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Abstract

The extension of the EU Emissions Trading System (EU ETS) to shipping raises the compliance cost of
calling vessels. This study examines how Vietnam’s renewable energy endowment and Direct Power Purchase
Agreement (DPPA) mechanism shift the competitive position of Cai Mep-Thi Vai (CM-TV) against Singapore,
combining the Resource-Based View, the TOE framework, and Causal Loop Diagramming. CM-TV holds a
domestic energy advantage that Singapore has not been able to replicate domestically, while Singapore leads

in technology and organization but depends on imported green fuel. A cost simulation shows CM-TV trails
Singapore on the EU ETS component alone but gains a net saving through FuelEU Maritime’s lower-cost
domestic fuel, though congestion and certificate verification lag can erode it. The paper proposes a port-energy
integration model, anchored by a green economic zone at CM-TV, to convert this window into a durable position
within a dual-hub routing strategy.
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1. Introduction port’s competitiveness now depends on its capacity to
supply certified zero-carbon marine fuel that meets the

The maritime transport sector is changing under the  gysainability and mass-balance rules for CO, “zero-

expansion of the European Union Emissions Trading
System (EU ETS) to shipping from January 2024.
The EU ETS places a direct price on carbon dioxide
equivalent (COge) emissions from international voyages,
and it changes the operating cost of global shipping
lines [1]. Under Directive (EU) 2023/959, compliance
is phased in at 40% of verified emissions in 2024, 70%
in 2025, and 100% from 2026. The average secondary
market allowance price recorded by the International
Carbon Action Partnership was €65.23 per tonne of CO»
in 2024 [2].

Seaport competitiveness is no longer set only by
geography, channel depth, or berth throughput. A

*Corresponding author. Email: chungntt@ut.edu.vn

rating” under the EU ETS, which lowers the compliance
cost of calling vessels [3, 4]. A guarantee of origin
certificate converts a domestic power contract into a valid
EU ETS offset [3]. The requirement creates a structural
gap between Singapore, the region’s leading hub, and
CM-TV, the emerging gateway in Southern Vietnam.

Singapore holds a strong position through advanced
port automation and multi-fuel bunkering, documented
in its 2024 sustainability report [5]. However, Singapore
is a densely populated city-state with a small domestic
renewable energy base, and its dependency on imported
green fuel sets a cost floor that a domestically endowed
competitor can undercut.

CM-TV holds a different advantage rooted in
geography. Vietnam has an estimated offshore wind
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technical potential of 1,068 GW in its exclusive
economic zone, with 475 GW suitable for fixed-
bottom foundations, and the best resources sit along
the southern coast near CM-TV [6, 7]. Decree No.
57/2025/ND-CP establishes the direct power purchase
agreement (DPPA) mechanism [8]. The decree permits
terminal operators to purchase verified renewable
electricity to decarbonize operations and supply shore
power. Consequently, CM-TV secures domestic certified-
origin proof, whereas Singapore relies on imported
energy supplies [8, 9]. The two hubs each sit beyond the
300 nautical mile radius from any EU member state,
so each is excluded from the Neighbouring Container
Transshipment Port (NCTP) list and each resets extra-
EU voyage emissions for calling vessels [10]. Hub
competition depends on the supply of low-cost, zero-
carbon marine fuel. It does not depend on routing rules.
The study evaluates this asymmetry in energy origin, not
engineering capability.

CM-TV and Singapore differ in cargo function.
Vietnam’s national port strategy assigns CM-TV a
gateway role, projecting 75 to 80 percent import-export
cargo and only 20 to 25 percent transshipment cargo
by 2050 [11]. International transshipment ambition sits
instead with Can Gio, a new port planned at the mouth
of the same Cai Mep river estuary. In January 2025
the Prime Minister approved the investment policy for
the Can Gio International Transshipment Port project,
with a planned investment of at least VND 50 trillion
over about 571 hectares at the estuary mouth [12]. This
project has not reached construction and is not yet in
operation, so this paper keeps its focus on CM-TV,
the terminal currently handling cargo, and treats Can
Gio as a related future development that draws on the
same offshore wind endowment and DPPA framework
described below. This paper studies the transshipment
competition with Singapore as a contest centered on CM-
TV, with the Can Gio project noted as part of Vietnam’s
longer-term port strategy for this estuary. A separate
deep-water project, the proposed Hon Khoai seaport
in Ca Mau, is positioned mainly for bulk and dual-use
cargo, not container transshipment, and falls outside the
scope of this comparison.

Earlier port competitiveness studies rely on static,
linear methods that miss the non-linear feedback
between energy policy, carbon regulation, and routing
choices [13, 14]. A static comparison can rank two ports
using fixed indicators, but it cannot capture how a cost
advantage compounds through repeat calls or how a
congestion bottleneck can erase that advantage a few
years later. To the authors’ knowledge, no published
study has combined the TOE framework with Causal
Loop Diagramming to compare a resource-rich emerging
port against a resource-constrained incumbent hub under
carbon pricing.

The study investigates the impact of Vietnam’s
renewable energy endowment and the DPPA mechanism
on the competitive positioning of CM-TV versus
Singapore under the expanded EU ETS. It (i) sets out
the mechanics of the EU ETS and the NCTP clause, (ii)
builds an evidence-based TOE readiness assessment of
the two hubs, and (iii) uses Causal Loop Diagramming to
model the feedback between energy endowments, carbon
compliance cost, and liner routing. Section 2 reviews
the relevant literature; Section 3 sets out the TOE
assessment, the cost function, and the CLD structure;
Section 4 reports the readiness matrix, the scenario
trajectory, and the cost simulation; Section 5 discusses
the asymmetry, its implications, and the limitations of
the study; Section 6 concludes.

The paper makes two contributions. First, this study
introduces resource-based competitive asymmetry in
maritime carbon compliance. A physical renewable
energy endowment creates a persistent, non-imitable
advantage. The TOE framework evaluates the organi-
zational readiness required to monetize this resource
[15, 16]. Second, a four-loop CLD produces scenario-
specific policy guidance that a static comparison cannot
offer, tracing how a cost advantage in green bunker fuel
can be reinforced or eroded by terminal congestion and
certificate auditing capacity.

2. Literature Review
2.1. Carbon pricing and maritime compliance

A growing body of work treats market-based carbon
measures as a force that reshapes the cost structure of
shipping, beyond a simple compliance charge. The EU
ETS adds a direct carbon liability to the voyage cost
function of liner operators, set by the allowance price,
the phase-in coefficient «(t), and the emission volumes
across extra-EU, intra-EU, and at-berth voyage segments
[1]. The liability scales with the allowance price set
in the secondary market, so a shipping line’s exposure
changes with the same carbon market that steel and
cement producers already face [2]. The FuelEU Maritime
Regulation requires strict mass-balance proof and third-
party guarantees of origin for a fuel to reach zero-rated
status, so a port that can issue valid green certificates
gives its calling fleet a direct financial advantage, as
emission reductions must be validated by mass-balance
certification, not unverified supplier declarations [4].
The NCTP clause establishes an asymmetric cost
environment. Hubs on the NCTP list incur EU ETS
liabilities on connecting voyages. By contrast, gateway
ports outside this list provide a direct compliance cost
reduction [10]. Singapore and CM-TV sit outside the
300 nautical mile radius that defines this list, so the
clause treats them the same way. The competitive
dynamic analyzed in this study operates inherently
within this uniform regulatory framework. Given that
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each hub resets extra-EU emissions in the same way, the
determining variable is which hub offers a lower cost to
the shipping line. The NCTP mechanism was built to
prevent evasive port calls, not to confer a competitive
edge, so its symmetry here is expected, not incidental:
case-study evidence on EU-adjacent transshipment hubs
shows that switching to a nearby non-EU alternative
only becomes cost-effective at carbon prices well below
€25 per tonne [17], far under the EUA levels used in this
study. This supports treating fuel economics, not NCTP
positioning, as the mechanism under test.

2.2. Port competitiveness and the energy
endowment gap

Port selection research is moving away from pure
operational metrics toward decarbonization capacity.
Singapore has invested in alternative fuel bunkering at
Tuas Port, including liquefied natural gas and green
methanol operations [5], on top of a strong existing
base in automation, digital compliance tracking, and
network connectivity that keeps it attractive to shipping
alliances in the near term. Yet this import-dependent fuel
structure leaves the city-state open to external market
shocks: local wind speeds average in the 2 to 3 m/s range,
unsuitable for wind power, so almost all decarbonization
pathways run through imported electricity or fuel [9, 18].

Recent techno-economic work shows that Vietnam
can reach a Levelized Cost of Hydrogen (LCOH)
of 1.24 to 1.65 USD/kg, low enough to undercut a
hub that must import alternative fuel at international
prices [19]. Developing-country ports face two main
barriers: weak institutional capacity and limited access
to green finance [20]. These factors prevent ports
from converting renewable energy endowments into
competitive advantages. These barriers set the research
scope: evaluating CM-TV’s capacity to develop the
requisite institutional framework to leverage existing
resources before Singapore closes the fuel-cost gap
through imported supply.

Part of that institutional layer is emerging through
bilateral green shipping corridors, agreements that
commit a load centre and a gateway port to a
joint decarbonization timeline. Reviews of maritime
decarbonization policy treat these corridors as an
instrument that can align a port’s domestic energy
investment with a shipping line’s decarbonization
targets, since a corridor agreement gives a project
financier a demand signal it would not otherwise have
[20]. Section 5.3 returns to this as one of the policy
priorities that follow from the CLD results.

2.3. Resource-based competitive asymmetry

The Resource-Based View (RBV) frames this asymmetry
[15, 16]. Singapore’s long-standing competitive edge

came from its information technology and operational
capability, which offset its limited natural resource
base [21]. Under carbon pricing, this balance shifts.
Vietnam’s offshore wind potential works as a Valuable,
Rare, Inimitable, and Organized (VRIO) resource [16].
Singapore’s technology base stays valuable, but it can
be replicated with capital and it remains energy-import
dependent [9]. Vietnam’s renewable endowment sits
in its physical geography and cannot be copied the
same way, as geographical factors constrain Singapore’s
domestic offshore wind potential, irrespective of capital
investment. The classification follows deductively from
applying the VRIO criteria to the evidence in
Table 1; Section 5.4 returns to this as a theory-
driven categorization, not an independently tested
measurement.

Classical trade theory already explains why a
wind-rich country exports wind-based energy: factor-
endowment theory predicts comparative advantage from
a country’s relative supply of land, labor, and capital.
That theory operates at the level of nations trading
goods, and it does not explain why one port operator
converts a national energy endowment into a certified,
bankable fuel supply while another with access to the
same national grid does not. The VRIO layer added
here sits at the level of the port organization, not
the nation: it evaluates whether CM-TV’s management,
certification systems, and finance access let it turn the
wind endowment into a compliance-grade fuel product
before a competitor closes the gap. RBV and factor-
endowment theory answer different questions, one at
the country level and one at the organizational level.
The endowment sets the ceiling on what CM-TV can
supply, while the TOE-assessed organizational capacity
in Table 3 sets how much of that ceiling it can reach.

The realization of this advantage depends on
operational capacities. Liner networks show high path
dependency and heavy switching costs, so shipping
alliances are unlikely to leave an incumbent hub outright
and are more likely to add a resource-rich gateway as
a compliance stopover [22]. Converting raw renewable
electricity into marine bunker fuel also needs a Power-to-
X (PtX) supply chain, and this needs capital and years to
build [19, 23]. The study integrates the TOE framework
with the RBV. Vietnam’s wind potential is the primary
resource. Subsequently, the TOE assessment evaluates
CM-TV’s organizational and technological readiness for
commercialization [13].

2.4. Systems Thinking and the TOE
framework

Traditional linear models are computationally inade-
quate for capturing the dynamics of maritime logistics
systems, where a policy shock such as carbon pricing
produces non-linear, time-delayed, and cascading effects
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[14], consistent with the general case for Systems Think-
ing in complex, feedback-driven systems [24]. A cost
table can show the price gap between two ports on
the day it is built, but it cannot show how that gap
changes once shipping lines respond to it, congestion
builds up, or certification capacity catches up with
new supply. System Dynamics modelling of deep-sea
ports shows how investment cycles, throughput growth,
and environmental compliance interact through feedback
[25], and Causal Loop Diagramming of shore power
shows it can reduce carbon leakage through a reinforcing
loop that a linear model cannot see [26]. The resulting
CLD maps reinforcing loops, balancing loops, and time-
delayed causal links between policy and market response.

The TOE framework, first built for technology
adoption and later applied to green logistics innovation
[13], defines its Environment dimension as the industry
structure, competitors, and regulatory environment
facing the firm. This study extends that dimension
to include the physical renewable energy endowment
available to the port, on the reasoning that a
resource endowment, like the regulatory environment,
is exogenous to the port operator and bounds what
organizational investment alone can achieve; this is
an adaptation of the original construct, not a direct
application of it. With that extension, the framework
fits a comparative port decarbonization assessment: it
captures infrastructure readiness, governance capacity,
and environmental resource endowment in one combined
assessment. Combining TOE with Systems Thinking to
assess port competitiveness under carbon pricing is the
methodological contribution of this paper; a systematic
review protocol was not run to confirm this gap, a
scoping limit Section 5.4 notes.

3. Methodology

The study combines document analysis, a TOE readiness
assessment, and Causal Loop Diagramming. The
qualitative structure is checked against a deterministic
cost-accounting simulation, so the feedback mechanisms
in the CLD stay grounded in the financial reality of
maritime carbon pricing [1].

3.1. TOE readiness assessment

The Technology dimension covers alternative fuel
bunkering, shore power, and digital compliance systems.
Evidence for Singapore comes from its audited
sustainability report [5], and evidence for CM-TV
comes from terminal equipment assessments [27].
The Organization dimension covers sustainability
governance, verified greenhouse gas inventory capacity,
and access to green finance. CM-TV’s organizational
readiness rests on its ISO 14064-1 greenhouse gas
inventory, verified by the British Standards Institution
[28], and Vietnam’s developing carbon market framework

[29]. The Environment dimension covers the renewable
energy endowment and the regulatory framework that
supports it. Evidence for Vietnam’s offshore wind
potential comes from national meteorological assessment
[6, 7], and the DPPA mechanism rests on Decree No.
57/2025/ND-CP [8].

To ensure methodological rigor and mitigate subjec-
tive bias, Table 1 details the indicator used for each
dimension and the source that supports it. Each indi-
cator is supported by official documentation, regulatory
instruments, or empirical reports.

Each indicator is scored using a four-level rubric:
Nascent (a target or feasibility study exists, with no legal
framework or capital committed), Emerging (an early
regulatory framework or pilot project is verified), Mature
(large-scale commercial operation with international
verification), and Transformative (a physical resource
with no feasible domestic substitute at the competing
hub, backed by an enacted legal framework for
its commercial use). A fifth qualifier, Structurally
Constrained, applies only to the Environment dimension,
for a case where geography, not policy or capital, sets
the limit. Appendix A gives the full wording of each
rubric level. Each rating in Table 3 was assigned by the
research team from the sources in Table 1; a second,
independent coder did not cross-check these ratings, and
Section 5.4 flags this as a methodological limitation.
Table 3 reports one rating per dimension, built from
the indicators in Table 1. A dimension-level rating is
assigned only when its component indicators converge on
the same qualitative level, as they do for Singapore and
CM-TV across all three Environment indicators here. A
dimension with indicators split across levels would need a
separate, stated tie-breaking rule not used in this study.

3.2. Carbon compliance cost function

Adapting recent maritime cost-accounting work [1] to
the parameters set by Directive (EU) 2023/959, the total
generalized cost for a vessel calling at a transshipment
hub is:

GCport = Ovoyage + Cport + Cswitching + Cbunk‘er
+ [PEUA . Oé(t) . (Eeztra + Eintra + Ebe'rth)] - SZETO

(1)

where Cyoyage and Chpor¢ are standard voyage and
handling costs (with Cyoyage reduced by the fossil
fuel displaced by alternative fuel use); Ciwitching IS
the network cost of rerouting to a new compliance
stopover; Pgy 4 is the European Union Allowance price,
€65.23/tonne on average in 2024 [2]; a(t) is the phase-
in factor, 0.40 in 2024, 0.70 in 2025, and 1.00 from
2026; Eeytra, Fintra, and Epeqp are the baseline COge
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Table 1. Operationalization of the TOE framework for evidence-based assessment

Dimension Indicator Evidence source

Technology Alternative fuel bunkering infrastructure PSA sustainability disclosure [5]

Technology Shore power and cold ironing capacity Terminal equipment assessment
27]

Technology Digital compliance and GHG monitoring PSA sustainability disclosure [5]

Organization Sustainability governance maturity PSA disclosure; Gemadept disclo-
sure [5, 28]

Organization Verified GHG inventory capacity (ISO 14064-1) Gemadept Sustainability Report
28]

Organization Access to green finance and carbon markets Developing-country  decarboniza-
tion review [20]

Environment Domestic renewable energy endowment Offshore  wind policy study;
national technical assessment [6, 7]

Environment National regulatory framework for DPPA Decree No. 57/2025/ND-CP [§]

Environment Carbon cost resilience Vietnam ETS review; Singapore

grid study [9, 29]

emissions on extra-EU voyages (50% scope), intra-EU
voyages (100% scope), and at berth in the EU (100%
scope); Syero is the cost saving from certified zero-carbon
fuel or renewable shore power that meets FuelEU mass-
balance rules; and Cyypnker is the cost of the zero-carbon
fuel a vessel must buy to meet FuelEU greenhouse gas
intensity limits.

Equation (1) combines two separate EU instruments,
and keeping them distinct matters for how S,.., and
Chunker are read. The EU ETS, through the MRV
Regulation (EU) 2015/757 as amended, allows a zero
emission factor for certified sustainable fuels, extended
to renewable fuels of non-biological origin by Delegated
Regulation (EU) 2024/3214 with effect from 1 January
2024 [30]; this is the mechanism S,.., represents,
and it is a provision of the EU ETS itself, not
an offset bought from outside the scheme. FuelEU
Maritime [4] is a separate instrument, with its own
greenhouse gas intensity target, penalty, and banking
and pooling mechanism; it is what forces the fuel
purchase represented by Cpynker- Both the EU ETS at-
berth scope and FuelEU’s onshore-power credit apply
only inside the EU, so DPPA-sourced shore power
consumed at CM-TV, outside the EU, qualifies for
neither directly. Its effect in this model is indirect: lower
auxiliary fuel consumption while the vessel is in port,
which reduces the total voyage fuel burn and so Feptq-

Singapore and CM-TV sit outside the 300 nautical
mile NCTP radius, so calling at either port resets the
extra-EU emissions calculation [10]. Routing to CM-TV
needs a southbound detour past Singapore, which raises
voyage emissions and Cyoyage. Vietnam’s offshore wind
potential supports domestic Power-to-X fuel production,
which can lower Chynker [6, 8]. Singapore’s space and
resource limits require imported green fuel, which sets a

price premium on Chypker that a domestic Vietnamese
producer can undercut [19].

A deterministic simulation illustrates the sensitivity
and interactions of the variables defined in Equation (1).
Holding Clyoyage, Cport, and Ciwitching fixed, the term
that changes most between the two hubs is Cyunker,
set by where the green fuel is produced, not by where
the vessel calls. Section 4.3 populates this term with
published cost data and shows that the fall in Cypynker
at CM-TV outweighs the rise in Cyoyage from the longer
routing distance.

3.3. Causal Loop Diagramming

Formal System Dynamics needs a quantitative stock-
and-flow simulation, and the pricing history for domestic
Power-to-X fuel in Vietnam is still short, so this study
uses qualitative Causal Loop Diagramming instead, built
from peer-reviewed literature, corporate disclosure, and
state policy documents [14, 25, 26].

The CLD in Figure 1 maps four mechanisms.

R1 (Resource endowment, reinforcing): Activated via
the DPPA, Vietnam’s offshore wind potential enables
CM-TYV to supply verified renewable electricity and zero-
carbon fuel. A reduction in Cyynier decreases GChport,
thereby attracting higher call volumes and scaling
renewable procurement. The loop carries a long time
delay, since an offshore wind project needs about seven
years from site assessment to commercial operation [6],
and in the near term runs mainly through DPPA-enabled
shore power, not full Power-to-X synthesis; grid capacity
limits and Power-to-X lead time also slow it.

R2 (Governance and technology, reinforcing): Singa-
pore’s governance maturity and technology base support
shipping line confidence [5], reinforced by sovereign
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capital that can secure imported green fuel corridors
at a scale CM-TV cannot yet match, though CM-TV
is closing this gap through its ISO 14064-1 certification
and Vietnam’s developing carbon market [28, 29].

Bl (Infrastructural friction, balancing): A surge in
calls at CM-TV raises pressure on terminal capacity,
and equipment inefficiency there is already linked to
congestion and delay [27], raising GCpor and offsetting
the gain from R1.

B2 (Institutional verification, balancing): The saving
from green energy only counts once electricity is verified
through a recognized mass-balance and guarantee-of-
origin certificate; a gap in auditing capacity can delay
this and keep GCport high even where renewable supply
exists [20].

This table lists the links shown in Figure 1 so the
loop structure can be checked independently of the figure
itself; notation in the figure should be read as matching
Equation (1) (Szerm Eea:t'ray Eintraa Ebe'rth)~

3.4. Data sources and triangulation

The document analysis behind Table 1 and the
CLD in Figure 1 draws on three kinds of source,
checked against one another: peer-reviewed studies for
theoretical grounding and independent measurements,
such as offshore wind resource assessments and terminal
equipment audits [6, 7, 27]; corporate disclosures, such
as the PSA and Gemadept sustainability reports, for
operational and governance evidence [5, 28]; and state
policy documents, such as Decree No. 57/2025/ND-
CP and the EU directives cited in Section 3.2, for the
legal parameters that fix the boundaries of Equation (1)
[3, 4, 8, 10]. All three source types are documentary;
no interview or workshop with shipping line routing
managers or port operators cross-checked the causal links
or the ratings in Table 3, a limit Section 5.4 returns to.

4. Results
4 1. Readiness assessment

Table 3 sets out a comparative readiness assessment.
Singapore reaches Mature status in Technology and
Organization, but its Environment rating is Structurally
Constrained: it is a space-constrained city-state with
wind speeds in the 2 to 3 m/s range, unsuitable for wind
power, and it depends on imported electricity and fuel
[9, 18]. CM-TV is Nascent to Emerging in Technology
and Organization, but Transformative in Environment,
on the strength of its 475 GW offshore wind potential
and the Decree No. 57/2025/ND-CP DPPA framework
[6-8]. This Transformative rating reflects the scale of
the resource and the legal framework enabling its use,
not an operating project: as of this writing, no offshore
wind project in Vietnam has reached a final investment
decision [31].

The pattern points to a resource-based asymmetry
that cutting across technology or organization cannot
close: Singapore’s technology and governance lead is
real, but its Environment rating stays fixed unless its
physical geography changes, while CM-TV’s Technology
and Organization gaps are the kind that investment and
training can close over time [20].

A Mature rating in Technology and Organization took
Singapore several decades to reach [5, 21]; CM-TV’s
Nascent to Emerging rating on the same two dimensions
reflects a cluster still early in that process, though a
shorter path is open to it, since it can adopt already-
proven digital compliance systems and shore power
designs. It does not need to develop these systems from
the start. The Environment dimension offers Singapore
no such shortcut, since no management practice can
substitute for a domestic renewable resource that does
not exist.

4.2. Scenario trajectory

The CLD structure implies a four-stage trajectory as EU
ETS enforcement tightens and Vietnam’s energy policy
matures.

Scenario 1, baseline equilibrium (before 2024).
Singapore holds its position on operational efficiency,
automation, and technology [5], and CM-TV serves
mainly as a secondary hinterland gateway. Green fuel
cost plays almost no part in routing choice, since no
carbon liability yet attaches to the voyage.

Scenario 2, carbon cost shock (2024 to 2025, a(t) of
0.40 to 0.70). Shipping lines begin to weigh Cpynker
in their routing choice as the EU ETS phases in,
and Singapore’s import-dependent fuel strategy starts
to strain against this new cost variable [1, 9]. The
competitive question shifts to which hub can offer the
fleet a lower blended-fuel cost.

Scenario 3, green hub transition (2026 to 2028,
a(t) at 1.00). At full enforcement, DPPA activation
lets CM-TV supply verified renewable electricity and,
once behind-the-meter Power-to-X capacity is in place,
certified e-methanol that satisfies both the EU ETS zero-
rating criteria and FuelEU’s guarantee-of-origin rules,
activating loop R1 in its entirety [4, 8]. In the near
term, before that capacity exists, DPPA-sourced grid
electricity supports shore power that reduces the vessel’s
auxiliary fuel burn at CM-TV. It does not qualify
for EU-port-specific zero-rating. The cost simulation
in Section 4.3 models the fuel-synthesis case directly,
since it assumes DPPA-enabled Power-to-X supply and
certificate verification each work as designed.

Scenario 4, infrastructure and verification lag (2025 to
2030). Vietnam’s national power plan sets a near-term
offshore wind target far below the 475 GW technical
ceiling [6], so a premature volume surge can let Bl
(congestion) and B2 (verification delay) erode the gain
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Figure 1. Causal Loop Diagram of green port

competitiveness between CM-TV and Singapore

Table 2. Causal link summary for Figure 1

Link Polarity Evidence source Approximate delay

DPPA mechanism to renewable electric-  + 8] Short

ity and shore power supply

Renewable electricity supply to Chunker — [7, 19] Long for Power-to-X
fuel; short for shore
power

Crunker 10 GCport + Equation (1) None

GChort to call volume at CM-TV - [22] Medium

Call volume to renewable procurement + [12] Medium

scale

Offshore wind site assessment to com- gating [6] Long, about seven years

mercial operation (gates R1)

Singapore governance and technology + (5] Short

base to shipping line confidence

CM-TV ISO 14064-1 certification to + [28, 29] Medium

organizational competitiveness

Call volume at CM-TV to terminal + [27] Short

congestion

Terminal congestion to GCport + [27] Short

Offshore wind deployment pace relative  gating [20] Medium

to certification capacity

Certification capacity gap to realized - [20] Medium

Szero

before capacity and certification catch up [20, 27]. CM-
TV’s advantage here rests mainly on DPPA-enabled
shore power, not full Power-to-X synthesis, since offshore

wind construction and fuel plant build-out each run on
multi-year timelines.

Scenarios 3 and 4 describe the same 2026 to 2030
window under two different assumptions, not two
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Table 3. Comparative readiness assessment

Dimension Key indicators and evidence Singapore CM-TV

Technology Alternative fuel bunkering, shore power, digital Mature Nascent
compliance monitoring [5, 27]

Organization Sustainability governance, verified GHG inventory, Mature Emerging
access to green finance [5, 20, 28]

Environment Renewable energy endowment, DPPA/REC regulatory  Structurally con- Transformative

framework, carbon cost resilience [6-9, 29]

strained

sequential periods: Scenario 3 traces the trajectory if
DPPA supply and certification capacity keep pace with
demand, and Scenario 4 traces it if they do not. Which
trajectory dominates in practice depends on the relative
pace of loop R1 against loops Bl and B2. Together,
these four stages show that CM-TV’s advantage does
not appear the day the DPPA decree is signed. It builds
gradually over Scenarios 2 and 3, and Scenario 4 sets the
boundary condition for how much of it survives into a
stable routing pattern.

4.3. Cost simulation

A deterministic simulation for a 20,000 TEU vessel on
an Asia-North Europe route tests the CLD model; the
FuelEU blending mandate, not tax avoidance, drives
fuel choice [4]. The simulation holds the phase-in factor
a(t) at 1.00 throughout, matching the fully enforced
Scenario 3 window in Section 4.2. The two EUA prices
used below, the 2024 average of €65.23 per tonne and a
€90.00 per tonne benchmark, are applied under this full-
enforcement assumption. They do not represent a saving
realized in a past year: in 2024 «(¢) stood at 0.40, and
CM-TV’s domestic e-methanol supply chain had not yet
reached construction, as Section 5.4 notes.

The saving reported below is a FuelEU-driven green-
fuel-cost result, not an EU ETS result: on the ETS
component alone, CM-TV is worse off than Singapore
by €30,482 per leg before adjustment, since the
longer detour raises baseline voyage emissions. The
net advantage comes entirely from the lower cost
of e-methanol produced domestically, which FuelEU’s
blending mandate requires both hubs to procure. This
simulation also represents a single-string substitution: a
vessel calls at CM-TV, not Singapore, as its last port of
call. This is not an added stop alongside Singapore; a
dual-hub rotation that calls at both ports, as discussed
in Section 5.2, would carry its own network switching
cost (Cswitching in Equation 1), which is not modeled
here. The 10% blend share used below is also an above-
minimum case: FuelEU’s own well-to-wake intensity
reduction target is 2% for 2025 to 2029 and 6% from
2030, so 10% is an illustrative, commercially ambitious
scenario, not the compliance floor. The net saving below

scales roughly in proportion to the blend share chosen.
The 10% share is set on an energy basis, not a mass
basis; e-methanol carries a lower energy density than
conventional bunker fuel, which is why the mass-based
e-methanol tonnage needed, about 690 to 750 tonnes
below, runs close to double the nominal 10% share of
total fuel mass.

Routing through Singapore, a voyage to Rotterdam
runs about 23 days and 3,450 tonnes of fuel oil equivalent,
for 10,743 tonnes of CO5 and a baseline ETS liability
near €350,330 at the 50% extra-EU scope. Meeting
a 10% green fuel blend needs about 690 tonnes of e-
methanol, and Singapore’s import-parity price of about
1,400 per tonne [32] sets Chynker near €966,000.

Routing through CM-TV adds a two-day southbound
detour, for 25 days and 3,750 tonnes of fuel oil equivalent,
11,677 tonnes of COs, and a baseline ETS liability
near €380,812, a raw detour penalty of €30,482 before
adjustment for S,..,, plus a raw extra fuel cost of
about €135,000 (300 tonnes of additional heavy fuel
oil at roughly €450 per tonne, broadly consistent
with conventional bunker fuel price levels reported by
industry indices in 2024 to 2025). The 10% green fuel
blend needs about 750 tonnes of e-methanol. CM-TV’s
domestic production cost is set at about €800 per tonne,
a planning figure consistent with Vietnam’s reported
levelized cost of hydrogen of 1.24 to 1.65 USD/kg [19]
and with published e-methanol cost estimates of €600 to
€680 per tonne at the best renewable sites by 2030 [33].
The step from the hydrogen cost to this methanol figure,
including the hydrogen input per tonne of methanol, the
CO; feedstock cost, and plant capital charges, is not
shown in this short version; the €800 per tonne figure
should be read as an illustrative planning assumption,
not a value reported directly in either cited source. This
sets Chunker near €600,000.

Table 4 sets out the full calculation. The gross
saving from domestic fuel at CM-TV over Singapore is
the difference between the two Chyypier figures, about
€366,000. Before this gross saving can be compared with
the cost of the longer CM-TV routing, the two raw detour
costs need one more adjustment for S..,.: since the 10%
green fuel blend also displaces 10% of the conventional
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Table 4. Net saving computation per leg at the 2024
EUA price (€65.23/tonne)

Cost item Amount (€)
Singapore  Chunker (690 t e 966,000
methanol at €1,400/t)

CM-TV Chunker (750 t e-methanol 600,000
at €800/t)

Gross bunker saving 366,000
Less: ETS liability from detour, -27,434
adjusted for Sero

Less: conventional fuel cost from -121,500
detour, adjusted for Sero

Net saving per leg 217,066

fuel volume on each leg, the raw detour penalty of
€30,482 and the raw extra fuel cost of €135,000 each
fall by 10%, to €27,434 and €121,500. This gross saving
must absorb these two adjusted costs from the longer
CM-TV routing. The net saving is about €217,000
per leg, or roughly €11.3 million a year on a weekly
service loop at the 2024 EUA price; these are rounded,
illustrative figures under the stated assumptions, not
precise forecasts. Table 5 illustrates this pattern at two
EUA price points, using the same line items at each
price; the direction holds across the range of Equation
(1), since a higher Pgry 4 raises the compliance liability
for each hub but by more for the longer CM-TV routing,
narrowing the net saving as the EUA price rises. This
two-point table is an illustration, not a continuous
sensitivity sweep, and the saving itself is an illustrative
point estimate under the stated assumptions, not a
forecast: it depends on CM-TV’s domestic e-methanol
production reaching the €800 per tonne cost used here,
a production scale that Section 5.4 notes is not yet
operating.

The two adjusted rows equal the raw detour costs
(€30,482 and €135,000) reduced by 10%, the share of
voyage energy met by the FuelEU-compliant green fuel
blend. This reduction is the S,r, term in Equation (1):
it lowers each hub’s own EU ETS liability and displaced-
fuel cost by the share the green blend covers, before the
CM-TV detour penalty is computed. Cpynier in Equation
(1) corresponds to the two production-cost rows above;
the two adjusted rows correspond to the change in Fey¢rq
and Cyoyage from the longer CM-TV route.

The saving scales beyond a single vessel: an alliance
running several weekly loops would multiply the saving
across every vessel it commits to a CM-TV rotation,
compounding further once call volume unlocks the scale
economies in loop R1. A rising EUA price narrows the
margin, since it raises the liability CM-TV must absorb
for its longer routing faster than it raises the liability the

Table 5. Sensitivity of annual saving per weekly service
loop to EUA price

EUA price Net saving  Annual saving
per leg

€65.23 [2] €217,066 €11.29 million

€90.00 [1] €206,652 €10.75 million

Table 6. Sensitivity of net saving per leg to the
e-methanol price gap (at €65.23/tonne EUA)

Price gap, Singapore minus CM-  Net saving
TV (€/tonne) per leg

€400 €67,066
€600 (base case) €217,066
€800 €367,066

fuel blend offsets, so Vietnam’s window to convert this
into a durable share of transshipment volume sits widest
while the EUA price stays near its current level.

The simulation uses e-methanol as the reference
fuel, the pathway most reviews treat as the leading
option for deep-sea shipping [23]. The same domestic
cost advantage should extend to other Power-to-X
products such as green ammonia, since the offshore wind
endowment that supports hydrogen production carries
over directly; ammonia synthesis needs green hydrogen
and nitrogen, not a carbon feedstock.

The EUA price is not the variable the result is most
sensitive to. The table below holds the EUA price at
€65.23 and varies the e-methanol price gap between
Singapore and CM-TV instead: each €200 per tonne
change in the gap moves the net saving per leg by about
€150,000 (the 750 tonne CM-TV blend volume times
the price change), an order of magnitude larger than the
roughly €10,400 per leg spread across the full €65.23 to
€90.00 EUA range above.

4.4. Synthesis of results

The convergence of the TOE assessment, CLD
trajectory, and cost simulation indicates that CM-
TV’s cost advantage is real but conditional. The
readiness matrix explains why CM-TV can compete on
cost, given its Transformative rating on Environment;
the scenario trajectory explains when this advantage
becomes available, marking Scenario 3 as the period
when DPPA supply and FuelEU certification each
become active; and the cost simulation gives it an
illustrative number, roughly €11.3 million a year on
a single weekly service loop at the 2024 EUA price.
Vietnam’s offshore wind endowment and the DPPA
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mechanism reshape CM-TV’s attractiveness by giving it
a cost lever that Singapore cannot pull at home, though
this lever only becomes usable once the conditions in
Scenario 3 are met.

5. Discussion and Policy Implications

5.1. Resource-based competitive asymmetry

The TOE and CLD results together point to a resource-
based competitive asymmetry that a standard port
benchmark cannot capture. CM-TV’s advantage does
not come from capital spending alone, but from a
physical offshore wind endowment that a land-scarce
city-state does not have access to [6, 7]. Singapore’s
import dependency sets a persistent cost floor for
green fuel [9]: it can keep investing in technology and
governance, but this cannot change its Environment
rating, while CM-TV’s governance and technology gaps
are open to closing through targeted investment [20].

A reasonable objection asks why calling vessels must
divert to CM-TV when Vietnamese green methanol
could be imported directly to Singapore, since methanol
is a liquid chemical commodity that tankers already
carry across borders. Maersk has bunkered green
methanol sourced from Chinese production at its
Shanghai call [34], and Singapore is opening its own
methanol bunkering licences from 2026 [35], so a
Vietnam-to-Singapore supply chain is not implausible.
This objection has real force, and the position taken
here rests on a practical basis, not a legal one.
The additionality, temporal and geographic correlation
rules for renewable fuels of non-biological origin under
Delegated Regulation (EU) 2023/1184 [36] govern how
the electricity used to produce the fuel is sourced;
they do not tie a certified batch to a particular
bunkering location, so a verified Vietnamese e-methanol
cargo could in principle retain its RFNBO status
at a Singapore terminal, much as biofuels already
move internationally under mass-balance bookkeeping.
What does not yet exist is the verified import and
mass-balance infrastructure on the Singapore side for
Vietnamese e-methanol specifically, together with the
shipping and storage chain to carry it there. CM-
TV’s near-term position rests on being the first point
where production and bunkering are co-located under
the DPPA mechanism, not on a regulatory bar against
importing the fuel elsewhere. Short-sea chemical tanker
freight between CM-TV and Singapore is typically a
small fraction of the €600 per tonne production cost gap,
though the authors have not obtained a verified freight
quote for this specific route and do not state a figure
here.

The asymmetry also explains why the two hubs are
unlikely to converge over time. A gap built from capital
and management practice narrows whenever the lagging
side invests, since capital can move to wherever the

investment goes. Geographical and climatic constraints,
by contrast, represent durable structural barriers to
domestic renewable energy parity, and this barrier holds
even as Singapore diversifies its cross-border electricity
imports, since the resource still originates outside its own
territory [9].

5.2. Managerial implications for shipping
alliances

Liner alliances have a clear cost incentive to optimize
port call sequencing. Full displacement of Singapore
is not the likely outcome, once the cost advantage in
Table 5 becomes available at scale. Path dependency
and switching cost in liner networks rule out a full
displacement of Singapore [22]; a more likely outcome
is a dual-hub strategy, where alliances keep Singapore
for mega-consolidation and add CM-TV as the last port
of call on direct Asia-Europe loops, resetting extra-
EU emissions and bunkering lower-cost compliance fuel
before heading to Europe. The routing strategy is
primarily governed by fuel economics, given that the
NCTP reset applies uniformly to both hubs [10]. Early
strategic commitment enables alliances to secure priority
access to DPPA-enabled capacity and establish fixed-
price bunkering agreements before local production costs
rise with demand. Delayed integration into Scenario 4
decreases cost savings due to congestion and certificate
queues, which compress the advantage once volume
grows quickly.

5.3. Policy implications

Four priorities follow from the balancing loops and the
pace of the scenario trajectory in Section 4.2.

First, bridging the certification gap (B2) requires
Vietnam to build a national Energy Attribute Certificate
registry meeting FuelEU mass-balance rules and train
certified auditors, building on the template set by
Gemadept’s ISO 14064-1 verification [4, 28]. This
registry is essential: absent it, the projected cost
advantage in Table 5 remains invalid for compliance
offsets.

Second, bridging the infrastructure gap (B1) requires
a regional capacity coordination mechanism across the
former Ba Ria-Vung Tau area, now part of Ho Chi Minh
City following the 2025 provincial merger, covering berth
allocation and shared investment. The mechanism can
stop congestion from eroding the cost advantage, using
terminal equipment data to set upgrade priorities [27].
It matters most in Scenario 4, when call volume can rise
faster than berth capacity.

Third, accelerating the resource loop (R1) requires
a green economic zone at CM-TV, with incentives for
offshore wind developers and Power-to-X producers.
The zone must establish direct, behind-the-meter links
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between wind generation and fuel synthesis, ensuring
compliance with EU rules on renewable fuel of non-
biological origin, which require a real additionality link
that a grid-connected DPPA contract alone does not
meet [36]. Bilateral green shipping corridors with load
centres such as Rotterdam and Hamburg can de-risk the
capital needed for this infrastructure and give a long-
term offtake signal that turns a feasibility study into a
financed project [20].

Fourth, planning the physical build-out requires
retrofitting deep-water berths with high-voltage shore
connection systems, cabling, substations, and safe buffer
storage for alternative fuel such as liquid ammonia or
methanol [27]. The build-out must be phased so it does
not stop container handling during the 2025 to 2030
window identified in Scenario 4.

5.4. Limitations and future research

The cost function in Equation (1) is set by Directive (EU)
2023/959 and Implementing Regulation (EU) 2023/2297
as they stood when this paper was written, and these
boundary conditions can shift again before the window
described in Scenario 3 closes. The study also rests on
a qualitative CLD, not a quantitative stock-and-flow
simulation, since long-run pricing data for Vietnamese
Power-to-X fuel are still limited; a qualitative model
shows the direction and rough timing of each loop but
not the exact point where a balancing loop overtakes a
reinforcing one. All evidence behind Table 1, Table 3,
and Figure 1 is secondary and documentary, with no
interview or workshop with routing managers or port
operators to validate the causal links or to check the
ratings against a second, independent coder. Expert
elicitation and an inter-rater reliability check would
strengthen confidence in these results before they inform
policy design. The claim in Section 2.4 that this paper is
the first to combine the TOE framework with Causal
Loop Diagramming for port decarbonization rests on
a standard literature search, not a formal systematic
review protocol with a registered search string and dual
screening. A comparable prior study cannot be ruled out
with full certainty on this basis.

The cost simulation uses deterministic price assump-
tions for the EUA price and the cost of e-methanol,
each open to market and geopolitical shocks a single-
point estimate cannot capture. CM-TV’s domestic cost
figures are incurred in Vietnamese dong and converted
to euro for comparability, and exchange rate movement,
not modelled here, adds a further source of uncertainty
to the saving in Section 4.3. Liner routing also car-
ries path dependency a pure cost-minimization model
does not fully capture: existing terminal contracts and
deployment plans can keep a route fixed for years after
a cost advantage appears elsewhere [22]. Section 5.1
flags a further boundary condition: if a verified trade

route for Vietnamese green e-methanol into Singapore’s
own bunkering terminals matures, part of the fuel-cost
advantage modelled here could transfer to Singapore
even though vessel routing stays the same.

The cost simulation also omits the charter or capital
opportunity cost of the two extra sailing days the CM-
TV detour adds. This cost depends on the vessel’s charter
rate, which for a 20,000 TEU ship varies widely with
freight market conditions and was not available from a
verified source at the time of writing. As a rough check on
scale, reported time-charter rates for large containerships
in 2025 to 2026 ran from the mid tens of thousands
of US dollars per day for mid-sized tonnage up to the
order of a hundred thousand dollars per day for the
largest, newest vessels; even the lower end of that range,
applied to two extra days, is large enough relative to the
€217,000 per-leg saving in Table 4 that this omission is a
material limitation, not a cosmetic one. The authors did
not verify a figure precise enough for the 20,000 TEU
segment specifically to include here; a future version
of this simulation should add a verified time-charter or
capital cost line once available.

The scenario trajectory in Section 4.2 also assumes
DPPA-enabled renewable supply activates within the
Scenario 3 window (2026 to 2028). As of mid-2026,
Vietnam’s offshore wind sector remains at a preparatory,
pre-construction stage: Decree No. 272/2026/ND-CP,
effective from July 2026, sets out development-phase
procedures for offshore wind projects, and no project has
yet reached a final investment decision [31]. The seven-
year site-to-operation timeline cited in Section 3.3 means
full Power-to-X activation could fall later than Scenario 3
assumes, and the near-term saving in Section 4.3 should
be read as resting on DPPA-enabled grid electricity and
shore power, not on offshore wind fuel production that
has yet to reach construction.

The comparison here is limited to Singapore and
CM-TV. Other regional gateways, including ports in
Malaysia and Thailand and other Vietnamese ports
such as Hai Phong, face a similar carbon-pricing shock
and may pursue a comparable strategy; the asymmetry
described here is specific to this dyad, not a claim
that CM-TV holds it over every competing hub in the
region. As a two-case comparison, the study establishes
a plausible mechanism, not a population-level finding,
and needs testing against a larger set of ports before its
external validity can be claimed.

Future work should move to quantitative System
Dynamics once multi-year pricing and routing data
are available, test the balancing loops identified here,
congestion and certification lag, through discrete choice
experiments with routing managers, and examine the
sequencing between offshore wind construction and
Power-to-X plant construction to date the shift from
Scenario 4 to Scenario 3.
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6. Conclusion

The paper traces the shift in competitive position
between Singapore and CM-TV under the EU ETS,
combining the TOE framework with Causal Loop
Diagramming to show feedback structures that a
standard port comparison cannot reveal.

The central finding is a resource-based competitive
asymmetry: Singapore leads in technology and organi-
zational readiness, but CM-TV’s 475 GW offshore wind
endowment, activated through Decree No. 57/2025/ND-
CP, gives it an Environment advantage that Singapore
has not been able to replicate domestically, converting
into a lower compliance cost through S,¢.. This advan-
tage operates through FuelEU Maritime’s fuel-cost chan-
nel, not through the EU ETS. CM-TV’s longer routing
is at a disadvantage on the ETS component alone, before
the fuel blend is counted. The illustrative cost simulation
in Section 4.3 puts this saving at roughly €11.3 million
to €10.7 million a year per weekly service loop across the
EUA price range tested, falling as the carbon price rises,
though this figure depends on domestic fuel production
reaching commercial scale and omits the vessel-time cost
discussed in Section 5.4.

Two balancing loops, port congestion and certification
capacity, can erode CM-TV’s gain unless Vietnam builds
the institutional and physical capacity to match its
resource endowment, and the limitations in Section 5.4,
most notably the reliance on secondary evidence and
the two-case scope, mean this finding is a plausible
mechanism to test further, not a settled result.

The port-energy integration model proposed here,
anchored by a green economic zone, behind-the-meter
links between wind generation and fuel synthesis, and
bilateral green shipping corridors, sets out one path
to hold this window open for CM-TV. Theoretically,
this study contributes a dynamic evaluation framework
combining TOE and CLD. Practically, it outlines a
policy roadmap where the certification registry, the
terminal capacity plan, and the green economic zone
form three parts of one mechanism; the absence of any
one part will constrain the integration of Vietnam’s
renewable capacity into maritime compliance workflows.
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Appendix A. Qualitative assessment
rubric

Table 3 assigns each dimension one of the following levels.
The assignment follows only the documented evidence cited
in Table 1, so a rating never rests on general reputation.

e Nascent: a target or a feasibility study has been
announced, but no legal framework or capital
commitment backs it yet.

e Emerging: an early-stage regulatory framework has
been enacted, or a small-scale pilot project has been
verified.

e Mature: large-scale commercial operation is active,
with use by international shipping lines and third-party
verification.

e Transformative: a physical resource endowment with
no feasible domestic substitute at the competing
hub, at a scale verified by independent technical
assessment, backed by an enacted legal framework for
its commercial use.

e Structurally constrained: applies only to the
Environment dimension, for a hub whose renewable
energy endowment or supporting regulatory framework
is limited by physical geography, not by a lack of capital
or policy effort. The qualifier signals a disadvantage
that further investment cannot close.

For the carbon cost resilience indicator, a Transformative
rating means the hub can absorb and offset carbon-
related cost through domestic resource autonomy, while
a Structurally constrained rating means the hub stays
exposed to externally priced energy markets regardless of its
technology or governance maturity.
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