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Abstract:

The two major approaches that seaport operators adopt to address climate change impacts are
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1. Introduction

Climate change is one of the most critical challenges of our age. The impacts of climate change
can already be observed in many places, including rising sea levels, melting ice and changing
weather patterns. Transport facilities, such as seaports, airports and roads, are significantly
affected by climate change (e.g., Koetse and Rietveld, 2009; Rothengatter, 2010; Yang and Ge,
2020). Among these facilities seaports are probably the most susceptible to the challenges
associated with climate change, including sea level rise and powerful storms (Ng et al., 2019).
The two major approaches used by seaports to deal with this global challenge are climate change
mitigation (CCM) and climate change adaptation (CCA). It is worth noting that this dichotomy
(CCM vs. CCA) is not the only categorization of climate strategies, but it is certainly a very
popular one (e.g., Sharifi, 2020a; 2020b). Besides, we are not aware of other climate strategy
classification in seaport management. While mitigation strives to reduce greenhouse gas
emissions, adaptation attempts to adjust the facility and environment to avoid or moderate the
negative outcomes of climate change (Hamin and Gurran, 2009). There are abundant examples
for both CCM and CCA in the seaport sector. On the one hand, many major ports across the
world have implemented or planned to implement emission reduction, i.e., CCM. For example,
the Port of Rotterdam has over the years taken steps to reduce its own CO, emissions and the
port authority organization has been CO2-neutral since 2011 (Azarkamand et al., 2020). In 2016,
the Port of Rotterdam also proposed the vision for the whole port cluster to halve its emission by
2025. On the other hand, more and more ports have also invested in prevention of natural
disaster caused by climate change, i.e., CCA. For instance, in response to sea level rise, the Port
of Hamburg has a storm surge protection plan in place (Christodoulou et al., 2019). Facing

budget constraint, seaports usually don’t have enough resources to invest in both CCM and CCA



simultaneously, so they have to prioritize one over the other (e.g., Gong et al., 2020). Meanwhile,
as a crucial part of the global trade and transport network, seaports don’t exist in silo (e.g., Ng et
al., 2018). As CCM and CCA are among the most significant investments made by the ports, it is
clear that ports need to be strategic when making such decision, especially taking into account

the impacts of their climate change investment on other ports.

As discussed in details in the following section of literature review, there are several gaps in the
literature. First, a quantitative framework in which both CCM and CCA can be analyzed is
lacking in the transportation literature - most studies focus on one approach or another. For those
that cover both approaches, with only a few exceptions, the comparisons are usually qualitative.
This is most likely due to the fact that existing literature mainly focuses on the direct impacts of
the two approaches, leading to a lack of comparability. Comparison is possible and can yield
relevant results if we shift the focus to the indirect impacts, especially the strategic consequences
(i.e., the impacts on other entities), of the climate change approaches. Second, the assessments
for both approaches largely adopt ‘standalone’ methodologies that focus on the impacts of such
approaches on individual ports, usually the ones that utilize these approaches. One major
concern is that in addition to the direct consequences at the ports adopted CCM and CCA
measures, the responses of other ports lead to indirect consequences too. In other words, it is
inadequate to investigate the impacts of CCM and CCA on the executing port only. Climate is a
system, and it is well known significant “network effects” are present in transport sectors such as
aviation, maritime and rail industries. It is very likely that the CCM or CCA measures adopted
by a particular port will trigger changes in other ports through market interactions. A standalone
approach thus misses the big picture, and could lead to unexpected consequences in

implementing certain climate strategies. For instance, the Climate Mitigation and Adaptation



Plan developed by the port of San Diego, California, USA, was not successfully implemented
due to a lack of all-inclusive consideration at the planning stage (Messner et al., 2016). The Port
of Vancouver, BC, Canada, also faced a lot of challenges and confusion in seeking action on
climate change because a comprehensive evaluation of costs and benefits was not properly
executed (Ng et al., 2019). However, one should note that gauging the difference between
mitigation and adaptation is easier said than done. There is an urgent need for a comprehensive
framework for the analysis of the consequences of both CCM and CCA, so that the appropriate

approach can be chosen to achieve the desirable outcomes at specific markets.

This paper is a pioneer attempt to construct an economic model to gauge the difference between
CCM and CCA, with market dynamics under consideration. We illustrate that in a game setting
between two seaports, under which both the mitigation and the adaptation strategies of a port
would have positive impacts on its own operations output (i.e., the cargo traffic processed by a
port during a certain period of time'). In other words, if a port implements either the mitigation
strategy or the adaption strategy, the cargo traffic it processes will increase. This is mainly due to
the fact that both strategies reduce the climate risks that the ports face, thus increasing their
incentives the process more cargo traffic. On the other hand, a port’s adaptation strategy would
pose different impacts on the other port’s operations output, depending on the relationships
between the ports. In particular, a port’s adaptation strategy would decrease the cargo traffic of
the other port when the outputs of the two ports are originally (meaning without considering the

environmental factors) independent or strategic substitutes.” However, this impact might be

U1t should be noted that while port clusters have many outputs (depending on transport or industry related
objectives), the idea of 'operational output' also could have different meaning depending on the nature and
characteristics of the port cluster. In this paper we only focus on the cargo traffic for its relevance to the climate
strategies of ports.

2 In economics, if the increase of a player’s decision variable will decrease the other player’s decision variable, the



reversed to become positive when the two ports are originally strategic complements instead.
Intuitively, this is because a port will expand its own operations after the implementation of the
adaptation strategy, which in turn will have two effects: 1) externality effect, i.e., an expansion of
one port’s operations leads to a higher level of GHG emission, which discourages the operations
of the other port; 2) market interaction effect, i.e., if the two ports are substitutes (complements),
the increase of one port’s cargo traffic will lead to the decrease (increase) of another port’s cargo
traffic. When the two ports are independent, there is no market interaction effect. When the two
ports are substitutes, the two effects are in line with each other, both decreasing the cargo traffic
of the other port. But when the two ports are complements, the effects are contradictory and may
cancel out. Also, the implication of a port’s mitigation strategy on the other port’s operations
output is ambiguous, with a negative impact more (less) likely to appear when the two ports are
originally strategic substitutes (complements) compared with the case when they are originally
independent. Moreover, we show that the impact of a port’s mitigation strategy on its own
operations output is larger than that of its adaptation strategy. Compared with the case when the
two ports are originally independent, this disparity is larger (smaller) when they are originally
strategic complements (substitutes). Furthermore, the adaptation strategy of a port would

decrease (increase) the operations level of the other port more (less) than its mitigation strategy.

It is worth noting that in order to obtain clear analytical conclusion, we have omitted many

specific features in port operations in our model. Therefore, we do not claim that our results can

decisions are referred to as strategic substitutes. If the increase of a player’s decision variable will increase the other
player’s decision variable instead, the decisions are called strategic complements. The decisions are independent
from each other if neither relationship exists. In the context of our paper, if the increase of cargo traffic processed by
a port decreases (increases) the cargo traffic process by another port, we consider the operation outputs of the two
ports strategic substitutes (complements). The outputs of two ports are strategic substitutes (complements) when
they compete (cooperate) with each other. Cooperation and coordination are common in the maritime sector. For
example, while the Environmental Ship Index (ESI) working group does not discuss pricing mechanisms, it does
discuss the basic underlying elements. Another example of port cooperation is the subsequent ports-of-call on a
shipping route (e.g., Jiang et al., 2017).



be directly applied to generate professional report for immediate usage, as the contribution of
this paper is to propose a modelling framework for future industry analysis to build on. We will
implement a numerical case to illustrate how our modelling framework can be utilized in any

specific case, but more realistic details are needed to facilitate a comprehensive appraisal.

The rest of the paper is structured as follows. Section 2 provides literature review on CCM and
CCA, while section 3 illustrates the model set up. The major results can be found in section 4,
while section 5 presents a numerical case study. Section 6 consists of the discussions and policy

implications.

2. Literature Review

This paper adopts an economic modelling framework to analyze the different impacts of CCM
and CCA in affecting the outputs of seaports under various market interactions between ports, so
in this section, we will focus on three steams of economic modelling studies that are most

relevant to our paper.

The first relevant stream of literature is the economic modelling studies of ports’ CCM strategies.
Homsombat et al. (2013) study two rival ports, showing that pollution spill-over and inter-port
competition can cause the ports’ efforts in pollution reduction to be distorted and lead to an
excessive level of pollution. Cui and Notteboom (2017) consider a wider range of market
interactions between the ports, including Cournot competition, Bertrand competition, and
cooperation. They find that different market interactions between ports can indeed lead to

different implications for policies to induce ports’ emission reduction activities. Sheng et al.



(2017) investigate the economic and environmental effects of unilateral and uniform regulations
to cut maritime emission. They point out that both types of regulations would favor a certain port
over the other in terms of profitability, but a uniform regulation dominates a unilateral regulation
in terms of total emission reduction. Park et al. (2018) further internalize the emission standards,
studying the optimal emission regulations under different jurisdictions of the competing ports. It
is found that the maximum reservation price of shipping operators, port capacity, and
environmental damage costs of ports all play a role in determining the optimal emission

standards.

The first relevant stream of literature is the economic modelling studies of ports” CCA strategies.
Xiao et al. (2015) consider the optimal timing decision for a single port to invest in disaster
prevention. They reveal that the port should choose immediate (postponed) investment if the
probability of disasters is high (low). Wang and Zhang (2018) study the optimal adaptation
investment magnitude of two ports, considering both inter-port and intra-port competition as well
as cooperation. They show that inter-port competition increases adaptations, while intra-port
coordination between port authority and terminal operator also increases adaptations. Combining
Xiao et al. (2015) and Wang and Zhang (2018), Randrianarisoa and Zhang (2019) investigate
both the timing and the magnitude of adaptation investment for two competing ports. They point
out that stronger competition leads to earlier adaptation investment, while earlier adaptation can
generate higher social welfare. Gong et al. (2020) consider a port’s decision to allocate resource
between capacity expansion and disaster prevention. They show that the port would always
prioritize capacity investment over natural disaster prevention investment. Furthermore, whether
the port is social welfare maximizing or profit maximizing operators also determines the

resource allocation pattern. Wang et al. (2020) focus on the market structure of the terminal



operator companies (TOC), suggesting that inter-port TOC joint venture would decrease the

adaptation at both ports, which leads to an unfavorable outcome.

The third relevant stream of literature is the economic modelling analysis of both CCM and CCA
from a holistic perspective. However, most of these papers are in a more general setting instead
of considering ports specifically. One major drawback of such general setting is that it lacks the
context to discuss the role of market interactions in determining the impacts of the climate
strategies. Ingham et al. (2007) build a framework to incorporate uncertainty, learning, and both
types of climate change strategies. They show that including adaptation would in fact lead to less
action now to deal with climate change due to the prospect of future learning. Shalizi and Lecocq
(2007) build a partial equilibrium optimization model for climate policies, including mitigation,
proactive adaptation, and reactive adaptation, with the consideration of uncertainty. They show
that uncertainty on the location of damages reduces the benefits of proactive adaptation, while
reactive adaptation is generally subject to budget constraint. Hasson et al. (2010) use a one-shot
public-goods game to study the potential trade-off between countries' investments in mitigation
versus adaptation. They suggest that while CCM can be considered as a public good, CCA is a
private good, as it only benefits the individual that makes the investment. As far as we know, Ng
et al. (2018) is the only paper in the study of ports that considers both the CCM and the CCA
strategies. However, they adopt a simplified model framework that does not incorporate the
market interaction of ports. Therefore, our paper contributes to this stream of literature by being
the first to consider both the CCM and the CCA strategies of ports under different market
interactions. This new setting allows our study to review some new results, such as the indirect

benefits of CCA in terms of its impacts on ports that are not implementing the strategy.



In Table 1, we have categorized all the papers discussed above according to the climate strategy
they investigate, the market relationships they take into account, and the context of the studies.
The contribution of this paper is quite clear when we fit it into this table, as it is the only paper
that studies both CCM and CCA, considering all possible market interactions (independence,
competition and cooperation) in the context of port. It should be noted that our model is an
extension of the existing models, with all underlying mechanisms built on classic

microeconomics and game theories.

Table 1: Categorization of Relevant Publications

Paper Climate Change | Market Relationships | Context
Approach
Homsombat et al. (2013) CCM Strategic substitute Port
Cui and Notteboom (2017) CCM Strategic substitute Port
Sheng et al. (2017) CCM Strategic substitute Port
Park et al. (2018) CCM Strategic substitute Port
Xiao et al. (2015) CCA Independence Port
Wang and Zhang (2018) CCA Strategic substitute Port
Randrianarisoa and Zhang (2019) CCA Strategic substitute Port
Gong et al. (2020) CCA Independence Port
Wang et al. (2020) CCA Strategic substitute Port
Ng et al. (2018) CCM, CCA Independence Port
Ingham et al. (2007) CCM, CCA Independence General
Shalizi and Lecocq (2007) CCM, CCA Independence General
Hasson et al. (2010) CCM, CCA Independence General

3. Model Setting

We adopt the simple framework initially proposed by Ng et al. (2018) and add market
interactions to the analysis. In particular, we consider two ports, 1 and 2, whose operational
outputs (i.e., the cargo traffic processed by the ports) can be either independent, strategic

substitute or strategic complement of each other. In other words, we study a duopoly model, but
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as pointed out by Politonomics (n.d.), the analysis and conclusions of duopolies can be
extrapolated for oligopolies. If we extend our analysis to more than two ports, we should expect
that mitigation would play a smaller role compared with adaptation, due to the fact that the
environmental externality increases with an increasing number of ports (e.g., Carraro et al.,
2013). However, the qualitative conclusions should be largely unchanged. It is also worth noting
that the purpose of this setting is to build a general framework for analysis instead of capturing
the specifics of port operations. Therefore, we omit many important details of the maritime
transportation so as to obtain more general conclusions. A few examples of such specific features
include: First, we treat the seaport and all other stakeholders (including the shipping lines that
use the port) in an integrated manner without diving into the detailed interactions between these
players. This is a commonly adopted simplification in transportation economic modelling studies
(e.g., De Borger and Van Dender, 2006; D'alfonso and Nastasi, 2014), which would not
invalidate the analytical results, even though such model may lack the ability to reflect the
interactive dynamics within the structure. Second, we only consider profit maximization as the
objective of the ports, but in reality, port authorities do mostly have other objectives than profit
maximization. This can potentially be taken into account by maximizing a weighted average of
different objectives (e.g., Yang and Zhang, 2012). Third, we consider clear-cut relationship for
the ports. However, market interactions between two ports, in particular on a cluster level, may
have many faces. For example, while Antwerp and Rotterdam could be considered as substitutes
in the context of the container market, in the context of petrochemical complexes they are closer

to strategic complements.

Before considering the impacts of the environmental system, the short-term profit function of

porti (i € {1,2}) is given by:
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max 1; = qipi(qi.q;) — ci(q) (1)

where q; is the operational output of port i, while g; is the operational output of the other port. In
the case of container ports, the unit of these two variables is TEU. pi(qi, qj) is the inverse
demand function of port i, and c;(q;) is the operating cost function of port i. We make the
standard assumptions about downward sloping demand and positive marginal operational cost,
ie., 0p;/0q; <0, 0%p;/dq;* > 0 and ¢;(q;) > 0. These assumptions have been proven to fit
reality very well (e.g., Mankiw, 2014). By definition, when the two ports are independent,
0°I1;/0q;0q; = 0; when the two ports are strategic complements, d°I1;/0q;0q; > 0; when the
two ports are strategic substitutes, d%I1;/dq;0q ; < 0 (Bulow et al., 1985). We further assume
that |02I1;/0q;0q,| < |0211;/dq;*|, i.e., a port’s own output has a larger impact on its marginal
revenue compared with the other port’s output, which is a very standard assumption that fits the

reality (e.g., Frank, 2008). It should be noted that the relationship we discuss here are mostly

market relationship or the original relationship as we will term it in the following text.

The ports’ outputs cause damages on the environment (e.g., greenhouse gas (GHG) emission that
contributes to climate change). The emission, e;, is positively correlated with the output level,
i.e., e;(q;) > 0. For simplicity, we assume that e;'(q;) = 0. The environmental cost for each
port, C;, is a function of the total emissions from both ports, i.e., C;(E) > 0, C;'(E) > 0 with
E = ) e;. It should be noted that climate change is a function of all emissions across the globe
and other non-emission factors. These non-emission factors include the fundamental
infrastructures, equipment, training people cost, taxes, energy purification cost, etc. Even for
calculating the loss due to emission, there is a threshold in hand. Usually, only the amount

exceed certain value will be counted in the environmental loss. However, with all these under
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consideration, the analytical framework for partial equilibrium should still hold. Therefore, our
setting aims to investigate partial equilibrium instead of general equilibrium. In other words, we
assume that the emissions from all other sources are given exogenously and not affected by the
operations of the ports under investigation. This is a proven and commonly adopted method in
economics, which is particularly useful to analyze single markets (e.g., Francois and Hall, 1997).
Besides, as we have seen in the literature review section, one of the most relevant paper to ours,
i.e., Shalizi and Lecocq (2007), specifies that a partial equilibrium optimization model for

climate policies has been adopted in that paper.

To deal with these reversed environmental damages, the ports can adopt either CCM or CCA.
For CCM, the ports can make technology investment to reduce its emission. With such
investment, the emission of port i becomes A;ne;(q;), with 0 < A;,,, <1 measuring the
effectiveness of the technology. In particular, the larger 4;,,, the less effective the technology.
There incurs a cost for this investment, L,,,(A;,,). We assume that I,,"(1;;,,) < 0, meaning that
more effective technology is costlier to adopt (e.g., Gong et al., 2020). For CCA, the technology
investments that the ports do not reduce emission directly but rather reduce the environmental
cost. In other words, we have the cost to be 4;,C;(E), with 0 < A;, <1 denoting the
effectiveness of the CCA technology. Similarly, the larger A;,, the less effective the CCA
technology. There is also a cost associated this investment, I;(4;,), with I,'(1;5) < 0. It is worth
noting that the two variables of interest, 4;,, and 4;,, only measure the effectiveness of the two
climate strategies, not the work or effort that have been put into implementing the strategies. In
other words, to quantify these two variables, we need to measure the change in the emission
levels (for CCM) and the environmental cost levels (for CCA) after implementing the strategies.

Also, this setting only aims at capturing the effects of the two climate strategies without getting

13



into the details of relevant technologies. For example, the technologies and activities of CCM
can be very diverse, including training the workers to produce less emission, using green energy
to replace the traditional source, setting laws to ban certain emissions, and making high tax on
consumption of CO2. As no functional form has been given to the environmental cost function
and the climate investment function, our model only imposes some very mild and realistic
assumptions, such as that a higher level of investment is needed to achieve a better result for

either CCM or CCA.

With these factors under consideration, the long-term objective function of port 7 is:

maxm; = I; — 4ia G <z Akm9k> (2)
' K

where k = i,j. We assume that quantity (i.e., cargo traffic) is the decision variable of the two
ports, a commonly adopted assumption in the economic modelling studies of ports (e.g., Bae et
al., 2013; Balliauw et al., 2019). Another implict assumption in equation (2) is that the
environmental costs are internalized in the decision-making of the ports. This assumption may
not hold in reality due to many factors such as the principal-agent problem (e.g., Ng et al., 2018).

The first order conditions are:

o _ MatimCie; =0 3)
0q,
o _ AzadzmCyes =0 (4)
0q;
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In this simple framework, CCM and CCA investments play their roles by decreasing A;,, and

Aia» respectively. Therefore, we use comparative statics to investigate the impacts of such

investments. The detailed mathematical derivation can be found in Appendix A. To illustrate the

analytical process of the paper in a clearer fashion, the following Figure 1 provides a schematic

representation of the model setting, the game structure and the propositions.
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Results

Figure 1. Flowchart for the Analytical Process of the Paper

4. Major Results

This paper aims to investigate the consequential output changes of a port adopting either CCM or

CCA strategy, as well as the output changes of the other port. From the analysis in Section 3, a

few notable conclusions can be obtained, which are summarized in the following propositions.
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Proposition 1: The CCM and CCA strategies of a port both increase the port’s own

operational output.

The proofs of Proposition 1 and the following propositions can all be found in Appendix B.
Since both the CCM and the CCA strategies can reduce the environmental costs of a port, a
larger investment in both strategies would induce the port to increase its operations. This is a
simple yet useful conclusion, as it suggests that we may need to be careful when acclaiming the
climate strategies of ports and other facilities. Such investments, while indeed reducing the
environmental impacts of the ports and strengthening their capabilities of resisting natural
disasters, inevitably induce the ports to expand their operations, which may in turn weaken the
benefits of these strategies. A similar observation is the traffic inducing effect of road building,
which sometimes causes more congestion even though the initial objective of the projects is to

relieve congestion (see Sloman et al. (2017) for a recent study).

If we dive deeper into Proposition 1, we can further analyze the magnitudes of such positive

impacts for both CCM and CCA. A comparison between the two gives the following proposition.

Proposition 2: The marginal impact of a port’s CCM strategy on its operational output is

greater than that of its CCA strategy.

Proposition 2 conveys an important message. Although CCM is the more “orthodox’ approach to
deal with climate change, while CCA is generally considered a more passive response towards
the outcome of climate change, this proposition suggests that CCA may be better than CCM in at
least one aspect, i.e., CCA has a weaker stimulating effect on the operations, which would

compromise the efforts to combat climate change. Of course, we are far from concluding that
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CCA is superior to CCM, as our result focuses on marginal effects (i.e., changes in the effects of
CCM and CCA), and CCM is definitely the only long-term solution to save the planet. Rather
this proposition suggests that CCA also has some advantages so a mix of the two strategies

should be the direction for the future.

We can also look at the impacts of both strategies on the operations of the other port, i.e. “spill-

over” effect. Proposition 3 can be summarized from the corresponding analysis.

Proposition 3: The CCA strategy of a port decreases the other port’s operational output when
the two ports are originally independent or strategic substitutes. The impact is positive when
the two ports are originally strategic complements and the complementarity is strong. The
CCM strategy of a port can either increase or decrease the other port’s output. The impact is
more (less) likely to be negative when the two ports are originally strategic substitutes

(complements) than when they are originally independent.

Proposition 3 reveals that a port’s climate strategies not only have an impact on its own
operations but would also influence the outputs of the other port through market dynamics.
Whether the impacts are positive or negative depends on the relationship between the ports. The
CCA approach does not directly affect the other port, so the other port will only decrease its own
operational output as a response to the stimulated expansion of operations revealed in
Proposition 1. As suggested by Proposition 1, the CCA strategy of a port increases its own
operations output, which would in turn increase the environmental burden of the system. When
the two ports are independent of each other, the other port feels the increase of the environmental
cost, thus decrease its own operational level. When the two ports are strategic substitutes, the

increase of the CCA executing port’s operations would also put competitive pressure on the other
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port and decrease its output further. When the two ports are strategic complements, the increase
of the CCA executing port’s operations would instead boost the output of the other port, which
may compensate its output decrease due to the intensified environmental cost. On the other hand,
a port’s CCM investment imposes a positive externality on the other port. Depending on whether
the CCM executing port’s net environmental cost increases or decreases, the other port’s
operations output would become smaller or larger, correspondingly. On top of this environmental
impact, the relationship between the two ports also plays a role as discussed earlier, making the
CCM project most likely to be environmentally detrimental when the two ports are strategic
complements, followed by the case when they are independent and then the case when they are

strategic substitutes.

Proposition 3 offers some fresh insights into climate policies. First, similar to Proposition 2, it
shows another aspect where CCA may outperform CCM. In particular, CCA is shown to have a
smaller distortion effect on the other player in the system. One intrinsic challenge of CCM is its
enormous positive externality. The CCM efforts of a person or an organization benefit everyone
else in the world. With such immense positive externality comes a very serious “free-riding”
problem and inefficiencies. Due to the interconnectedness of the global environmental system,
coordination to eliminate such free-riding has been proven extremely hard. This is also the main
reason why it is very easy for international efforts to come up with climate change solutions
(such as the Intergovernmental Panel on Climate Change, IPCC) to get into deadlock. CCA, on
the other hand, does not generate so much positive externality so would be easier to manage, and
there are also fewer stake holders to coordinate. Second, another useful lesson from this
proposition is that regulators may need to be more careful in acclaiming a CCM project when the

executing facility is positioned in a complementary network. In such a system, it may be fairer to
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assess the efforts of all facilities/organizations within the network. Based on these results, we can
come up with some possible policy suggestion. First, contradictory to the common belief that
CCA relies on individual actions (as opposed to CCM that takes collective efforts while), when
administering CCA projects in particular sectors, governments and international regulatory
bodies should take a holistic view and solicit coordination among the other stakeholders that are
complementary to the project taker. For example, with the complementarity within supply chains,
when a company (e.g., a port) adopts a CCA project, the regulator needs to make sure that the
company’s upstream and downstream partners are also committed to the climate course, so as to
prevent the environmental benefit of this project from being compromised. Second, the regulator
should be aware of the fact that when a climate project is executed, no matter whether it is CCM
or CCA, the competitors of the executing company is less concerning compared with its
complementary firms. The subsequent changes in such complementary firms’ operations should
be closely monitored in order to reach a comprehensive evaluation of the project’s environmental

impact.

Finally, we can also look into the magnitudes of the cross effects of both CCM and CCA, and

then find out their differences. The conclusion is summarized in Proposition 4.

Proposition 4: The CCA strategy of a port has a larger (smaller) marginal effect in reducing

(increasing) the operation level of other ports compared with the CCM strategy.

Proposition 4 adds more evidence to support the advantages of CCA compared with CCM.
Together with the previous propositions, it shows that when a port implements CCA, it is more

likely to reduce the total environmental costs than when CCM is executed.
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5. Case Study

In order to make our modelling investigation more concrete and applicable to reality, we will
analyze a specific case to illustrate the detailed impacts of CCM and CCA under various port
relationships in this section. In particular, we have chosen four Chinese ports (Ports of Shenzhen,
Xiamen, Tianjin and Hong Kong) to implement the case study. We consider the Port of
Shenzhen as our focal point, as the Port of Shenzhen has already implemented certain CCM
strategies and has concrete planning for CCA strategies. In particular, for CCM, the Guangdong
Provincial Department of Transport issued a Green Port Action Plan of Guangdong Province
(2014-2020) in 2014, which sets objectives for energy efficiency and CO2 reduction. The Port of
Shenzhen was chosen by the as one of the green port pilots for shore power, LNG trailers, and
LNG tugs (Fung et al., 2014). As for CCA, there also exists plans closely related to the Port of
Shenzhen, such as the 21 square miles of landfill along Shenzhen’s coast (Kimmelman and
Haner, 2017). The Ports of Shenzhen and Hong Kong are two international hub ports and locate
nearby. Therefore, they are substitutes to each other. The Port of Xiamen locates in the south east
coast of China and is a feeder port of Shenzhen. Therefore, the relationship between Shenzhen
and Xiamen is complementary. The Port of Tianjin, on the other hand, locates in the north of
China and thereby has no direct competition or complementarity with the other three ports.

Therefore, it is treated as independent of the others.

We estimate the parameters for the case study with information from different sources. We first
refer to Luo et al. (2012) for the functional form of port service demand. Then we use the

throughputs of the four ports in 2017 to estimate the parameters in the demand function. For the
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port operation cost, following Zheng et al. (2014), we assume that it is a linear function of the
port output and the marginal cost is 59$/TEU. We further assume that emission is also a linear
function of the port output. We refer to Song (2014), who concluded that the social cost of CO,
emissions from the Port of Shanghai was $2.1 per TEU in 2009. He also suggested a social cost
of $29 per ton of CO, emissions, which implies that CO, emissions per TEU equate to 2.1/29 =
0.0724 t. Last but not least, we use a quadratic form, C; = ( A;,€;)? to describe the port
environment cost function, which is commonly applied in environment economics. The

parameters and their values used in the case study are summarized in the following table.

Table 2. Parameters and their values

Parameter Concept Values
Di The inverse demand function of port i pi = A; —bq; —cq;

b =1/150000

¢ € [=b,b]. When ¢ > 0, two ports
are substitutable. When ¢ < 0, two
ports are complementary. When

¢ = 0, two ports are independent.
For Port of Shenzhen, A; = 168.
For Port of Xiamen, A; = 69.

For Port of Tianjin, 4; = 100.

For Port of Hong Kong, 4; = 138.

Ci The operating cost function of port i c; = 60q;,0 = 59$/TEU
e; The emission function e; = 6q;, 6 =0.0724 t/TEU
C; The environment cost of each port C; = (Aime)?
Aim The effectiveness of the CCM 0< A4im <1
technology
Aia The effectiveness of the CCA 0< A <1
technology

According to the models, we calculate the ports’ outputs and the marginal effects of the ports’
environmental strategies on their outputs under different port relationships. The results are
illustrated in the following figures. As discussed earlier, we use the Port of Shenzhen as the focal
point and investigate the effects of its climate change strategies on the other ports’ outputs. In the

figures, QT indicates Port of Tianjin, QX indicates Port of Xiamen, and QH indicates Port of
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Hong Kong. It should be noted that for the clarity of presentation, we need to fix 4;, when we
study the impact of 1;,,,, and vice versa. Figures 2 and 3 show the marginal impacts of A;, and
Aim on the output of Shenzhen, the executing port. In both Figure 2 and 3, we find that both A;,
and A;,, are negatively related to the output of the port of Shenzhen 3, whatever the relationship
between the port of Shenzhen and the other ports. These results are consistent with Propositions
1 and 2. Moreover, we find that the impacts of A;,, on the outputs are greater than A;,, which has

also been proved by Proposition 2.

Figures 4 and 5 show the effects of Shenzhen’s CCA and CCM strategies on the other ports’
outputs. We find that the increase of 4;, (i.e., the decrease of CCA effectiveness) increases the
outputs of QT and QH, which is consistent with the clear-cut part of Proposition 3. Besides, we
can also see that the increase of A;, decreases the outputs of QX. From Proposition 3, we can
conclude that the complementarity between the Port of Shenzhen and the Port of Xiamen is
rather strong. Moreover, the increase of A;,,, decreases the outputs of QT, QH and QX, with the
impact on QH being greater than that on QT, which in turn is greater than that on QX. These

results are also consistent with Proposition 3.

Figures 6 and 7 show the difference of the marginal impacts of Shenzhen’s CCM strategy and
CCA strategy on its own outputs under the different scenarios when 4;, and A;, vary,
respectively. Figures 8 and 9 show the difference of the marginal impacts of Shenzhen’s CCM
strategy and CCA strategy on the other ports’ outputs under the different scenarios when A4;, and
Aim vary, respectively. We find that all the differences are positive, which illustrates that the

marginal impacts of Shenzhen’s CCM strategy are greater than CCA strategy on both its own

3 In Figure 2 and 4, the decreasing trend of the data is not obvious because of the relatively small magnitude. The
data that shows this decreasing trend is available upon request.
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outputs and the other ports’ outputs. Because the marginal impacts of Shenzhen’s CCM strategy

and CCA strategy on the outputs are both negative, these results are consistent with Proposition 4.
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Figure 2. The impacts of 1;, on Shenzhen’ outputs under different port relationships
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Figure 3. The impacts of 1;,,, on Shenzhen’ outputs under different port relationships
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Figure 5. The effects of Shenzhen’s CCM strategies on the other ports’ outputs
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Figure 6. The difference of the marginal impacts of Shenzhen’s CCM strategy and CCA strategy

on its own outputs under the different scenarios when A;, varies
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6. Discussion and Concluding Remarks

In particular, we show that in a two-port setting, a port’s CCM strategy and CCA strategy both
have a positive impact on its own output. However, a port’s CCA strategy has a negative impact
on the other port’s output when the two ports are originally independent or strategic substitutes.
The impact might be positive when the two ports are originally strategic complements. A port’s
CCM strategy may have either a positive or a negative impact on the other port’s output. The
impact is more (less) likely to be negative when the two ports are originally strategic substitutes
(complements) than when they are originally independent. Furthermore, a port’s CCM strategy
has a larger impact on its output compared with its CCA strategy. The difference is larger
(smaller) when the two ports are originally strategic complements (substitutes) than when they
are originally independent. Besides, a port’s CCA strategy has a larger (smaller) effect in

reducing (increasing) the operation level of other ports compared with its CCM strategy.

From the propositions, we can easily compare the impacts of CCM and CCA under different
market structures. Since both strategies reduce the cost associated with climate change, they in
turn encourage the port that implements the strategies and (possibly) other ports to produce more,
generating more emissions that would compromise the efforts. In this sense, CCA seems to be a
better option than CCM as it stimulates fewer compromising responses, both on the port
implementing the strategy and on the other port. There are constellations for either strategy to
decrease the production level of the other port, but it is more likely to be seen in CCA compared
with CCM. This is mainly because CCM offers a chance for a non-acting player to free ride the

benefit of a lower emission level, distorting this action player’s incentive to invest in
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counteracting climate change. While in the case of CCA, the benefits of the strategy stay largely
with the party of action, thus limiting the incentive distortion inflicted on other parties. From the
perspective of policymaker or social planner, when coordinated efforts are hard to achieve,
which is normally the case in reality given a fragmented decision-making process involving
different states and various levels of government agencies, it may be in fact more efficient to
encourage CCA instead of CCM. Admittedly, this is only one aspect of the big picture. For
example, adaptation is also regarded as a passive approach against climate change in contrast to
the more active mitigation. However, a very important factor that is often left unnoticed is that
climate change is less about individual entity and more about group efforts. Under such situation
coordination cost is crucial to be taken into account. The ‘passivity’ nature of adaptation means a
lower coordination cost for the whole system. This explains why, despite its clear benefits,
individual stakeholders are often reluctant from actively participating in CCA. Indeed, the status
quo ensures that while climate change impacts are not addressed properly, it simultaneously
causes established social/political systems to meltdown due to their inability to effectively tackle
such challenges, as exemplified by the ‘institutional erosion’ phenomenon that exists in several
transportation and urban ports (Ng et al., 2019). Thus, from a policy perspective, we argue that
the government should actively intervene research and the implementation of CCA as it would
lead to a significant improvement in general social welfare but highly difficult to be implemented

through individual incentives or conventional market solutions.

On the other hand, we can conclude from the analysis that market structure also plays a very
important role in evaluating the difference between CCM and CCA. In particular, when the ports
are substitutes, i.e., they are competing with each other, CCM is less likely to be significantly

more detrimental than CCA. On the one hand, although mitigation will always have a larger
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positive impact on the port’s own production level compared with adaptation, when the two ports
are strategic substitutes, this margin will be smaller. This is because a mutually suppressing
effect due to competition, i.e., a higher production level of one port will lead to a lower
production level of the other port. In contrast, when the two are strategic complements, e.g.,
when they are upstream-downstream partners of a supply chain, the effect turns into mutually
enhancing, stimulating the extra production to an even higher level. On the other hand, when the
two ports are strategic complements, not only CCM is more likely to induce the other port to
produce and emit more, but also CCA may lead to an increase of production level from the other
port, which is not possible in the case of strategic substitutes. This should call upon attention
from the policymaker and central planner, as it suggests that CCA may have an even larger
advantage compared with CCM in terms of inducing fewer compromising responses if the ports
are strategic complements. One possible policy suggestion is that government initiatives aiming
at the CCA of a sector with multiple, complementary stakeholders (e.g., a supply chain) should
focus more on adaptation compared with the case of regulating a particular industry where
companies are merely competing with each other. Further empirical research is required so as to
verify our conclusions and suggestions. Still, from this study, we can conclude that triggering
and accelerating the development and pace, respectively, of CCA is likely to enhance the welfare
of the society as a whole. Also, it is highly inappropriate to just ‘copy-and-paste’ strategies and
solutions in CCM towards CCA planning and management, with the development of more
innovative solutions and strategies dedicated to CCA an absolute necessity. Hence, we call for

more public support to the research and planning of CCA.

Whereas our study offers some fresh insights, there are some limitations in our model mainly due

to the simplifications for the sake of mathematical tractability. Most importantly, our major
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conclusions are all based on comparative statics, without exact equilibrium results that are
dependent on levels of various costs. This may cause the loss of further insights. First, we are not
able to attain the conditions under which CCM and CCA may generate negative net
environmental impacts. Intuitively, this should not be a very common result, if even possible at
all. A more clearly specified model needs to be analyzed to give out close-form results, based on
which richer results can be obtained. Second, due to the simplification of the analysis, all results
in fact assume that only one port takes action while the other port is passive. The more intricate
and nuanced market interactions and their corresponding impacts are not available from our
analysis. This problem would also be resolved if we can design a specified model and obtain
close-form results. However, additional restrictive assumptions are needed to obtain specific
solutions. Third, as we aim at general analysis, not much specific analysis is provided by this
paper. Future industry analysis should build on our framework, adding more specifics and details.
We hope this paper could lead to more advanced studies on this important topic. Fourth, we only
consider two ports in this paper. In order to achieve results that are closer to reality, future

studies should extend the analysis to more than two ports (i.e., the case of oligopoly).
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Appendix A: Detailed Mathematical Derivation Process
First, we differentiate equations (3) and (4) with respect to 4,,, obtaining:
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Second, we differentiate equations (3) and (4) with respect to A4,,, obtaining:
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Solving equations (9) and (10) simultaneously, we have:
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We focus on the initial state when A4, = 4,,, = 414 = 4,4 = 1. Therefore, equations (7), (8),

(11) and (12) become:
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If we also impose symmetry on the two ports, equations (13)-(16) become:
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From the condition |02I1;/dq;0q;| < |02I1;/dq;*|, we can easily derive that M < 0.
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Appendix B: Proofs of Propositions
2.1 Proof of Proposition 1:
Since 211;/dq;2 < 0, M < 0,C"e'* > 0 and C'e’ > 0, it is easy to conclude that dq;/d2;, < 0.

Also, since |0%I1;/0q;0q;| < |0°I1;/dq;*| while d°I1;/dq;* < 0, meaning that °I1;/dq;* —
0°I1;/0q;0q; < 0, so we have —C"e'*(9%11;/dq;% — 0%I1;/0q;0q;) > 0 due to the fact that

—C"e'* < 0. Besides, as C'C"e"” > 0, —C'e’ * 32I1;/dq;2 > 0 and M < 0, we can conclude

that 9q;/dA;m < 0.

Since I;;' (i) < 0and I,'(1;,) < 0, we can conclude that the efforts of CCM and CCA will

both increase the output of the executing port.

O.E.D.

2.2 Proof of Proposition 2:

From equations (17) and (19), we have

2 azni 113 "_ 12 azni azni ’ /azni
"oz 2 C'C —C _ —-C
dq;  0g; _(C ¢ ain)Ce _ ¢ ¢ (aqiz dq;0q; ¢ 9972
aAia aAim M 1\71
0211, 0°%11;
Cuelz( i i
_ ql_ q;04; >0

M
as M < 0 and C"e'*(%I1;/0q;? — 0%I1;/0q;0q;) < 0.
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Since we have proven that dq;/0dA;, < 0 and dq;/04;, < 0, we can conclude that the CCM
strategy has a larger marginal effect to stimulate a port’s output compared with the CCA strategy.
That is, with the same improvements in the effectiveness of CCM and CCA, mitigation measures

will lead to a larger increase in port output.

O.E.D.

2.3 Proof of Proposition 3:

From equation (18) we can see that when 0%I1;/0¢;0q; < 0, we have dq;/92;, > 0; while when

azni/aqiaqj > 0, dq; /02,4 can be either positive or negative.

From equation (20), we are not able to tell whether dq;/d4;,, is positive or negative, but we
know that it has the same sign as C'C”e’® —C'e’d%I1;/dq;dq; + C"e'*(9211;/dq;% —

0%I1;/0q;0q;). The latter is more likely to be positive when 0°I1;/0q;0q; < 0.
Q.E.D.
2.4 Proof of Proposition 4:

From equations (18) and (20), we have
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9211, 921, A2

21y, 2 3 2
Cl ! CII ! CICII ! _ CI ! CII !
dq; 9q; _ ¢ G, ) fee 9000, "¢ Gg2 ~9qi0q;
0dia  0Aim M M
d%I1;  0%I
C'e 12( 2 i
~ 0q;0q;
_ qi04q; >0

1\71
as M < 0 and C"e'*(92I1;/dq;? — 0%I1;/0q;0q;) < 0.

As we can see from the comparison between equations (18) and (20), if dq;/0dA;, is negative,
then dq;/0dA;,, must be negative. Therefore, we can conclude when 0q;/94;, and dq;/dA;, are
both positive, then |dq;/dAiq| —10q;/0Aim| > 0; when dq;/0A;, and 0q;/0A;y, are both
negative, then [0q;/07;q| — |0q;/0Aim| < 0; and the last possibility is that dq;/d4;, is positive

while dq;/04;, is negative.

O.E.D.
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