (FL), and mixed licensing (ML). These forms of the 

licensing arrangement are common in practice (Sen and Stamatopoulos 2016). Differing from the 

competition model where manufacturers produce their products with their own technologies, in the FL 

or ML models, manufacturer 2 obtains a license from manufacturer 1 to use its green technology with 

only a fixed-fee or a combination of a fixed-fee and a royalty rate.  

 

Figure 1. The framework 

3.1. Competition model 

First, the competition model is presented as a benchmark in which two manufacturers decide on their 

production quantities independently and simultaneously to maximize profit. For the competition model, 

manufacturer 1’s profit 𝜋1
𝑛(𝑞1) is as follows: 

𝜋1
𝑛(𝑞1) = (𝛼 − 𝛽𝑞1 − 𝛾𝑞2 − 𝑐)𝑞1 − 𝜆0𝐸1             (1) 
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The profit function includes manufacturer 1’s profit from product sales, and manufacturer 1’s 

cost/revenue of buying/selling carbon emissions quotas from/to the outside market. 

Similarly, manufacturer 2’s profit 𝜋2
𝑛(𝑞2) for the competition model is as follows: 

𝜋2
𝑛(𝑞2) = (𝛼 − 𝛽𝑞2 − 𝛾𝑞1 − 𝑐)𝑞2 − 𝜆0𝐸2            (2) 

For the competition model, the decision problems faced by manufacturers 1 and 2 are as follows: 

max
𝑞1≥0

 𝜋1
𝑛(𝑞1)

𝑠. 𝑡   𝑞1𝑒1 − 𝐸1 = 𝐾

max
𝑞2≥0

 𝜋2
𝑛(𝑞2)

𝑠. 𝑡   𝑞2𝑒2 − 𝐸2 = 𝐾

 

Here the carbon emission trade price ( λ0 ) is exogenously determined and the amount that 

manufacturers buy/sell their shortage/surplus quotas from/to the outside market (not between the two 

manufacturers) is determined by the difference between the carbon emissions allowance cap (𝐾) and 

their actual emissions. Note that 𝐾  is a carbon emissions allowance that is given out to each 

manufacturer for free or sold at auction by authorities rather than a total carbon emissions cap. Since 

the emission allowance is assumed to be the same between the two manufacturers, it would not affect 

the technology licensing selection outcome if the emission allowances are sold at auction. This setting 

of the cap-and-trade mechanism aligns with the EU-ETS policy, which has been commonly used in the 

relevant cap-and-trade literature (Barrieu and Fehr 2014; Liu and Chen 2017; Anand and Giraud-Carrier 

2020; Chai et al. 2020). Nevertheless, the cost of emission allowance bought from auctions will be 

incorporated in an extended analysis where different emissions allowance caps for the two 

manufacturers are considered. The optimal production quantities (𝑞1
𝑛, 𝑞2

𝑛) for the two manufacturers in 

the competition model are listed in Appendix A (Table A2). 

3.2. Fixed-fee licensing model 

For the FL model, manufacturer 1 sells the right of using its green technology to manufacturer 2 in a 

single payment of a fixed fee while competing for the same market. As a result, manufacturer 2 reduces 

its unit carbon emissions from its production process to the same level as manufacturer 1 and pays 

manufacturer 1 a fixed fee (𝑀 ≥ 0). Manufacturer 1’s profit 𝜋1
𝑓(𝑞1) in the FL model is 

𝜋1
𝑓(𝑞1) = (𝛼 − 𝛽𝑞1 − 𝛾𝑞2 − 𝑐)𝑞1 + 𝑀 − 𝜆0𝐸1                  (3) 

Its profit comes from product sales and the technology licensing fee received from manufacturer 

2. The last part is the cost/revenue of trading carbon emissions with the outside market. 

Accordingly, manufacturer 2’s profit 𝜋2
𝑓(𝑞2) in the FL model is 
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𝜋2
𝑓(𝑞2) = (𝛼 − 𝛽𝑞2 − 𝛾𝑞1 − 𝑐)𝑞2 − 𝑀 − 𝜆0𝐸2                 (4) 

The fixed-fee negotiation process for the FL model is as follows: 

𝑚𝑎𝑥
𝑀≥0

Φ(𝑀) = 𝑚𝑎𝑥
𝑀≥0

[𝜋1
𝑓

(𝑀)]
𝜃

[𝜋2
𝑓

(𝑀)]
1−𝜃

                   (5) 

The Nash bargaining model Φ(𝑀) = [𝜋1
𝑓

(𝑀)]
𝜃

[𝜋2
𝑓

(𝑀)]
1−𝜃

 is regarded as a Nash bargaining 

product (Baron et al. 2016), which can depict the fixed-fee negotiation process for the FL model. 

The decision problems faced by manufacturers 1 and 2 as follows: 

Stage 1 Stage 2 

    max
𝑀≥0

 Φ(𝑀) 

𝑠. 𝑡 𝑞1𝑒1 − 𝐸1 = 𝐾
    𝑞2𝑒1 − 𝐸2 = 𝐾

 

   max
𝑞1≥0

 𝜋1
𝑓

(𝑞1)

𝑠. 𝑡  𝑞1𝑒1 − 𝐸1 = 𝐾

   max
𝑞2≥0

 𝜋2
𝑓

(𝑞2)

𝑠. 𝑡  𝑞2𝑒1 − 𝐸2 = 𝐾

 

The optimal production quantities (𝑞1
𝑓

, 𝑞2
𝑓
) and optimal fixed-fee (𝑀) for the FL model can be 

found in Appendix A (Table A2). 

3.3. Mixed-fees licensing model 

For the ML model, we consider that manufacturer 1 licenses the green technology to manufacturer 2 by 

a two-part tariff licensing agreement. The operational decisions made by two manufacturers are 

considered as follows. For the ML model, manufacturer 1’s profit 𝜋1
𝑙 (𝑞1) is as follows: 

𝜋1
𝑙 (𝑞1) = (𝛼 − 𝛽𝑞1 − 𝛾𝑞2 − 𝑐)𝑞1 + 𝜆𝑞2 + 𝑚 − 𝜆0𝐸1     (6) 

Its revenue comes from product sales, and the licensing payment of the royalty rate and fixed fee 

paid by manufacturer 2. The last part is the cost/revenue of trading carbon emissions with the outside 

market. Accordingly, manufacturer 2’s profit 𝜋2
𝑙 (𝑞2) is as follows: 

𝜋2
𝑙 (𝑞2) = (𝛼 − 𝛽𝑞2 − 𝛾𝑞1 − 𝑐)𝑞2 − 𝜆𝑞2 − 𝑚 − 𝜆0𝐸2     (7) 

Similar to formula (5), the two-part tariff negotiation process for the ML model is as follows: 

𝑚𝑎𝑥
𝜆≥0,𝑚≥0

Φ(𝜆, 𝑚) = 𝑚𝑎𝑥
𝜆≥0,𝑚≥0

[𝜋1
𝑙 (𝜆, 𝑚)]

𝜃
[𝜋2

𝑙 (𝜆, 𝑚)]
1−𝜃

     (8) 

The decision problems faced by manufacturers 1 and 2 are as follows: 

Stage 1 Stage 2 

    max
𝜆≥0,𝑚≥0

 Φ(𝜆, 𝑚) 

𝑠. 𝑡 𝑞1𝑒1 − 𝐸1 = 𝐾
    𝑞2𝑒1 − 𝐸2 = 𝐾

 

   max
𝑞1≥0

 𝜋1
𝑙 (𝑞1)

𝑠. 𝑡  𝑞1𝑒1 − 𝐸1 = 𝐾

   max
𝑞2≥0

 𝜋2
𝑙 (𝑞2)

𝑠. 𝑡  𝑞2𝑒1 − 𝐸2 = 𝐾

 

The optimal production quantities (𝑞1
𝑙 , 𝑞2

𝑙 ) and optimal license fee (𝜆, 𝑚) for the ML model are 
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provided in Appendix A (Table A2). 

4. Effects of fixed-fee licensing agreement 

We start with an evaluation regarding the effect of fixed-fee licensing through a comparison of the 

derived equilibrium solutions between the FL model and the Cournot competition model. First, we 

explore the effect of FL on the manufacturers’ retail prices and present Lemma 1. 

Lemma 1. If 𝟎 < ∆𝒆 ≤ ∆𝒆𝒏 and 
𝟏

𝟐
≤ 𝜽 ≤ 𝟏, then 𝒑𝟏

𝒇
< 𝒑𝟏

𝒏 and 𝒑𝟐
𝒇

< 𝒑𝟐
𝒏. 

Lemma 1 implies that when the FL model is the optimal strategy, both manufacturers’ optimal 

retail prices decrease as compared to the competition model, showing low-carbon technology transfer 

through fixed-fee licensing can be beneficial to consumers. Next, we analyze the effect of FL on the 

manufacturers’ financial performance and present Proposition 1. 

Proposition 1. (1) If 𝟎 < 𝜸 ≤ (𝟐√𝟐 − 𝟐)𝜷, 𝟎 < ∆𝒆 ≤ ∆𝒆𝒏 and 
𝟏

𝟐
≤ 𝜽 ≤ 𝟏; or (𝟐√𝟐 − 𝟐)𝜷 < 𝜸 < 𝜷, 

𝟎 < ∆𝒆 < ∆𝒆𝒂 and 
𝟏

𝟐
≤ 𝜽 ≤ 𝟏, then FL is the better strategy. Otherwise, competition is the better strategy.  

(2) When FL is the better strategy, if 𝟎 < 𝜸 ≤ (𝟐√𝟐 − 𝟐)𝜷, 𝟎 < ∆𝒆 ≤ ∆𝒆𝒏 and 𝜽𝟏 < 𝜽 < 𝜽𝟐; or 

(𝟐√𝟐 − 𝟐)𝜷 < 𝜸 < 𝜷 , 𝟎 < ∆𝒆 < ∆𝒆𝒂  and 𝜽𝟏 < 𝜽 < 𝜽𝟐 , then the FL strategy realizes a Pareto 

improvement.  

(3) For the Pareto improvement of the FL strategy, 𝒑𝟏
𝒇

< 𝒑𝟏
𝒏 and 𝒑𝟐

𝒇
< 𝒑𝟐

𝒏. 

Where ∆𝑒𝑛 =
(2𝛽−𝛾)𝛿1

2𝛽𝜆0
, ∆𝑒𝑎 =

2𝛿1(𝛾−2𝛽)2

(4𝛽2+𝛾2)𝜆0
, 𝜃1 =

𝛽(𝛾−2𝛽)2𝛿1
2+2𝛽(2𝛽−𝛾)𝛾∆𝑒𝛿1𝜆0+𝜆0[𝐾(𝛾2−4𝛽2)2+𝛽𝛾2∆𝑒2𝜆0]

2(𝛾−2𝛽)2[𝛽𝛿1
2+𝐾𝜆0(2𝛽+𝛾)2]

 and 𝜃2 =

𝛽(𝛾−2𝛽)2𝛿1
2+4𝛽2(2𝛽−𝛾)∆𝑒𝛿1𝜆0+𝜆0[𝐾(𝛾2−4𝛽2)2−4𝛽3∆𝑒2𝜆0]

2(𝛾−2𝛽)2[𝛽𝛿1
2+𝐾𝜆0(2𝛽+𝛾)2]

. 

The results described in this proposition is further illustrated in Figure 2. Region I specifies the 

conditions under which the rival manufacturer should keep a purely competitive relationship. 

Specifically, if manufacturer 1 has less power in the licensing contract negotiation with manufacturer 2, 

then 𝑀 < 0. It is unrealistic for manufacturer 1 to license the technology to its rival through a negative 

right fee. Therefore, the low-carbon technology transfer through an upfront fixed fee is unfeasible. In 

addition, under the scenario of high degree of product substitution, even if manufacturer 1 holds greater 

negotiation power (0.5 < 𝜃 ≤ 1) than its rival, the financial gain from fixed-fee licensing cannot 

compensate for the loss occurred in the market competition with manufacturer 2 because of the large 

difference in the unit carbon emissions between them (∆𝑒𝑎 < ∆𝑒 ≤ ∆𝑒𝑛). 

Region II specifies the conditions under which fixed-fee licensing generates greater overall profits 
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while a purely competitive relationship delivers a better financial performance for the two 

manufacturers in Region I. More specifically, in Region II(1), one of the manufacturers will be worse 

off financially despite an increase in the total profit (𝜋𝑓 > 𝜋𝑛), and therefore has no incentive to pursue 

the technology transfer. Interestingly, in Region II(2), both manufacturers enjoy profit increase with 

the FL model, leading to Pareto improvement. We know from part (3) of Proposition 1 that in the Pareto 

improvement region, the retail prices of both manufacturers decrease as compared to the competition 

model. Therefore, it is evident that the fixed-fee licensing of low-carbon technology can have a positive 

impact on individual manufacturers and consumers.   

 

2a. 𝟎 < 𝜸 < (𝟐√𝟐 − 𝟐)𝜷       2b. (𝟐√𝟐 − 𝟐)𝜷 < 𝜸 < 𝜷 

Figure 2. Effect of the FL strategy  

The effect of FL on the manufacturers’ total carbon emissions is: 

Corollary 1. If 𝜹𝟏 > 𝒆𝟏𝝀𝟎, 𝟎 < ∆𝒆 < ∆𝒆𝒄 and 
𝟏

𝟐
≤ 𝜽 ≤ 𝟏, then 𝑻𝒇 < 𝑻𝒏; otherwise, 𝑻𝒇 > 𝑻𝒏. 

    Where ∆𝑒𝑐 =
(2𝛽−𝛾)(𝛿1−𝑒1𝜆0)

2𝛽𝜆0
. 

From the Corollary, it is evident that although the technology transfer helps manufacturer 2 to 

reduce its unit carbon emission, depending on the unit carbon emissions gap between them (∆𝑒) and the 

maximum marginal profit of the innovator (𝛿1), the fixed-fee licensing may not result in a reduction in 

the total carbon emissions. This is owing to the fact that a decrease in retail prices under the FL model 

will stimulate the demand and therefore push up the total carbon emissions.  

5. Effects of mixed fee licensing agreement 

Now, we examine the effect of the ML strategy on the two manufacturers’ retail prices, maximum profits, 

and the total carbon emissions. First, a comparison of the optimal retail prices between the ML model 

and competition model obtains the following lemma. 
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Lemma 2. If 𝟎 < ∆𝒆 < ∆𝒆𝒅 and 𝜽𝟎 ≤ 𝜽 ≤ 𝟏, then 𝒑𝟏
𝒍 > 𝒑𝟏

𝒏 and 𝒑𝟐
𝒍 > 𝒑𝟐

𝒏; if ∆𝒆𝒅 < ∆𝒆 ≤ ∆𝒆𝒏 and 

𝜽𝟎 ≤ 𝜽 ≤ 𝟏, then 𝒑𝟏
𝒍 < 𝒑𝟏

𝒏 and 𝒑𝟐
𝒍 < 𝒑𝟐

𝒏. 

    Where ∆𝑒𝑛 =
(2𝛽−𝛾)𝛿1

2𝛽𝜆0
, ∆𝑒𝑑 =

𝛾𝛿1(𝛾−2𝛽)2

2𝛽𝜆0(4𝛽2−3𝛾2)
 and 𝜃0 =

(16𝛽4−36𝛽2𝛾2+24𝛽𝛾3−3𝛾4)𝛿1
2+4𝐾𝛽𝜆0(4𝛽2−3𝛾2)2

(4𝛽2−3𝛾2)[(8𝛽2−8𝛽𝛾+𝛾2)𝛿1
2+8𝐾𝛽𝜆0(4𝛽2−3𝛾2)]

. 

Lemma 2 implies that the ML strategy can increase or decrease manufacturers’ retail prices 

depending on the differences in the unit carbon emissions between the manufacturers (∆𝑒). If ∆𝑒 is 

smaller than this critical threshold (∆𝑒𝑑), ML leads to an increase of the optimal retail prices, which is 

harmful to customers. When ∆𝑒 is relatively large, the retail prices in the ML model are lower than the 

retail prices in the competition model, which benefits the consumers. Next, a comparison of the total 

profits between the ML model and competition model obtains the following proposition. 

Proposition 2. (1) If 𝟎 < ∆𝒆 ≤ ∆𝒆𝒏  and 𝜽𝟎 ≤ 𝜽 ≤ 𝟏 , then ML generates more profit; otherwise, 

competition is the better strategy economically.  

(2) When ML is the better strategy, if ∆𝒆𝒅 < ∆𝒆 < ∆𝒆𝒇  and 𝜽𝟎 ≤ 𝜽 < 𝜽𝟒; or ∆𝒆𝒇 < ∆𝒆 ≤ ∆𝒆𝒏 

and 𝜽𝟑 < 𝜽 < 𝜽𝟒, then the ML strategy realizes a Pareto improvement. 

(3) For the Pareto improvement ML strategy, 𝒑𝟏
𝒍 < 𝒑𝟏

𝒏 and 𝒑𝟐
𝒍 < 𝒑𝟐

𝒏. 

Where ∆𝑒𝑛 =
(2𝛽−𝛾)𝛿1

2𝛽𝜆0
, ∆𝑒𝑑 =

𝛾𝛿1(𝛾−2𝛽)2

2𝛽𝜆0(4𝛽2−3𝛾2)
, ∆𝑒𝑓 =

(2𝛽−𝛾)𝛿1[−8𝛽3+6𝛽𝛾2+(2𝛽+𝛾)√16𝛽4−36𝛽2𝛾2+24𝛽𝛾3−3𝛾4]

2𝛽𝛾𝜆0(4𝛽2−3𝛾2)
, 𝜃0 =

(16𝛽4−36𝛽2𝛾2+24𝛽𝛾3−3𝛾4)𝛿1
2+4𝐾𝛽𝜆0(4𝛽2−3𝛾2)2

(4𝛽2−3𝛾2)[(8𝛽2−8𝛽𝛾+𝛾2)𝛿1
2+8𝐾𝛽𝜆0(4𝛽2−3𝛾2)]

, 𝜃3 =
4𝛽(4𝛽2−3𝛾2){𝛽(𝛾−2𝛽)2𝛿1

2+[𝐾(𝛾2−4𝛽2)2+2𝛽(2𝛽−𝛾)𝛾∆𝑒𝛿1]𝜆0+𝛽𝛾2∆𝑒2𝜆0
2}

(𝛾2−4𝛽2)2[(8𝛽2−8𝛽𝛾+𝛾2)𝛿1
2+8𝐾𝛽𝜆0(4𝛽2−3𝛾2)]

 and 𝜃4 =

(𝛾−2𝛽)2(16𝛽4−8𝛽2𝛾2−4𝛽𝛾3+𝛾4)𝛿1
2+16𝛽3(2𝛽−𝛾)(4𝛽2−3𝛾2)∆𝑒𝛿1𝜆0+4𝛽𝜆0(4𝛽2−3𝛾2)[𝐾(𝛾2−4𝛽2)2−4𝛽3∆𝑒2𝜆0]

(𝛾2−4𝛽2)2[(8𝛽2−8𝛽𝛾+𝛾2)𝛿1
2+8𝐾𝛽𝜆0(4𝛽2−3𝛾2)]

. 

The results in Proposition 2 are further illustrated in Figure 3, where ML is the optimal strategy in 

Region (I) and competition is the optimal strategy in Region (II) from two firms’ total profit point of 

view. Region I (1) specifies the conditions under which one manufacturer will be worse off financially 

in the ML model despite an increase in the total profit as compared to the competition model (𝜋𝑙 > 𝜋𝑛). 

In this case, cooperation through mixed licensing can only continue if the profit gain by the better-off 

manufacturer is redistributed to compensate the worse off manufacturer. Region I (2) specifies the 

decision region where the two manufacturers both enjoy profit gain compared to the competition model 

indicating a Pareto improvement. From part (3) of Proposition 2, we know that retail prices are also 

lower in this Pareto improvement region, which is beneficial for consumers. Therefore, low-carbon 

technology transfer through mixed licensing has a positive effect on the involved firms and consumers. 

From the above analysis, it is clear that bargaining power plays a more critical role than other 

factors in choosing between ML and competition. This is a surprising result, given other factors 
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including the price elasticity of demand, production cost, and carbon emission policy have been 

identified in the literature (Kim and Lee 2014; 2016a) as affecting green technology licensing choices. 

This result can be explained using the rationale that all previously-mentioned studies go into their 

research assuming the green innovator as the Stackelberg leader, which means the innovator has 

superior power over the licensees in licensing negotiation. It may lead to other outcomes if bargaining 

power is incorporated. Our findings reinforce the view of Khoury et al. (2019) that a firm’s bargaining 

power, along with its history of collaborations, influences technology licensing outcomes. 

 

Figure 3. Effect of the ML strategy 

Finally, we analyze the effect of ML on the manufacturers’ total carbon emissions and obtain 

Corollary 2. 

Corollary 2. If 𝟎 < ∆𝒆 < ∆𝒆𝒊 and 𝜽𝟎 ≤ 𝜽 ≤ 𝟏, then 𝑻𝒍 < 𝑻𝒏; if ∆𝒆𝒊 < ∆𝒆 ≤ ∆𝒆𝒏 and 𝜽𝟎 ≤ 𝜽 ≤ 𝟏, 

then 𝑻𝒍 > 𝑻𝒏. 

    Where ∆𝑒𝑛 =
(2𝛽−𝛾)𝛿1

2𝛽𝜆0
, ∆𝑒𝑖 =

(2𝛽−𝛾)[𝛿1−𝑒1𝜆0+√𝛿1
2+

2(−4𝛽2+4𝛽𝛾+𝛾2)𝑒1𝛿1𝜆0

4𝛽2−3𝛾2 +𝑒1
2𝜆0

2]

4𝛽𝜆0
 and 𝜃0 =

(16𝛽4−36𝛽2𝛾2+24𝛽𝛾3−3𝛾4)𝛿1
2+4𝐾𝛽𝜆0(4𝛽2−3𝛾2)2

(4𝛽2−3𝛾2)[(8𝛽2−8𝛽𝛾+𝛾2)𝛿1
2+8𝐾𝛽𝜆0(4𝛽2−3𝛾2)]

. 

Corollary 2 indicates that when ML is the optimal strategy, whether less total carbon emissions are 

made from the two manufacturers than when in competition is primarily determined by the unit carbon 

emissions gap between them (∆𝑒) and its relationship with the critical threshold ∆𝑒𝑖. According to part 

(3) of Proposition 2, it is notable that in this Pareto improvement region, the ML strategy achieves a 

triple-win situation among firms, consumers, and the environment if the unit carbon emissions gap 

between manufacturers is within the range of ∆𝑒𝑑 < ∆𝑒 < 𝑚𝑖𝑛{∆𝑒𝑓 , ∆𝑒𝑖}.  

6. Selection of optimal strategies 
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6.1. Optimal strategy from firms’ perspective   

Since a firm’s strategic decision on technology licensing is often driven by economic benefits, we 

mainly focus here on the economic performance of the competition, FL and ML models.  

Proposition 3. (1) If 𝟎 < 𝜸 ≤ (𝟐√𝟐 − 𝟐)𝜷, 𝟎 < ∆𝒆 ≤ ∆𝒆𝒏 and 
𝟏

𝟐
≤ 𝜽 < 𝜽𝟎; or (𝟐√𝟐 − 𝟐)𝜷 < 𝜸 <

𝜷, 𝟎 < ∆𝒆 < ∆𝒆𝒂 and 
𝟏

𝟐
≤ 𝜽 < 𝜽𝟎, the FL is the preferable strategy.  

(2) If 𝟎 < ∆𝒆 ≤ ∆𝒆𝒏 and 𝜽𝟎 ≤ 𝜽 ≤ 𝟏, the ML is the preferable strategy.  

(3) Otherwise, competition is the preferable strategy. 

From the proposition, we know that the optimal strategic decision regarding technology licensing 

depends on manufacturer 1’s negotiation power (𝜃), the difference in unit carbon emissions from the 

production between the manufacturers (∆𝑒 ) and the degree of product substitution (𝛾 ) and their 

relationship with relevant critical thresholds (𝜃0, ∆𝑒𝑎 and (2√2 − 2)𝛽). The relationship is explained 

in Figure 4, which divides 𝛾 into the following two cases.  

 

4a. 𝟎 < 𝜸 < (𝟐√𝟐 − 𝟐)𝜷       4b. (𝟐√𝟐 − 𝟐)𝜷 < 𝜸 < 𝜷 

Figure 4. Selection of green technology licensing strategies 

Region I specifies the decision region where ML is the preferable strategy, as it results in a greater 

profit than the competition or the fixed-fee licensing strategy ( 𝜋𝑙 > {𝜋𝑛, 𝜋𝑓} ). In this situation, 

manufacturer 1 holds a dominant bargain power (𝜃 ≥ 𝜃0). In this region, there is the situation (𝜃3 <

𝜃 < 𝜃4) where a Pareto improvement can be achieved without a further cooperation mechanism. In 

Region II, when the negotiation power of manufacturer 1 decreases to between 0.5 and 𝜃0, under the 

case of low degree of product substitution (0 < 𝛾 ≤ (2√2 − 2)𝛽), FL is the preferable strategy within 

the feasible region (as shown in Figure 4a). If the degree of product substitution is high ((2√2 − 2)𝛽 <

𝛾 < 𝛽), FL is the preferable strategy only under the condition of 0 < ∆𝑒 < ∆𝑒𝑎 (as shown in Figure 
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4b). FL strategy also realizes a Pareto improvement under the condition of 𝜃1 < 𝜃 < 𝜃2. In Region III, 

when manufacturer 1’s negotiation power decreases further to less than that of manufacturer 2, 

competition should be chosen. For many firms, especially smaller ones, it is better not to license their 

low-carbon technologies when they have less power in the licensing negotiation. In addition, under the 

case of high degree of product substitution, if manufacturer 1’s negotiation power is larger than 

manufacturer 2’s (0.5 < 𝜃 < 𝜃0), competition is the preferable strategy when the difference in the unit 

carbon emissions is large (∆𝑒𝑎 < ∆𝑒 ≤ ∆𝑒𝑛), as shown in Figure 4b.   

Interestingly, the gap in unit carbon emissions from the production between manufacturers does 

not matter with the choice of the licensing contract when the degree of product substitution is small (as 

shown in Figure 4a) and the gap is not sufficiently high when the degree of product substitution is large 

(as shown in Figure 4b). However, in the situation of high degree of production substitution, when the 

technology gap (∆𝑒) between two firms exceeds a critical value (∆𝑒 > ∆𝑒𝑎), it is impossible for the 

fixed-fee licensing to be the optimal strategy. This is due to the complex bilateral relationship embedded 

in the licensing strategies. On the one hand, both parties benefit from license cooperation as the licensor 

obtains extra revenue income and the licensee reduces its carbon emissions, which can transform into 

an economic performance improvement. On the other hand, licensing cooperation may also result in a 

financial loss in the market competition with a strengthened competitor. A small emission gap (∆𝑒) is 

not as significant as the bargaining power in determining the trade-off between the resulting financial 

benefits and losses. However, as the emission gap increases further to a substantial level, it can influence 

the selection of the optimal technology licensing strategy along with the bargaining power position. 

This finding supports the relevant studies on coopetition (Hafezalkotob 2017; Chen et al. 2019) which 

argue that cooperative and competitive forces underline the strategic decision on coopetition; this 

dynamic relationship is also influenced by changes in external market environment and/or internal 

operations capabilities over time. 

6.2. Optimal strategy from the social welfare perspective 

The above analysis of optimal licensing strategies is mainly based on the perspective of firms’ economic 

benefit. It is also evident from Lemmas 1 and 2 and Corollaries 1 and 2 that although low-carbon 

technology licensing is more likely to reduce total carbon emissions, consumers have to pay higher 

retail prices for improved environmental performance. Therefore, we analyze the effort of optimal 

licensing strategies on social welfare by incorporating its impacts on firms, consumers, and the 

environment. With reference to recent works on social welfare (Huang et al. 2013; Park et al. 2015), we 
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define social welfare as comprising three parts, namely, the two manufacturers’ profits, consumer 

surplus, and environmental impact caused by carbon emissions, that is, SW = 𝜋1(𝑞1) + 𝜋2(𝑞2) +

CS − 𝑐𝑒𝑇, where CS =
1

2
(𝛽𝑞1

2 + 2𝛾𝑞1𝑞2 + 𝛽𝑞2
2).  

Proposition 4. (1) In the FL strategy region, if 𝟎 < 𝒄𝒆 < 𝒄𝒆
𝑩 and 𝟎 < ∆𝒆 ≤ ∆𝒆𝒏; or 𝟎 < 𝜹𝟏 < 𝒆𝟏𝝀𝟎, 

𝒄𝒆
𝑩 < 𝒄𝒆 < 𝒄𝒆

𝑨  and 𝟎 < ∆𝒆 < ∆𝒆𝒋 ; or 𝜹𝟏 > 𝒆𝟏𝝀𝟎 , 𝒄𝒆 > 𝒄𝒆
𝑩  and 𝟎 < ∆𝒆 < ∆𝒆𝒋 , then 𝐒𝐖𝒇 > 𝐒𝐖𝒏 . 

Otherwise, 𝐒𝐖𝒏 > 𝐒𝐖𝒇.  

(2) In the ML strategy region, if 𝟎 < 𝒄𝒆 < 𝒄𝒆
𝑪 and ∆𝒆𝒌 < ∆𝒆 ≤ ∆𝒆𝒏; or 𝒄𝒆

𝑪 < 𝒄𝒆 < 𝒄𝒆
𝑫 and 𝟎 <

∆𝒆 ≤ ∆𝒆𝒏; or 𝒄𝒆 > 𝒄𝒆
𝑫 and 𝟎 < ∆𝒆 < ∆𝒆𝒍, then 𝐒𝐖𝒍 > 𝐒𝐖𝒏. Otherwise, 𝐒𝐖𝒏 > 𝐒𝐖𝒍. 

Where 𝑐𝑒
𝐴 =

(3𝛽+𝛾)𝛿1𝜆0

(2𝛽+𝛾)(𝑒1𝜆0−𝛿1)
, 𝑐𝑒

𝐵 =
(12𝛽2−4𝛽𝛾−3𝛾2)𝛿1

4𝑒1(4𝛽2−𝛾2)
, 𝑐𝑒

𝐶 =
4𝛽𝛿1+𝛾𝛿1

8𝛽𝑒1+4𝛾𝑒1
, 𝑐𝑒

𝐷 =
3𝛽𝛿1−2𝛾𝛿1

4𝛽𝑒1−2𝛾𝑒1
, ∆𝑒𝑗 =

2(𝛾−2𝛽)2[(3𝛽+𝛾)𝛿1𝜆0+𝑐𝑒(2𝛽+𝛾)(𝛿1−𝑒1𝜆0)]

𝛽𝜆0[4𝑐𝑒(4𝛽2−𝛾2)+𝜆0(12𝛽2−𝛾2)]
 and ∆𝑒𝑘,𝑙 =

(𝛾−2𝛽)2

2𝛽𝜆0(4𝛽2−3𝛾2)[4𝑐𝑒(4𝛽2−𝛾2)+(12𝛽2−𝛾2)𝜆0]
{2(4𝛽2 − 3𝛾2)[(3𝛽 + 𝛾)𝛿1𝜆0 +

(2𝛽 + 𝛾)𝑐𝑒(𝛿1 − 𝑒1𝜆0)] ∓ (2𝛽 + 𝛾)(4𝛽2 − 3𝛾2)
1

2[(36𝛽2 − 24𝛽𝛾 − 11𝛾2)𝛿1
2𝜆0

2 + 4𝑐𝑒𝛿1𝜆0((12𝛽2 − 6𝛽𝛾 − 5𝛾2)𝛿1 +

(5𝛾2 + 8𝛽𝛾 − 12𝛽2)𝑒1𝜆0) + 4𝑐𝑒
2((4𝛽2 − 3𝛾2)𝛿1

2 + 2𝑒1𝛿1𝜆0(𝛾2 + 4𝛽𝛾 − 4𝛽2) + (4𝛽2 − 3𝛾2)𝑒1
2𝜆0

2)]
1

2}. 

This proposition indicates that the impact on social welfare is dependent on the cost parameter (𝑐𝑒) 

of controlling the environmental pollution caused by unit carbon emissions, the difference in unit carbon 

emissions from production between the manufacturers ( ∆𝑒 ), and the maximum unit profit for 

manufacturer 1 (𝛿1). The specific relationship is illustrated in Figures 5 and 6.  

 

5a. 𝟎 < 𝜹𝟏 < 𝒆𝟏𝝀𝟎        5b. 𝜹𝟏 > 𝒆𝟏𝝀𝟎 

Figure 5. Effect of the FL strategy on the social welfare 

0

∆𝑒𝑛

∆𝑒

𝑐𝑒𝑐𝑒
𝐵 𝑐𝑒

𝐴

∆𝑒𝑗

I: 𝐒𝐖𝒇 > 𝐒𝐖𝒏

II: 𝐒𝐖𝒏 > 𝐒𝐖𝒇

0

∆𝑒𝑛

∆𝑒

𝑐𝑒𝑐𝑒
𝐵

∆𝑒𝑗

I: 𝐒𝐖𝒇 > 𝐒𝐖𝒏

II: 𝐒𝐖𝒏 > 𝐒𝐖𝒇



17 

 

 

Figure 6. Effect of the ML strategy on the social welfare 
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social welfare. Under a cap-and-trade policy, the policy maker sets an emissions “cap” that is the total 

quantity of emission allowance. The emissions price is determined by the market mechanism when the 

allowances are traded by the firms operating in a regulated region such as the EU-ETS. Theoretically, 

each firm’s decision affects the demand for emission allowances and consequently influences the 

emissions price. Practically, individual firms under the EU-ETS do not hold the market power to 

substantively alter the carbon price (Park et al. 2015). The emissions cap set by the regulator is more 

influential in determining the carbon price. Evidence also shows that caps on carbon emission permits 

can enhance firms’ market power when competing in the market (Kolstad and Wolak 2003, Chen and 

Hobbs 2005). Therefore, we assume 𝜆0 =
𝜌

𝐾
, meaning that a higher emissions cap 𝐾 causes a lower 

unit carbon emission trade price 𝜆0, in the evaluation of the effects of the cap-and-trade policy. This 

assumption seems to be logical, as a higher cap will reduce the demand for carbon emission trading and 

therefore drive down the unit trade price. We start with the effect of a carbon policy on firms’ financial 

performance under different technology licensing strategies and derive the following proposition. 

Proposition 5. For competition, if 𝟎 < 𝑲 <
𝟐𝜷𝝆𝒆𝟏

𝜸𝜹𝟏
 and 𝟎 < ∆𝒆 ≤ ∆𝒆𝒏  or 𝑲 >

𝟐𝜷𝝆𝒆𝟏

𝜸𝜹𝟏
 and 𝟎 < ∆𝒆 <

∆𝒆𝒎, then 𝝅𝒏 increases in 𝑲; otherwise, 𝝅𝒏 decreases in 𝑲. In contrast, 𝝅𝒊 (𝒊 = 𝒇, 𝒍) increases in 𝑲. 

    Where ∆𝑒𝑚 =
(𝛾−2𝛽)2(𝐾𝛿1−𝜌𝑒1)+(2𝛽−𝛾)√(𝛾−2𝛽)2𝜌2𝑒1

2+2𝐾𝜌𝑒1𝛿1(12𝛽2+4𝛽𝛾+3𝛾2)+𝐾2𝛿1
2(𝛾−2𝛽)2

2𝜌(4𝛽2+𝛾2)
. 

Proposition 5 shows that if there is no technology licensing agreement between the two firms and 

they only compete with each other, then how the cap-and-trade policy impacts the two firms’ economic 

performance depends on the difference in the unit carbon emissions from the production between the 

manufacturers (∆𝑒) and the carbon emissions cap (𝐾). The relationships among 𝐾 , ∆𝑒 and their 

respective thresholds determine the positive or negative impact of the cap-and-trade policy (e.g., a low 

or high cap) on firms’ profits. This is because the cap-and-trade policy affects the degree of individual 

firms’ financial gain of selling excessive emissions quotas to (or the loss of purchasing extra emissions 

quotas from) the outside market, which may result in an increase (or decrease) in the total profit of the 

two firms. Interestingly, the firms’ total profits in the two licensing arrangements all increase in 𝐾. This 

is because technology licensing improves licensees’ carbon emission efficiency to the level of the 

licensor. Meanwhile, the transaction of the licensing fee is only between the two firms and does not 

affect their total profits. Therefore, an increase (or decrease) of the cap and/or unit carbon emission 

trade price will only improve (or harm) their collective financial performance.    

Nevertheless, from the policy makers’ perspective, it is not firms’ financial performance but the 
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impact on social welfare including firms’ profitability, the consumer surplus and the environmental 

impact of carbon emissions that determines the success or failure of a carbon emission control policy. 

Now, we investigate the effect of carbon policy on the social welfare performance of the three possible 

licensing strategies discussed in Section 6 and derive the following proposition. 

Proposition 6. (1) For competition, if 𝟎 < 𝒄𝒆 < 𝒄𝒆
𝑬 and 𝟎 < ∆𝒆 < 𝒎𝒊𝒏{∆𝒆𝒐, ∆𝒆𝒏}, then social welfare 

increases in 𝑲; otherwise, social welfare decreases in 𝑲.  

(2) For the FL strategy, if 𝟎 < 𝒄𝒆 < 𝒄𝒆
𝑬, then social welfare increases in 𝑲; otherwise, social welfare 

decreases in 𝑲.  

(3) For the ML strategy, if 𝟎 < 𝒄𝒆 < 𝒄𝒆
𝑭 , then social welfare increases in 𝑲; otherwise, social 

welfare decreases in 𝑲. 

Where 𝑐𝑒
𝐸 =

(3𝛽+𝛾)𝛿1

(2𝛽+𝛾)𝑒1
 and 𝑐𝑒

𝐹 =
(24𝛽2−20𝛽𝛾−𝛾2)𝛿1

2(8𝛽2−6𝛽𝛾−𝛾2)𝑒1
. 

Proposition 6 presents the effect of the carbon emissions cap 𝐾 on the social welfare performance 

under the three strategies. For competition, its impact (positive or negative) on social welfare is mainly 

influenced by the unit cost of controlling carbon emissions related environmental pollution (𝑐𝑒) and the 

difference in the unit carbon emissions from the production between the manufacturers (∆𝑒). When ∆𝑒 

and 𝑐𝑒  are lower (0 < ∆𝑒 < min{∆𝑒𝑜, ∆𝑒𝑛} and 0 < 𝑐𝑒 < 𝑐𝑒
𝐸 ), social welfare will increase as 𝐾 

increases. This means that when the technical difference in carbon emission reduction between two 

firms is small and the social welfare is less sensitive to the environmental pollution, social welfare will 

increase as the cap 𝐾 increases. This is because firms’ economic gain from a higher cap outweighs the 

negative impact on social welfare from the environmental damage. For the technology licensing 

strategies (FL and ML) considered in the analysis, the social welfare performance is not affected by ∆𝑒 

as the two firms share the same low-carbon technology after licensing agreements. For the FL and ML 

strategies, the impacts of a carbon policy on social welfare are only affected by the unit cost of 

controlling carbon emission related environmental pollution (𝑐𝑒). Similarly, social welfare under FL 

strategy and ML strategy will increase or decrease as the cap 𝐾  increases, depending on the 

relationship between the unit cost of controlling carbon emission-related environmental pollution (𝑐𝑒) 

and their corresponding critical thresholds 𝑐𝑒
𝐸 and 𝑐𝑒

𝐹. 

Nevertheless, since low-carbon technology licensing, in general, improves environmental 

performance and social welfare, it is critical for policy makers to develop a cap-and-trade policy that 

can incentivize firms’ choice on technology licensing. Therefore, we examine the effect of a cap-and-
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trade policy on the critical thresholds (e.g., 𝜃0 and ∆𝑒𝑎), on which firms’ optimal strategic decision on 

technology licensing depends, and we derive the following corollary. 

Corollary 3. Thresholds 𝜽𝟎  and ∆𝒆𝒂  increase in 𝑲 , and 𝒍𝒊𝒎
𝑲→∞

𝜽𝟎 =

(𝒄−𝜶)𝟐(𝟏𝟔𝜷𝟒−𝟑𝟔𝜷𝟐𝜸𝟐+𝟐𝟒𝜷𝜸𝟑−𝟑𝜸𝟒)+𝟒𝜷𝝆(𝟒𝜷𝟐−𝟑𝜸𝟐)𝟐

(𝟒𝜷𝟐−𝟑𝜸𝟐)[(𝒄−𝜶)𝟐(𝟖𝜷𝟐−𝟖𝜷𝜸+𝜸𝟐)+𝟖𝜷𝝆(𝟒𝜷𝟐−𝟑𝜸𝟐)]
. 

Corollary 3 indicates that a high cap reduces the likelihood of the ML strategy being a firm’s 

optimal choice, as it demands the licensor to have more dominant power in the contract negotiation. In 

this case, it is critically important for policy makers to establish a low emissions cap to incentivize firms’ 

adoption of the ML strategy. A high cap will increase the value of critical thresholds 𝜃0 and ∆𝑒𝑎, and 

consequently increases the likelihood of the FL strategy being firms’ preferable strategy.  

8. Extended models 

8.1 Different carbon emissions cap models 

The analytical results in previous sections are based on the assumption that each manufacturer has an 

equal emissions cap (K). In practice, manufacturers may have different emission allowance according 

to their size and preceding carbon emissions records (Chai et al. 2020). To verify the research findings, 

we extend the analysis to the scenario of asymmetric emissions cap (𝐾1 ≠ 𝐾2). Moreover, the emission 

allowances are not all given for free. It is likely for firms to receive some emissions allowance for free 

and buy additional allowance at auctions. For instance, under the EU ETS, the annual cap on aviation 

allowances were distributed to aircraft operators as: 82% granted for free; 15% are auctioned, and 3% 

in a special reserve for distribution to fast-growing aircraft operators and new entrants (European 

Commission 2021c). Therefore, the proportion of the emission allowances obtained through auction is 

notated as 𝜇 (0 < 𝜇 < 1). With this setting, the profits of manufacturers 1 and 2 in the competition, 

FL and ML models are as follows:  

For the competition model, manufacturer 1’s profit 𝜋1
𝑛(𝑞1) is as  

𝜋1
𝑛(𝑞1) = (𝛼 − 𝛽𝑞1 − 𝛾𝑞2 − 𝑐)𝑞1 − 𝜆0𝐸1 − 𝜆0𝜇𝐾1            (9) 

Similarly, manufacturer 2’s profit 𝜋2
𝑛(𝑞2) for the competition model is as: 

𝜋2
𝑛(𝑞2) = (𝛼 − 𝛽𝑞2 − 𝛾𝑞1 − 𝑐)𝑞2 − 𝜆0𝐸2 − 𝜆0𝜇𝐾2            (10) 

For the FL model, manufacturer 1’s profit 𝜋1
𝑓(𝑞1) is: 

𝜋1
𝑓(𝑞1) = (𝛼 − 𝛽𝑞1 − 𝛾𝑞2 − 𝑐)𝑞1 + 𝑀 − 𝜆0𝐸1 − 𝜆0𝜇𝐾1            (11) 

Accordingly, manufacturer 2’s profit 𝜋2
𝑓(𝑞2) in the FL model is 

𝜋2
𝑓(𝑞2) = (𝛼 − 𝛽𝑞2 − 𝛾𝑞1 − 𝑐)𝑞2 − 𝑀 − 𝜆0𝐸2 − 𝜆0𝜇𝐾2             (12) 
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The fixed-fee negotiation process for the FL model is as follows: 

𝑚𝑎𝑥
𝑀≥0

𝛷(𝑀) = 𝑚𝑎𝑥
𝑀≥0

[𝜋1
𝑓

(𝑀)]
𝜃

[𝜋2
𝑓

(𝑀)]
1−𝜃

                 (13) 

For the ML model, manufacturer 1’s profit 𝜋1
𝑙 (𝑞1) is as follows: 

𝜋1
𝑙 (𝑞1) = (𝛼 − 𝛽𝑞1 − 𝛾𝑞2 − 𝑐)𝑞1 + 𝜆𝑞2 + 𝑚 − 𝜆0𝐸1 − 𝜆0𝜇𝐾1    (14) 

Accordingly, manufacturer 2’s profit 𝜋2
𝑙 (𝑞2) is as follows: 

𝜋2
𝑙 (𝑞2) = (𝛼 − 𝛽𝑞2 − 𝛾𝑞1 − 𝑐)𝑞2 − 𝜆𝑞2 − 𝑚 − 𝜆0𝐸2 − 𝜆0𝜇𝐾2    (15) 

Similar to formula (13), the two-part tariff negotiation process for the ML model is as follows: 

𝑚𝑎𝑥
𝜆≥0,𝑚≥0

𝛷(𝜆, 𝑚) = 𝑚𝑎𝑥
𝜆≥0,𝑚≥0

[𝜋1
𝑙 (𝜆, 𝑚)]

𝜃
[𝜋2

𝑙 (𝜆, 𝑚)]
1−𝜃

     (16) 

Comparing to the profit functions (Equations 1 to 8) outlined in Section 3, the main difference is 

the incorporation of the additional costs (i.e.,  𝜆0𝜇𝐾1 , 𝜆0𝜇𝐾2 ) incurred from purchasing emission 

allowances by auction. The decision sequences are shown in Table 1. 

Table 1. The decision problems of three models 

Models Stage 1 Stage 2 

Competition 

𝑚𝑎𝑥
𝑞1≥0

 𝜋1
𝑛(𝑞1)

𝑠. 𝑡   𝑞1𝑒1 − 𝐸1 = 𝐾1

𝑚𝑎𝑥
𝑞2≥0

 𝜋2
𝑛(𝑞2)

𝑠. 𝑡   𝑞2𝑒2 − 𝐸2 = 𝐾2

 / 

FL 

    𝑚𝑎𝑥
𝑀≥0

 𝛷(𝑀) 

𝑠. 𝑡 𝑞1𝑒1 − 𝐸1 = 𝐾1

    𝑞2𝑒1 − 𝐸2 = 𝐾2

 

   𝑚𝑎𝑥
𝑞1≥0

 𝜋1
𝑓

(𝑞1)

𝑠. 𝑡  𝑞1𝑒1 − 𝐸1 = 𝐾1

   𝑚𝑎𝑥
𝑞2≥0

 𝜋2
𝑓

(𝑞2)

𝑠. 𝑡  𝑞2𝑒1 − 𝐸2 = 𝐾2

 

ML 

    𝑚𝑎𝑥
𝜆≥0,𝑚≥0

 𝛷(𝜆, 𝑚) 

𝑠. 𝑡 𝑞1𝑒1 − 𝐸1 = 𝐾1

    𝑞2𝑒1 − 𝐸2 = 𝐾2

 

   𝑚𝑎𝑥
𝑞1≥0

 𝜋1
𝑙 (𝑞1)

𝑠. 𝑡  𝑞1𝑒1 − 𝐸1 = 𝐾1

   𝑚𝑎𝑥
𝑞2≥0

 𝜋2
𝑙 (𝑞2)

𝑠. 𝑡  𝑞2𝑒1 − 𝐸2 = 𝐾2

 

The optimal solutions for the competition, FL and ML models are listed in the Appendix A (Table 

A3). Then, we compare the total profits of manufacturers among the competition, FL and ML models, 

and derive the following proposition. 

Proposition 7. (1) If 𝟎 < 𝜸 ≤ (𝟐√𝟐 − 𝟐)𝜷, 𝟎 < ∆𝒆 ≤ ∆𝒆𝒏 and 𝜽𝑨 ≤ 𝜽 < 𝜽𝑩; or (𝟐√𝟐 − 𝟐)𝜷 < 𝜸 <

𝜷, 𝟎 < ∆𝒆 < ∆𝒆𝒂 and 𝜽𝑨 ≤ 𝜽 < 𝜽𝑩, the FL is the preferable strategy.  

(2) If 𝟎 < ∆𝒆 ≤ ∆𝒆𝒏 and 𝜽𝑩 ≤ 𝜽 ≤ 𝟏, the ML is the preferable strategy. (3) Otherwise, competition 
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is the preferable strategy. 

Where ∆𝑒𝑛 =
(2𝛽−𝛾)𝛿1

2𝛽𝜆0
, ∆𝑒𝑎 =

2𝛿1(𝛾−2𝛽)2

(4𝛽2+𝛾2)𝜆0
, 𝜃𝐴 =

𝛽𝛿1
2+(2𝛽+𝛾)2(1−𝜇)𝐾1𝜆0

2𝛽𝛿1
2+(2𝛽+𝛾)2(1−𝜇)(𝐾1+𝐾2)𝜆0

 and 𝜃𝐵 =

(16𝛽4−36𝛽2𝛾2+24𝛽𝛾3−3𝛾4)𝛿1
2+4𝛽𝐾1𝜆0(1−𝜇)(4𝛽2−3𝛾2)2

(4𝛽2−3𝛾2)[(8𝛽2−8𝛽𝛾+𝛾2)𝛿1
2+4𝛽𝜆0(1−𝜇)(4𝛽2−3𝛾2)(𝐾1+𝐾2)]

. 

This proposition indicates that the optimal strategic decision regarding technology licensing 

depends on manufacturer 1’s negotiation power (𝜃), the difference in unit carbon emissions from the 

production between the manufacturers (∆𝑒 ) and the degree of product substitution (𝛾 ) and their 

relationship with relevant critical thresholds (𝜃𝐴, 𝜃𝐵 , ∆𝑒𝑎  and (2√2 − 2)𝛽). This relationship is 

further illustrated in Figures 7 and 8.  

 

7a. 𝟎 < 𝜸 < (𝟐√𝟐 − 𝟐)𝜷      7b. (𝟐√𝟐 − 𝟐)𝜷 < 𝜸 < 𝜷 

Figure 7. Selection of green technology licensing strategies (𝑲𝟏 < 𝑲𝟐) 

 

8a. 𝟎 < 𝜸 < (𝟐√𝟐 − 𝟐)𝜷      8b. (𝟐√𝟐 − 𝟐)𝜷 < 𝜸 < 𝜷 

Figure 8. Selection of green technology licensing strategies (𝑲𝟏 > 𝑲𝟐) 

When the carbon emissions cap on manufacturer 1 is smaller than that on manufacturer 2 (𝐾1 <
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strategy decreases if the degree of product substitution is low (as shown in Figure 4a and Figure 7a). 

Similarly, if the degree of product substitution is high ( (2√2 − 2)𝛽 < 𝛾 < 𝛽 ), the threshold 

corresponding to the FL strategy decreases, and the threshold corresponding to the ML strategy 

decreases (as shown in Figure 4b and Figure 7b). The results indicate that it is more likely for 

manufacturers to choose the ML strategy than competition regardless of the degree of product 

substitution 𝛾. Moreover, in this case, the thresholds 𝜃𝐴 and 𝜃𝐵 increase in 𝜇, which means that it 

is more likely for manufacturers to choose the competition strategy than the FL and ML strategies 

compared to the scenario where all carbon emissions allowance are free. 

When the carbon emissions cap on manufacturer 1 is higher than manufacturer 2 (𝐾1 > 𝐾2), the 

threshold corresponding to the FL strategy increases, and the threshold corresponding to the ML strategy 

increases if the degree of product substitution is low (as shown in Figure 4a and Figure 8a). Similarly, 

if the degree of product substitution is high ((2√2 − 2)𝛽 < 𝛾 < 𝛽), the threshold corresponding to the 

FL strategy increases, and the threshold corresponding to the ML strategy increases (as shown in Figure 

4b and Figure 8b). The results indicate that it is more likely for manufacturers to choose the competition 

strategy than the ML strategy regardless of the degree of product substitution 𝛾. 

Based on the above observations, we can conclude that when there is a difference between the two 

manufacturers’ emissions caps and the cost of emission allowance bought from auctions is considered, 

the optimal strategic decision regarding low-carbon technology licensing is similar to the scenario that 

manufacturers have the same carbon emissions cap that are given for free (as shown in Proposition 3). 

Although the thresholds corresponding to the different technology licensing strategies change as 

illustrated above, the main findings regarding the selection of technology licensing arrangement still 

hold with different emission caps on the two manufacturers and additional cost associated to caution. 

8.2 Two-period models 

Technology licensing is often a long-term strategic decision and the potential revenue from this 

endeavor might change due to exogenous market shocks over time (Bilgiç, and Güllü, 2016). Firms 

could possibly wait for a few years before licensing their low-carbon technologies. To capture this, we 

extend our analysis from the single-period model to a two-period model. Since the two-part tariff 

licensing agreement is more general than the fixed-fee licensing, we take the two-part tariff licensing 

agreement as an example to discuss the selection of optimal licensing strategies over two-periods. In 

each period, there are two options including competition strategy and mixed-fee technology licensing 

strategy. Therefore, there are four cases to be considered over the two-periods including NN, NL, LN 
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and LL strategies. More specifically, the NN model indicates that manufacturer 1 does not license its 

technology to manufacturer 2 in both periods, thus there is only a competitive relationship between the 

two manufacturers. The NL model represents the case where two manufacturers only compete with each 

other in the first period, but manufacturer 1 licenses its green technology to manufacturer 2 in the second 

period. Conversely, the LN model represents when manufacturer 1 licenses its green technology to 

manufacturer 2 in the 1st period but not in the 2nd period. The LL model indicates when manufacturer 1 

licenses its technology to manufacturer 2 in both periods. We use largely the same model assumptions 

as in the previous sections; the difference is that the demand faced by the retailer is 𝑝𝑖 = 𝛼1 − 𝛽𝑞𝑖 −

𝛾𝑞𝑗 in the first period, and 𝑝𝑖 = 𝛼2 − 𝛽𝑞𝑖 − 𝛾𝑞𝑗 in the second period. Furthermore, we assume the 

carbon emissions cap in the second period is smaller than that in the first period (0 < 𝜎 < 1), which is 

in line with the EU-ETS policy. The decision problems of the four models are described in Table 2. 

Table 2. The decision problems of four models for two-periods 

Models 
1st Period  2nd Period 

Stage 1 Stage 2 Stage 1 Stage 2 

NN 

max
𝑞1≥0

 𝜋1
𝑛(𝑞1)

𝑠. 𝑡   𝑞1𝑒1 − 𝐸1 = 𝐾

max
𝑞2≥0

 𝜋2
𝑛(𝑞2)

𝑠. 𝑡   𝑞2𝑒2 − 𝐸2 = 𝐾

 / 

max
𝑞1≥0

 𝜋1
𝑛(𝑞1)

𝑠. 𝑡   𝑞1𝑒1 − 𝐸1 = 𝜎𝐾

max
𝑞2≥0

 𝜋2
𝑛(𝑞2)

𝑠. 𝑡   𝑞2𝑒2 − 𝐸2 = 𝜎𝐾

 / 

NL 

max
𝑞1≥0

 𝜋1
𝑛(𝑞1)

𝑠. 𝑡   𝑞1𝑒1 − 𝐸1 = 𝐾

max
𝑞2≥0

 𝜋2
𝑛(𝑞2)

𝑠. 𝑡   𝑞2𝑒2 − 𝐸2 = 𝐾

 / 

    max
𝜆≥0,𝑚≥0

 Φ(𝜆, 𝑚) 

𝑠. 𝑡 𝑞1𝑒1 − 𝐸1 = 𝜎𝐾
    𝑞2𝑒1 − 𝐸2 = 𝜎𝐾

 

   max
𝑞1≥0

 𝜋1
𝑙 (𝑞1)

𝑠. 𝑡  𝑞1𝑒1 − 𝐸1 = 𝜎𝐾

   max
𝑞2≥0

 𝜋2
𝑙 (𝑞2)

𝑠. 𝑡  𝑞2𝑒1 − 𝐸2 = 𝜎𝐾

 

LN 

    max
𝜆≥0,𝑚≥0

 Φ(𝜆, 𝑚) 

𝑠. 𝑡 𝑞1𝑒1 − 𝐸1 = 𝐾
    𝑞2𝑒1 − 𝐸2 = 𝐾

 

   max
𝑞1≥0

 𝜋1
𝑙 (𝑞1)

𝑠. 𝑡  𝑞1𝑒1 − 𝐸1 = 𝐾

   max
𝑞2≥0

 𝜋2
𝑙 (𝑞2)

𝑠. 𝑡  𝑞2𝑒1 − 𝐸2 = 𝐾

 

max
𝑞1≥0

 𝜋1
𝑛(𝑞1)

𝑠. 𝑡   𝑞1𝑒1 − 𝐸1 = 𝜎𝐾

max
𝑞2≥0

 𝜋2
𝑛(𝑞2)

𝑠. 𝑡   𝑞2𝑒2 − 𝐸2 = 𝜎𝐾

 / 

LL 

    max
𝜆≥0,𝑚≥0

 Φ(𝜆, 𝑚) 

𝑠. 𝑡 𝑞1𝑒1 − 𝐸1 = 𝐾
    𝑞2𝑒1 − 𝐸2 = 𝐾

 

   max
𝑞1≥0

 𝜋1
𝑙 (𝑞1)

𝑠. 𝑡  𝑞1𝑒1 − 𝐸1 = 𝐾

   max
𝑞2≥0

 𝜋2
𝑙 (𝑞2)

𝑠. 𝑡  𝑞2𝑒1 − 𝐸2 = 𝐾

 

    max
𝜆≥0,𝑚≥0

 Φ(𝜆, 𝑚) 

𝑠. 𝑡 𝑞1𝑒1 − 𝐸1 = 𝜎𝐾
    𝑞2𝑒1 − 𝐸2 = 𝜎𝐾

 

   max
𝑞1≥0

 𝜋1
𝑙 (𝑞1)

𝑠. 𝑡  𝑞1𝑒1 − 𝐸1 = 𝜎𝐾

   max
𝑞2≥0

 𝜋2
𝑙 (𝑞2)

𝑠. 𝑡  𝑞2𝑒1 − 𝐸2 = 𝜎𝐾

 

In this part, we compare the total profits of manufacturers in the two-periods among the NN, NL, 

LN and LL models, and derive the following proposition. 
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Proposition 8. (1) In the case of 𝜶𝟏 > 𝜶𝟐, (i) when 𝟎 < 𝝈 <
𝜹𝑷𝟐

𝟐

𝜹𝑷𝟏
𝟐 , if 𝟎 < ∆𝒆 ≤ ∆𝒆𝑷𝟐

𝒏  and 𝟎 ≤ 𝜽 <

𝜽𝟎
𝑷𝟏, then the NN strategy is the optimal strategy; if 𝟎 < ∆𝒆 ≤ ∆𝒆𝑷𝟐

𝒏  and 𝜽𝟎
𝑷𝟏 ≤ 𝜽 < 𝜽𝟎

𝑷𝟐, then the 

LN strategy is the optimal strategy; if 𝟎 < ∆𝒆 ≤ ∆𝒆𝑷𝟐
𝒏  and 𝜽𝟎

𝑷𝟐 ≤ 𝜽 ≤ 𝟏, then the LL strategy is the 

optimal strategy.  

    (ii) when 
𝜹𝑷𝟐

𝟐

𝜹𝑷𝟏
𝟐 < 𝝈 < 𝟏 , if 𝟎 < ∆𝒆 ≤ ∆𝒆𝑷𝟐

𝒏  and 𝟎 ≤ 𝜽 < 𝜽𝟎
𝑷𝟐 , then the NN strategy is the 

optimal strategy; if 𝟎 < ∆𝒆 ≤ ∆𝒆𝑷𝟐
𝒏  and 𝜽𝟎

𝑷𝟐 ≤ 𝜽 < 𝜽𝟎
𝑷𝟏 , then the NL strategy is the optimal 

strategy; if 𝟎 < ∆𝒆 ≤ ∆𝒆𝑷𝟐
𝒏  and 𝜽𝟎

𝑷𝟏 ≤ 𝜽 ≤ 𝟏, then the LL strategy is the optimal strategy. 

(2) In the case of 𝜶𝟏 < 𝜶𝟐, (i) if 𝟎 < ∆𝒆 ≤ ∆𝒆𝑷𝟏
𝒏  and 𝟎 ≤ 𝜽 < 𝜽𝟎

𝑷𝟏, then the NN strategy is 

the optimal strategy; (ii) if 𝟎 < ∆𝒆 ≤ ∆𝒆𝑷𝟏
𝒏  and 𝜽𝟎

𝑷𝟏 ≤ 𝜽 < 𝜽𝟎
𝑷𝟐, then the LN strategy is the optimal 

strategy; (iii) if 𝟎 < ∆𝒆 ≤ ∆𝒆𝑷𝟏
𝒏  and 𝜽𝟎

𝑷𝟐 ≤ 𝜽 ≤ 𝟏, then the LL strategy is the optimal strategy. 

Where ∆𝑒𝑃1
𝑛 =

(2𝛽−𝛾)𝛿𝑃1

2𝛽𝜆0
, ∆𝑒𝑃2

𝑛 =
(2𝛽−𝛾)𝛿𝑃2

2𝛽𝜆0
, 𝜃0

𝑃1 =
(16𝛽4−36𝛽2𝛾2+24𝛽𝛾3−3𝛾4)𝛿𝑃1

2 +4𝐾𝛽𝜆0(4𝛽2−3𝛾2)2

(4𝛽2−3𝛾2)[(8𝛽2−8𝛽𝛾+𝛾2)𝛿𝑃1
2 +8𝐾𝛽𝜆0(4𝛽2−3𝛾2)]

 

and 𝜃0
𝑃2 =

(16𝛽4−36𝛽2𝛾2+24𝛽𝛾3−3𝛾4)𝛿𝑃2
2 +4𝜎𝐾𝛽𝜆0(4𝛽2−3𝛾2)2

(4𝛽2−3𝛾2)[(8𝛽2−8𝛽𝛾+𝛾2)𝛿𝑃2
2 +8𝜎𝐾𝛽𝜆0(4𝛽2−3𝛾2)]

. 

From this proposition, we know that the optimal decision on technology licensing over the two-

periods depends on manufacturer 1’s negotiation power (𝜃) and their relationship with the critical 

thresholds (𝜃0
𝑃1, 𝜃0

𝑃2), as illustrated in Figure 9. Specifically, manufacturer 1 should not license green 

technology to its rival if it has less negotiating power than the rival (𝜃 ≤ 𝜃0
𝑃1  or 𝜃 ≤ 𝜃0

𝑃2). It is 

consistent with the finding shown in Proposition 3, where the decision on technology licensing does not 

consider multiple periods. Furthermore, the value of critical thresholds (𝜃0
𝑃1, 𝜃0

𝑃2) are also influenced 

by the manufacturer’s maximum retail prices in two-periods (𝛼1 and 𝛼2) and each period’s maximum 

market size. 

Interestingly, manufacturers will choose between the NL or LN strategies when the difference in 

negotiating power between the two manufacturers is marginal (𝜃0
𝑃1 < 𝜃 < 𝜃0

𝑃2 or 𝜃0
𝑃2 < 𝜃 < 𝜃0

𝑃1). In 

addition, the difference in market sizes over the two-periods determines in which period the mixed 

technology licensing strategy should be deployed. More specially, when the maximum market size in 

the first period is larger than the second period (𝛼1 > 𝛼2), manufacturer 1 tends to license its technology 

to manufacturer 2 in the first period or in the second period depending on the reduction rate of carbon 

emissions cap (𝜎) (see Figures 9a1 and 9a2), as it is more advantageous to keep the technical advantage 

for market competitiveness. In contrast, when the maximum market size in the first period is smaller 

than the second period (𝛼1 < 𝛼2), manufacturer 1 tends to only license its technology to manufacturer 
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2 in the first period (see Figure 9b), as the extra revenue from technology licensing outweighs the loss 

from the enhanced competition with manufacturer 2. In this case, the decision structure of choosing the 

optimal strategy is not influenced by the reduction rate of carbon emissions cap (𝜎), although 𝜃0
𝑃2 

decreases in 𝜎 . This finding further demonstrates that the decision on technology licensing is 

influenced by changes in the external market environment and/or internal operational capabilities over 

time, an important feature in coopetitive relationships (Hafezalkotob 2017; Chen et al. 2019). 

 

9a1. 𝜶𝟏 > 𝜶𝟐 (𝟎 < 𝝈 <
𝜹𝑷𝟐

𝟐

𝜹𝑷𝟏
𝟐 )     9a2. 𝜶𝟏 > 𝜶𝟐 (

𝜹𝑷𝟐
𝟐

𝜹𝑷𝟏
𝟐 < 𝝈 < 𝟏) 

 

9b. 𝜶𝟏 < 𝜶𝟐 

Figure 9. Selection of green technology licensing strategies for two-periods 

9. Conclusions 

This research evaluates the effects of contractual choices regarding the licensing of low-carbon 

technology on the economic and environmental performance of two rival manufacturers under a cap-

and-trade policy. Through a comparison of the equilibriums of the alternative technology licensing 

models, we emphasize the underlining economic principles that govern the firms’ behaviors toward 

technology licensing choices. This study also examines the impact of green technology licensing 
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decisions on the environment, consumers, and social welfare. It analyzes how a cap-and-trade policy 

can be designed to promote a sustainable low-carbon economy. Our analysis provides important insights.  

The contractual choice regarding low-carbon technology licensing is governed by the trade-off 

between the benefits gained from the licensing cooperation and the losses incurred from competition 

with a strengthened market rival. Interestingly, among many influential factors, the interfirm power 

relationship plays the most prominent role in determining the optimal contractual decision about low-

carbon technology licensing. This research sheds light on how the power relationship in the contract 

negotiation influences interfirm green technology-licensing arrangements. Specifically, mixed-fee 

licensing is the preferable choice if the licensor has the dominant power in contractual negotiation; in 

contrast, no licensing agreement is preferred if the licensor has less negotiating power. Technology 

licensing through a fixed fee should be considered if the licensor’s negotiation power is slightly higher 

than the licensee’s. Similar finding is shown in the extended analyses of different carbon emissions caps 

and two-period models. These findings explains why some green innovators wait a few years before 

licensing their technologies. These insights provide a useful explanation of why firms such as Ford and 

Lenovo are willing to license their green technologies to other firms, including their competitors. Ford 

and Lenovo’s market position in their respective sectors would ensure them a strong power position in 

negotiating a technology licensing contract. Mixed-fee licensing and fixed-fee licensing are widely 

adopted by these firms in the licensing arrangement (Kim and Lee 2014, 2016b).  

    Licensing decisions have profound impacts on individual firms, the environment, consumers, and 

social welfare. Moreover, the decision on low-carbon technology licensing is dynamic and influenced 

by internal operational and technological capability, the external market and policy environment, and 

the interfirm power relationship. Changes in internal capabilities, the external environment, and/or the 

interfirm power balance over time will affect firms’ strategic decisions about low-carbon technology 

licensing. For example, internal and external technology developments over time have enabled Ford to 

transition from the stage of licensing patents from Toyota which developed the first Escape hybrid a 

decade ago, to the current stage of offering electrified vehicle technology licenses to rival automakers.  

Our research findings have important policy implications. In general, technology licensing 

between rival firms will lead to reduced total carbon emissions. It is critical for governments to create 

a supportive policy environment that incentivizes technology licensing among firms, including 

competitors. For instance, as the interfirm power relationship is more influential than other factors in 

determining firms’ optimal strategy on technology licensing, it is important to protect the green 
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innovator’s IP and ensure their bargaining power in the licensing negotiation. Therefore, the adoption 

of green technology licensing among rival firms in a policy environment is more likely when green 

innovators’ bargaining power is enhanced. In addition, a cap-and-trade policy with a low-carbon 

emissions cap and/or a high unit carbon emission trade price will help promote the adoption of the ML 

strategy that assures a reduction of total carbon emissions and improves the social welfare performance.  

This research could be extended in several directions. For instance, this research only considers 

low-carbon technology licensing between two rival manufacturers. There are often more than two 

competitors operating in the same marketplace. It would be valuable to explore how the extra 

competition brought by multiple players would affect firms’ behaviors toward coopetition and their 

associated sustainability performance. Furthermore, firms’ strategic decisions about low-carbon 

technology licensing could be influenced by their supply chain positions and their relationships with 

supply chain partners. Therefore, another important future research avenue is to study this problem in 

the context of low-carbon supply chains. Finally, the economic impact of low-carbon technology is 

mainly modeled through trading the surplus/shortage of carbon allowance under the cap-and-trade 

policies. In fact, on the one hand, more customers are willing to pay premier prices for environmentally 

friendly products, and on the other hand, manufacturers incur high cost to produce environmentally 

friendly products. Therefore, future research can incorporate the emission-sensitive customer demand 

and different production costs in our low-carbon technology licensing models. 

Acknowledgement  

The first author is supported by the National Key R&D Program of China (No. 2020YFB1711900), 

Major Program of National Social Science Foundation of China (No. 20&ZD084), and National Natural 

Science Foundation of China (No. 91646109). 

References 

Anand, K. and Giraud-Carrier, F. (2020). Pollution regulation of competitive markets, Management Science, 

66(9), 4193-4206. 

Ariño, A., Reuer, J. J., Mayer, K. J. and Jané, J. (2014). Contracts, negotiation, and learning: An examination 

of termination provisions, Journal of Management Studies, 51(3), 379-405. 

Arora, A. and Ceccagnoli, M. (2006). Patent protection, complementary assets, and firms’ incentives for 

technology licensing, Management Science, 52 (2), 293-308. 

Aulakh, P. S., Jiang, M. S. and Pan, Y. (2010). International technology licensing: Monopoly rents, 

transaction costs and exclusive rights, Journal of International Business Studies, 41(4), 587-605.  

Bailey, B., Yeo, J., Koh, S. and Ferguson, A. (2020). Doubling Down: Europe's low-carbon investment 

opportunity, Oliver Wyman Report, https://www.oliverwyman.com/our-expertise/insights/2020/feb/ 

doubling-down.html, Accessed on 12/05/2020. 



29 

 

Baron, O., Berman, O. and Wu, D. (2016). Bargaining within the supply chain and its implications in an 

industry, Decision Sciences, 47(2), 193-218. 

Barrieu, P. and Fehr, M. (2014). Market-consistent modeling for cap-and-trade schemes and application to 

option pricing, Operations Research, 62(2), 234-249. 

Bilgiç, T. and Güllü, R. (2016). Innovation race under revenue and technology uncertainty of heterogeneous 

firms where the winner does not take all, IIE Transactions, 48(6), 527-540.  

Brandenburger, A. M. and Nalebuff, B. J. (1996). Co-opetition. Doubleday, New York 

Caro, F., Corbett, C. J., Tan, T. and Zuidwijk, R. (2013). Double counting in supply chain carbon footprinting, 

Manufacturing & Service Operations Management, 15(4), 545-558. 

Chai, Q., Xiao, Z. and Zhou, G. (2020). Competitive strategies for original equipment manufacturers 

considering carbon cap and trade, Transportation Research Part D: Transport and Environment, 78, 

102193. 

Chen, X., Wang, X. and Xia, Y. (2019). Production coopetition strategies for competing manufacturers that 

produce partially substitutable products, Production and Operations Management, 28(6), 1446-1464. 

Chen, Y. and Hobbs, B. F. (2005). An oligopolistic power market model with tradable NOx permits, IEEE 

Transactions on Power Systems, 20(1), 119-129. 

Dechezleprêtre, A. and Glachant, M. (2014). Does foreign environmental policy influence domestic 

innovation? Evidence from the wind industry, Environmental and Resource Economics, 58(3), 391-413. 

Dechezleprêtre, A., Neumayer, E. and Perkins, R. (2015). Environmental regulation and the cross-border 

diffusion of new technology: evidence from automobile patents, Research Policy, 44(1), 244-257. 

European Commission. (2021a). Climate Action, Reducing emissions from aviation, https://ec.europa.eu/ 

clima/policies/transport/aviation_en, accessed on 21/04/2021. 

European Commission. (2021b). Climate Action, Allocation to industrial installations, https://ec.europa.eu/ 

clima/policies/ets/allowances/industrial_en, accessed on 21/04/2021. 

European Commission. (2021c). Allocation to aviation, Cap on total allowances, https://ec.europa.eu/clima/ 

policies/ets/allowances/aviation_en, accessed on 21/04/2021. 

Fosfuri, A. (2006). The licensing dilemma: Understanding the determinants of the rate of technology 

licensing, Strategic Management Journal, 27(12), 1141-1158. 

Grubb, M. (2012). Emissions trading: Cap and trade finds new energy, Nature, 491(7426), 666-667. 

Gulati, R., Lawrence, P. R. and Puranam, P. (2005). Adaptation in vertical relationships: Beyond incentive 

conflict, Strategic Management Journal, 26(5), 415-440. 

Hafezalkotob, A. (2017). Competition, cooperation, and coopetition of green supply chains under regulations 

on energy saving levels, Transportation Research Part E: Logistics and Transportation Review, 97, 228-

250 

Hall, B. H. and Helmers, C. (2010). The role of patent protection in (clean) technology transfer, Santa Clara 

High Technology Law Journal, 26 (4), 487-532 

Hall, B. H. and Helmers, C. (2013). Innovation and diffusion of clean/green technology: Can patent 

commons help? Journal of Environmental Economics and Management, 66(1), 33-51.  

Hepburn, C., O’Callaghan, B., Stern, N., Stiglitz, J. and Zenghelis, D. (2020). Will COVID-19 fiscal 

recovery packages accelerate or retard progress on climate change? Oxford Review of Economic Policy, 

36(S1):1-48 

Hu, B., Hu, M. and Yang. Y. (2017). Open or closed? Technology sharing, supplier investment, and 

competition, Manufacturing and Service Operations Management, 19(1), 132-149. 



30 

 

Huang, J., Leng, M., Liang, L. and Liu, J. (2013). Promoting electric automobiles: Supply chain analysis 

under a government’s subsidy incentive scheme, IIE Transactions, 45(8), 826-844. 

Kim, S. L. and Lee. S. H. 2014. Eco-technology licensing under emission tax: Royalty vs. fixed-fee. Korean 

Economic Review, 30, 273-300. 

Kim, S. L. and Lee. S. H. (2016a). The licensing of eco-technology under emission tax: Fixed-fee vs. auction, 

International Review of Economics and Finance, 45, 343-357. 

Kim, S. L. and Lee, S. H. (2016b). Optimal two-part tariff licensing strategies of eco-technology, Firms’ 

Strategic Decisions: Theoretical and Empirical Findings, 2, 217-238. 

Khoury, T. A., Pleggenkuhle-Miles, E. G. and Walter, J. (2019). Experiential learning, bargaining power, and 

exclusivity in technology licensing, Journal of Management, 45(3), 1193-1224. 

Kolstad, J. and Wolak, F. (2003). Using environmental emissions permit prices to raise electricity prices: 

Evidence from the California electricity market, University California Energy Inst., Berkeley, CA, CSEM 

Working Paper CSEM WP-113.   

Kotha, R., Crama, P. and Kim, P. H. (2018). Experience and signaling value in technology licensing contract 

payment structures, Academy of Management Journal, 61(4), 1307-1342. 

Lenovo Newsroom. (2017). Lenovo™ announces breakthrough, innovative PC manufacturing process, 

[http://news.lenovo.com/news-releases/lenovo-announces-breakthrough-innovative-pc-manufacturing-

process. htm] Accessed 11/08/2017. 

Lin, J. Y., Zhou, S. X. and Gao, F. (2019). Production and technology choice under emissions regulation: 

Centralized vs decentralized supply chains, IISE Transactions, 51(1), 57-73. 

Liu, A. and Chen, Y. (2017) Price containment in emissions permit markets: Balancing market risk and 

environmental outcomes, IISE Transactions, 49(12), 1129-1149. 

Luo, Z., Chen, X. and Wang, X. (2016). The role of co-opetition in low carbon manufacturing, European 

Journal of Operational Research, 253(2), 392-403. 

Mantovani, A. and Ruiz-Aliseda, F. (2016). Equilibrium innovation ecosystems: The dark side of 

collaborating with complementors, Management Science, 62(2), 534-549. 

Park, S. J., Cachon, G. P., Lai, G. and Seshadri, S. (2015). Supply chain design and carbon penalty: Monopoly 

vs. monopolistic competition, Production and Operations Management, 24(9), 1494-1508. 

Sen, D. and Stamatopoulos, G. (2016). Licensing under general demand and cost functions, European 

Journal of Operational Research, 253(3), 673-680. 

Shang, W., Ha, A.Y. and Tong, S. (2016). Information sharing in a supply chain with a common retailer, 

Management Science, 62(1), 245-263 

Tian, F., Sošić, G. and Debo, L. (2019). Manufacturers’ competition and cooperation in sustainability: Stable 

recycling alliances, Management Science, 65(10), 4451-4949. 

Touboulic, A., Chicksand, D. and Walker, H. (2014). Managing imbalanced supply chain relationships for 

sustainability: A power perspective, Decision Sciences, 45(4), 577-619. 

Zhang, W., Hua, Z., Xia, Y. and Huo, B. (2016). Dynamic multi-technology production-inventory problem 

with emissions trading, IIE Transactions, 48(2), 110-119. 


