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Abstract Port infrastructure is critical to the world's economy and has seen major expansion over the last
few decades. In the future there are likely to be further demands for port capacity which will require
additional port area while existing ports will need upgrading in response to sea-level rise to maintain current
levels of operability. This analysis considers potential changes to 2050 under four climate-based scenarios
which aim to explore changes in international maritime trade consistent with global temperature increases
of 2 °C and 4 °C and the implications of associated sea-level rise. All scenarios anticipate a significant
increase in trade, and a change in distribution across commodities. The demand for port handling areas in
2050 is roughly double to quadruple that of the baseline (2010) across scenarios. The maximum demand
occurs under an unmitigated climate and high intensity in commodity movement with a maximum area in
2050 of 5,054km?. The minimum demand (2,510km?) occurs under a scenario of regionalized green
energy production and lower material intensity. The total global investment costs for port adaptation to
sea-level rise and provision of new areas are between 223 and 768 billion USD to 2050. These are dominated
by the need for new area construction with the adaptation of base year areas to relative sea-level rise
representing a maximum of 6% of total costs globally. Therefore, in addition to adapting existing port areas to
sea-level rise, it is equally or more important to consider provision of new ports.

Plain Language Summary Over the coming decades, the type and amount of trade carried by sea
will change, influenced by climate policy as well as other economic factors. Ports will need to respond to
these indirect effects of climate change as well as more direct effects of sea-level rise, while maintaining their
efficiency and reliability as part of global trade systems. Key to avoiding bottlenecks and delays is
sufficient handling area within the ports. Using available guidance on the handling area needed for different
goods, this analysis shows that projected increases in maritime trade mean that significant new port

areas will need to be constructed, in addition to adapting existing ports to relative sea-level rise. The four
climate policy-related trade scenarios analyzed indicate that port areas may need double or even quadruple
globally by 2050. Hence, the cost of adapting to relative sea-level rise is minimal in comparison to that of
building new port areas. The need for these new port areas offers an opportunity to build climate-resilient
ports from the outset.

1. Introduction

Since the 1980s, port areas have significantly developed due to increasing seaborne trade, growth in the use
of containers, as well as improving standards of operation and management. This has been driven largely by
global economic integration, trade liberalization under the World Trade Organization and the opening of
China's economy as around 80% of trade is carried by sea (OECD/ITF, 2017; UNCTAD, 2017). Future trade
projections are mainly based on population and economic activity (e.g. Fontagné et al., 2017; Keck
et al., 2018). Recent trade scenarios suggest that global freight demand could increase between three- and
seven-fold by 2050 (e.g. IMO, 2015), while OECD/ITF (2017) suggest a 73% global increase in the number
of containers moved to at least 2.2 billion per year over the same period. It has been estimated that port capa-
city will not be adequate to meet demand as early as 2030 (e.g. OECD, 2012); increases in capacity and infra-
structure are already inevitable to ensure efficient movement of goods (e.g. ADB, 2010a; OECD, 2011;
OECD/ITF, 2016).

Climate-related extremes and trends have important implications for ports in terms of their functionality,
navigable water, and shelter from wind and waves. The physical and economic consequences of extreme
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events such as Hurricanes Sandy and Katrina are well known (e.g. Grenzeback & Liukman, 2008;
Hallegatte, 2015; Kunz et al., 2013; Smythe, 2013). More specifically, port closure and recovery duration
and costs can be significant (PANYNJ, 2019; Verschuur et al., 2020) - many countries close ports prior to pre-
dicted extreme events as, in addition to wind, floods due to storm surge can cause major damage (e.g. Mori
et al., 2019; Wadey et al., 2015; Wakeman & Miller, 2013). While such major events are expected to increase
in intensity if not frequency over this century as a consequence of climate change and sea-level rise (e.g.
McLeod et al., 2018), ports are commonly designed to maintain functionality in relation to extreme water
levels of known probability (e.g. 1 in 100 years). As relative sea level rises, a consequence of land
subsidence/uplift and climate-induced sea-level change linked to future greenhouse gas emissions
(Nicholls et al., 2014), the likelihood of such events increases substantially (e.g. Feng et al., 2018;
Oppenheimer et al., 2019; Tebaldi et al., 2012).

Looking to the future, ports will therefore need to adapt to the consequences of sea-level rise, while also
responding to changes in seaborne trade. Climate policy, by influencing global temperature rise, will have
an impact on both these factors. Most previous analysis of ports under climate change focus on risk assess-
ment and adapting existing ports to sea-level rise (e.g. Asariotis et al., 2018; Becker et al., 2016; Dronkers
et al., 1990; Ng et al., 2018) with a focus on upgrading existing port infrastructure to compensate for this
effect and maintain functioning capacity. The impact of climate-influenced changes in seaborne trade
and, consequently, port capacity is less well explored. As adapting existing infrastructure and planning
and construction of new ports is time-consuming and will require significant capital investment (e.g. recent
major expansion of existing and construction of new port areas in the growing economies of China, India
and Africa, see ADB, 2010b; Kavas, 2015), exploring the potential impact of climate policy is beneficial over
both the short and long-term (OECD/ITF, 2016).

To examine the future of ports including the effect of climate change policy, this paper analyses consistent
trade and sea-level scenarios to 2050 to explore the required port area, including requirement for new port
area, and the adaptation needs for existing ports. As global climate policy to regulate greenhouse gas emis-
sions is increasingly likely to influence how the demand for maritime transport evolves (Walsh et al., 2019),
the trade and climate scenarios consider the effects of low and high levels of global CO, mitigation. Hence,
this analysis provides a more comprehensive perspective on these changes and associated costs than pre-
vious assessments.

2. Approach

Ports are strategic and valuable areas which will need to be sustained and probably expanded to support glo-
bal economic health. For future planning it is useful to explore how the demand for port infrastructure may
change. In this analysis the current and future area and costs for ports based in the handling of sea-borne
freight at national and regional levels under future climate-orientated scenarios is estimated. It is based
on the following assumptions: (i) if trade expands, additional port areas will be required, (ii) future climate
policy (or not) will influence the mix and quantity of commodities traded (e.g. Burke et al., 2015), (iii) there is
a direct relationship between the type of cargo, volume of goods and handling technique (e.g. Merk &
Dang, 2012; Walsh et al., 2017), and (iv) relative sea-level rise can be offset by raising port areas (e.g.
Dronkers et al., 1990; Esteban et al., 2019). To maintain their viability and functionality, ports will therefore
need to undertake adaptation measures to existing areas and expand where necessary. While the methodol-
ogy contains appropriate simplifications and assumptions, it provides indicative estimates of potential future
challenges and the need for appropriate strategic planning. The assessment of future port area depends on
robust estimates of port throughput of both wet and dry bulk materials and containers which are provided
by climate-policy driven trade scenarios and adaptation implications of associated Intergovernmental Panel
on Climate Change (IPCC) emissions scenarios. The methodology considers the provision of port area and
associated costs only; the upgrade or provision of protective breakwaters and other related hard infrastruc-
ture is not included. Hence, the costs must be considered minimum estimates.

2.1. Methodology

At the regional and national levels addressed here, current and potential port area for each country with
maritime ports are calculated using an improved methodology based on that by Delft Hydraulics which
was used in the first estimate of the global costs of protecting against sea-level rise (Dronkers et al., 1990).
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Figure 1. Methodological approach to the calculation of current and future port areas and costs.

The original method used annual trade (reported tonnage, including containers) to estimate the required
port area in 1990 based on the analysis of the relationship between cargo and area in selected ports. A
uniform 1-m relative sea-level rise was then assumed in order to calculate adaptation costs.

Sea-borne trade is mainly carried by three ship types; (i) ‘wet' bulk trade such as oil and petroleum products,
(iii) 'dry' bulk trade such as iron ore, coal, grain, feed and fertilizers, and (iii) containerized trade which can
range from food products to electronic goods. Each type requires different port-based facilities, storage and
handling methods, and consequently have different space demands. Dronkers et al. (1990) recognized this
but were unable to differentiate between types due to lack of data. The methodology used here differs from
Dronkers et al. (1990) by differentiating between goods carried by (i) bulk carriers and (ii) containers. The
method for bulk trade follows Dronkers et al. (1990), while the area required for containers uses up-to-date
design criteria, including variances between import and export, for handling and storage (Thoresen, 2014).

The methodology also incorporates change over time, as represented by change in area and maintaining
land-water levels for port functionality. For coastal ports, the latter is influenced by relative sea-level change
which is increasingly considered in port planning and design (e.g. HR Wallingford, 2014; Moffatt and
Nichol, 2016; PANYNJ Engineering Department, 2015). The use of spatially variable values of relative
sea-level rise are a further improvement on Dronkers et al. (1990). The resulting methodological approach
adopted is summarized in Figure 1.

These extensions to the methodology allow the estimation of (i) the port area required to handle both ton-
nage and containers for a given amount of trade for baseline (2010) and future conditions (to 2050) and,
in response to relative sea-level change over the same period, (ii) the adaptation costs for baseline areas to
maintain relative land-water working levels, and (iii) construction costs of any new port areas required.

2.2. Trade Scenarios

The trade data used is globally consistent, linking different emissions scenarios to goods and commodities
and subsequently to ship type. Four contrasting scenarios of international maritime transport demand to
2050, consistent with high and low levels of global CO, mitigation and associated climate impacts (see
Walsh et al., 2019 for full details), are considered (see Figure 2).
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Figure 2. World sea trade by type (in Mt) under the four scenarios (reprinted under Creative Commons CC-BY license
from Walsh et al., 2019).

Two scenarios are characterized by a low global temperature increase of 2 °C by 2100 and low material inten-
sity (named Green Road (GR) and Middle Road 2C (MR2C)). These lead to a lower increase in trade, but a
high growth in demand and movement of bioenergy commodities. The resulting trade growth is lower than
those in many existing trade scenarios and forecasts. In contrast, scenarios High Road (HR) and Middle Road
4C (MR4C) assume limited greenhouse gas mitigation and higher global temperature increase of 4 °C by
2100, projecting higher trade growth and continued growth in expanding markets. This leads to a quadru-
pling of trade across all commodities under the HR scenario. The MR4C scenario shows a slightly lower
increase in trade related to the socio-economic assumptions in the MR scenarios. Across the scenarios, trade
is therefore projected to increase between two and four times by 2050 compared to 2010.

Each scenario provides a decadal (2010-2050) matrix of goods quantities transported by sea (as container-
ized, dry or wet bulk commodities) between 16 regions of the world, which are further divided into national
quantities of imports and exports (SCC Consortium, 2020). As the scenarios consider international goods
flows only, port space required for the movement of tonnage and containers within national boundaries is
not included in the port area calculations. Trans-shipment traffic is included within the import and export
values and counted as two events at the port (once to load and once to off-load). For land-locked countries,
assigned trade is assumed to pass through a neighboring coastal country and forms part of that countries’
required port area.

2.3. Port Area Estimates

Separate port area calculations are carried out for bulk trade and containers. Area estimates include quays,
storage areas, roads and general areas including trans-shipment. For containers space differences associated
with handling method (Thoresen, 2014) are also considered.
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Figure 3. Relationship between tonnage handled and port area for selected ports

(reproduced from data in Dronkers et al., 1990).

2.3.1. Wet and Dry Bulk Traffic (Tonnage)

A representative value of 3 x 10° tonnes/yr/km? is used to calculate
the port area required to handle bulk cargo based on the analysis of
27 globally distributed ports (see Figure 3 and Dronkers et al., 1990).
This representative value is maintained in the revised methodology
for both wet and dry bulk due to the lack of more recent
globally-applicable information which enables distinction in space
requirements for the two types. Therefore, following Dronkers
et al. (1990), a multiplier of 0.23 is applied to tonnage projections to
account for any variation in the handling areas between wet and
dry bulk. Import and export tonnage are assumed to require the same
amount of space.

2.3.2. Containers

Equation 1 from the 'Port Designers Handbook' (Thoresen, 2014) is
used to determine port area for containers. This includes the stacking
area, internal road system and handling area required. The calcula-

tion is based on an annual forecast of container numbers with separation between imports and exports:

Ar=Crgu X D X Atpy X (1 + Bf)/365Xx HX N X L X S €))

where

At = total port area needed

Argy = area required per container, dependent on handling system.

Crgu = container movement/year.

H = ratio of average stacking height to maximum stacking height for containers (0.5-0.8)

D = dwell time or the average number of days the container stays in the stacking area (an average of 7 days
for import containers and 5 days for export containers).

L = layout factor due to the shape of the storage area (0.7-1).

Bt = buffer storage factor in front of the storage area (0.05-0.1).

N = primary yard (stacking) area compared to total yard factor (0.6-0.75)

S = segregation factor due to different container destination, maintenance etc. (0.8-1).

For the purposes of this study a number of assumptions are made; (i) import and export containers are trea-
ted as being exclusive in terms of area required and (ii) the handling method can be applied at country level

(see Section 2.3.3).
2.3.3. Handling Efficiency

The management of bulk tonnage is assumed to maintain its efficiency over time and be globally consistent.
For containers, an initial area per container (Argy) at country level is set using World Bank income cate-
gories (World Bank, 2016). High Income countries are assumed to have the most efficient ports (6 m* per

Table 1
Port container handling efficiency levels by country income level used in
the analysis.

World Bank Storage

country Area per
income Handling container
category method Stacking height ~ Breadth (mz)
Low Front lift truck 2 2 36
Lower Middle  Reach stacker 3 2 24
Upper Middle  Straddle carrier 1 over 3 1 12
High Gantry 1 over 5 9 6

container) and Low Income countries the least efficient (36 m? per
container) (Table 1). This may not reflect reality as port ownership
and investment vary both within and between countries, but provides
a basis from which the effect of efficiency on the future port areas can
be explored. The storage area (L) is assumed to be rectangular with a
factor of 1 and other factors are set at the higher value.

2.4. Sea-Level Rise Projections

To link with the climate futures within the trade scenarios, two
Representative Concentration Pathways (RCPs) 8.5 and 2.6, are con-
sidered. RCPs are greenhouse gas concentration trajectories recom-
mended by the IPCC; RCP8.5 is characterized by increasing
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Figure 4. Maximum and minimum global mean sea level projections for RCPs 8.5 and 2.6 (see Hinkel et al., 2014
supplementary material for model details).

greenhouse gas emissions over time to 2100 and RCP2.6 shows a peak in greenhouse gas emissions
mid-century followed by a decline to very low emissions. The corresponding temperature rise by 2100 is
estimated to be 1 to 2 °C for RCP2.6 and 3.5 to 5.5 °C for RCP8.5, relative to pre-industrial values
(IPCC, 2013), comparable to the trade scenario assumptions of 2 and 4 °C. As there are uncertainties
within sea-level projections (e.g. Oppenheimer et al., 2019; WCRP Global Sea Level Budget Group, 2018),
maximum and minimum sea-level values for each RCP are projected. Due to the long time lag in the
ocean response to the temperature change related to the greenhouse gas concentrations, both projections
show an increase in mean sea-level change over this century and, together, represent the potential range
in sea-level projections (see Figure 4).

To obtain relative sea-level values at country level, the DIVA database (Hinkel et al., 2014; Vafeidis
et al., 2008) is used. This combines glacial isostatic adjustment and a simple treatment of delta subsidence
with the patterned mean sea levels associated with the two RCP trajectories to generate characteristic, spa-
tially variable, relative sea-level change. Human-induced subsidence, such as that found in many Asian
cities, is not considered. The sea-level rise projections are combined with the trade scenarios as shown in
Table 2.

2.5. Cost Estimates for Adaptation and New Port Construction

Costs are assessed as a 'one-off investment incurred in the base year and are therefore not subject to discount
rates or inflation. As costs are based on Dutch sources, the relative country cost factors from the original
report (Dronkers et al., 1990) are retained; this factor recognizes the relative differences considering the pre-
sence of a 'wet' civil construction industry, land acquisition cost, availability of human and material
resources and the local market situation.

Trade scenario and sea level projection combinations used in the analysis.

Trade scenario

Sea-level
projection Green Road Middle Road High Road
Emissions scenario (IPCC) RCP2.6 Max/Min GR MR2C Not considered
RCP8.5 Max/Min Not considered MR4C HR
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For adaptation to relative sea-level rise, costs are based on the assumption that port areas should maintain
their existing level relative to mean sea level to preserve risk levels for inundation. It is assumed that all port
areas are flat and raising with relative sea-level rise will suffice. It does not consider other port facilities that
might need adaptation, including harbor breakwaters and defenses. For the elevation of port areas, the unit
cost reported in Dronkers et al. (1990) was inflated to 2010 prices using the U.S. Retail Price Inflation
(Annual Average) to give 25.5 million USD/km?/m. Only port areas existing in 2010 are assumed to require
this adaptation.
Additional port area demand is represented by the difference between the projected and base year areas (see
Figure 1). For the costing of these areas, it is assumed that any new area will be an extension of an existing
port and therefore will only require partial land reclamation (see Figure 5). A representative berth depth was
taken from national maximum as reported in the World Port Index (WPI, 2015) under the assumption that
ports will continue to accommodate the largest ship currently serviced. The costs for new port construction
were based on those reported for the Maasvlakte2 development in Rotterdam which include land reclama-
tion and construction of infrastructure. The unit cost, including inflation to 2010, was calculated to be just
over 11.6 million USD/km?/m.
2.6. Comparison With Other Data Sources
The results presented here are difficult to validate as national and global data on actual port size is not read-
ily available. The 2010 baseline global port area estimated by the updated method is less than the area esti-
mated in Dronkers et al. (1990), 1,364 km? in contrast to 1,693 km?, despite significant increases in global
trade between 1990 and 2010 (see Figure 1.1 in UNCTAD, 2018). Some of this reduction reflects separation
of tonnage and containers as container handling generally requires less space than bulk cargo. Additionally,
Table 3
Comparison of total port area using different data sources.
Reported .
Calculated Land use analysis
Source This study (2010) Dronkers et al. (1990) Lloyds List (2009b) AAPA (2014) Corine data
Australia 63.84 75.6 65.22 98.94 108*
Belgium 13.01 25.3 24.53 19.82 55.9
Bulgaria 1.59 9.7 0.55 1.22 9
China 171.77 26.8 406.63 547.42
Finland 6.41 12 6.97 3.21 47.9
France 19.78 44.7 31.29 25.35 111.6
Germany 29.33 38.1 32.88 26.5 82.8
Ireland 3.68 4.1 4.87 2.67 10.3
Italy 25.21 42.9 32.94 23.44 128.2
Japan 89.17 199.1 72.99 79.03
Netherlands 24.85 75.9 36.94 47.05 131.1
Poland 3.96 16.3 3.92 5.32 27.7
Romania 3.71 9.5 4.96 4.57 35
Spain 23.14 39.7 39.74 24.98 85.6
United Kingdom 32.79 64.4 38.05 19.79 144.5
United States 112.7 138.7 144.9 160.26
“from ABARES (2011).
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Table 4. ) o the results of this analysis are based on the globally consistent
Comparison of port area for containers only using different data sources. throughput of international goods and commodities rather than
Calculated Reported reported tonnage which is often a combination of multiple sources
This Lloyds List  World Bank AAPA and dates (e.g. UNCTAD, 2018) and are recognized to include
analysis 2010 (2009a ) (2009) (2014) national coastal shipping (Dronkers et al., 1990).
Australia 3.59 1.54 1.17 1.43 Table 3 indicates that results are conservative when compared to land
Belgium 2.07 1.92 1.83 2.55 use analysis for Australia (ABARES, 2011) and the European Union
Bulgaria 0.34 0.04 0.05 0.08 (Corine data (Copernicus, 2012)) at national level, although digital
China 48.12 34.08 40.99 80.13 identification of boundaries between port areas required for goods
Finland 1.37 0.29 0.21 0.32 i i p - 1eq good
e 277 0.89 0.88 0.74 and other urban or industrial areas are recognized as problematic
Germany 3.9 2.93 0.42 3.57 (e.g. EEA, 1995). Other national differences with Dronkers
Ireland 0.46 0.26 0.16 0.52 et al. (1990), notably China and Japan, can be related to post 1990
Italy 2007 2 1.8 21 changes in economies and maritime trade patterns, although
Japan 11.53 209 307 387 Table 3 also shows similar variation with more contempora
Netherlands 2.76 211 1.9 2.85 porary
Poland 0.56 0.23 0.13 0.65 reported throughput.
gon}ama (2).32 (1)'23 (2)25 g'z Comparison of estimated areas for containers with other data sources
pain . g g g . .
United 3.39 116 144 158 gTz?ble 4) show r'nore con31s'tency, al?hough there are still n('>tab1e var-
Kingdom iations. The major economies of China, Japan and the United States
United 17.86 7.62 7.04 9.85 again show the largest differences.
States
3. Future Port Area and Costs
3.1. Global Port Area and Costs
All of the scenarios show an increase in port area by 2050 when com-
pared to the baseline year of 2010. MR2C shows the lowest increase but still, along with GR, effectively
requires a doubling of port area. HR, the highest increase, requires a four-fold increase in area reflecting
the increased material intensity of this scenario (Table 5). MR4C has a substantially lower port area than
HR, although the global temperature projections are the same. This
reflects that while MR4C exhibits strong growth rates in world trade,
Table 5

Increase in global port area and breakdown by ship type for 2050 for all scenarios
and associated costs. Adaptation costs for 2050 port areas in 2100 are shown for
illustrative purposes.

Unmitigated climate Mitigated climate

future future
HR MR4C MR2C GR
Global area in 2100 1,364
(km®)
PORT AREA
2050 Global area in 2050 (kmz)
Area 5,053 3,270 2,510 2,924
Area required by ship type (%)
dry bulk 45 43 38 49
wet bulk 36 34 34 29
containers 19 24 28 22
COSTS (x 10° USD)
2050 Sea level adaptation estimate for 2010 area (2010-2050)
Max. 18 14
Min. 10 8
New construction estimate (including sea-level change)
Max. 751 390 216 295
Min. 744 387 214 292
2100 Sea-level adaptation estimate for 2010 port area (2010-2100)
Max. 63 22
Min. 36 12

these do not appear until post 2030 when its trajectory deviates from
the other Middle Road scenario (MR2C).

The movement of bulk commodities remains the dominant type of
maritime trade, representing between 72 and 81% of total maritime
freight globally. Changes in the energy sector are an important var-
iant between the scenarios as energy commodities make up about
40% of sea-borne trade (UNCTAD, 2016). Compared to the HR sce-
nario in which there is continued consumption of fossil fuels, the
MR2C scenario has a reduced demand for the transport of both wet
and dry bulk energy commodities such as coal and oil due to the large
growth in nuclear and more localized power generation and electrifi-
cation of transport in this scenario. Under the GR scenario, the dry
bulk percentage remains high as the scenario focusses on bioenergy
sources and movement of biomass such as wood and cork. Both miti-
gated climate scenarios also anticipate a decline in coal trade to near
zero. The percentage of area required by wet bulk remains fairly con-
stant as, although the causes may differ, all the scenarios project con-
tinued movement of refined oil products and increasing trade in
liquid natural gas (LNG) as an energy source. For the handling of
containers, the more sustainable GR scenario shows the lowest area
demand for this ship type in 2050 (633km?) while the globalized high
material intensity of the HR scenario results in a port area of
1,055km2. However, as a percentage of total area, containers remain
fairly consistent.
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Figure 6. Comparison of percentage increase in regional port area under a mitigated (GR) and un-mitigated (HR)
scenario between 2010 and 2050 (for region definition, see Walsh et al. (2019)).

Total costs are substantially higher under the HR scenario. The vast majority is associated with the need to
construct new port areas to handle projected increases in global maritime trade. HR has significantly higher
port area and therefore higher costs than the other three scenarios, and at 750 billion USD is almost than
double the cost of MR4C, the other unmitigated climate future. The adaptation of baseline port areas to rela-
tive sea-level rise are not strikingly different under the unmitigated (HR and MR4C) and mitigated (MR2C
and GR) climate futures, reflecting that sea-level rise in 2050 is similar under both RCPs (Figure 4). Being
under 20 billion USD globally, costs for adaptation represents less than 6% of the cost for construction of
new port areas under all scenarios in 2050. However, by 2100, there are significant differences between
the mitigated and unmitigated futures even assuming no further increase in required port area; adaptation
costs increase by 250% for the HR and MR4C scenarios compared to 50% under the MR2C and GR scenarios
(Table 5). However, globally, total adaptation costs still only represent a small percentage of global GDP so
can be seen as affordable.

3.2. Spatial Variation

The distribution of the growth in port area, and therefore total costs, varies regionally and by scenario. The
High Road scenario sees significant increases across regions while, comparatively, the Green Road scenario
has a lesser impact although individual countries such as Nigeria will still need to almost double their capa-
city. For individual countries, the actual area increase can appear relatively small, for example Guyana's
maximum increase is from 0.3 to 1.3 km?, but this can represent a significant increase in the national provi-
sion of coastal port facilities.

For the regions defined in the trade scenarios, Figure 6 indicates a higher percentage change in port area
under the HR scenarios particularly for Canada and the Former Soviet Union. For these regions, this illus-
trates a high increase in production following successful short-term adaptation and change in suitable pro-
ductive areas (e.g. for agriculture, energy production) due to climate change with a consequent increase in
exports to the rest of the world. Australia also increases its exports of coal and has a large growth in the
demand for port areas. Central and South America, China and Africa do not exhibit as such large differences
between the two scenarios. This reflects that, under all scenarios, these regions develop economically and
require increased port capacity as trade grows.

The scenarios developed for this analysis (Walsh et al., 2019) also show that, with different climate policy,
there are variations in sea-borne trade over time and, while the global total may continue to increase, regio-
nal and national port capacity needs may fluctuate (see Figure 7). For example, Australia, as a major expor-
ter of bulk materials especially coal, clearly shows the implications of the scenario assumptions; the port area
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Figure 7. Change in national port area over time by scenario.

required under the GR and MR2C scenarios is substantially lower than the highly fossil fuel dependent HR
scenario. There are also peaks, stability and declines in port area. Mexico exhibits these characteristics at dif-
ferent times under all scenarios.

3.3. Influence of Increased Efficiency and Design for Container Handling

Efficiency is often seen as a way of reducing area requirements; the considerable range in handling and sto-
rage area required per container of 36-6 m? (see Table 1) can have a major influence on the area required.
With the prevalence of external investment for port development, it is likely that future ports will maximize
efficiency, but it is unlikely to get more efficient than the most efficient 6m> per container currently achieved
unless there is a step change in either handling method or mode of transport. Maximizing container hand-
ling efficiency under the HR scenario to 6m? per container everywhere from the assumption made in the
main methodology, reduces the area required for containers by just under half and total port area by around
400km? globally in 2050.

Other design factors can also have an effect on the area required for containers. For example, under the same
scenario (HR, 6m? per container), maximizing the stacking ratio (H) while retaining other assumed values
reduces the global port area requirement by a further 385km?. However, minimizing the segregation factor
(S) increases the space requirement by around 150km?®. A reduction in the number of dwell days for both
imported and exported containers can also reduce area requirement further as the longer a container is held
within the port the larger the storage area requirement, but this is reliant on factors outside the port's control
and may not be feasible. For example, trends to larger ships require more space to load and un-load contain-
ers, although this may be changing (see Lian et al., 2019).

While these area variations are important, as bulk trade is (and will continue to be) the dominant transport
mode, efficiencies in the movement and storage of bulk materials within ports are more likely to have a sub-
stantial impact on overall port area. The possibilities for this are currently unclear and may vary between
commodities: this is not considered further here.

4. Discussion

For many ports, adapting to climate change is mainly restricted to the consideration of climate extremes and
sea-level rise in the maintenance of operational functionality (e.g. Becker et al., 2017) rather than wider cli-
mate issues. However, all four plausible trade scenarios considered here lead to a significant increase in
demand for ports and port area by 2050 and the required investment for port expansion dwarfs that required
for adaptation of existing ports to sea-level rise. This analysis therefore shows that the influence of climate
policy on future trade is likely to have more significant implications for ports in the future. The results dis-
cussed here are, necessarily, reliant on the reasoning behind the trade scenarios, but they do illustrate the
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global challenge for ports in a changing world. Every country will need to consider the national needs of its
ports over this century, including adaptation to sea-level rise.

Historically changes in trade have commonly been addressed by changes in transport method (i.e. contain-
ers) and handling efficiency as well as the acquisition of additional land; for example standard container
sizes have led to significant savings of time spent on unloading and transferring cargo to trucks and rail
and efficient space usage at the port under automated systems. However, this analysis suggests that such past
success factors may not avoid the need for significant port expansion in the future. The potential area
required to handle bulk commodities may also be problematic for some countries, especially island nations.
As the suitability of port sites is ever changing with technical changes in maritime shipping and coastal urba-
nization, ports may have to develop other ways of increasing available space, most notably by extending sea-
ward either by land claim (e.g. Rotterdam, the Netherlands, or Singapore), the use of nearshore structures
(e.g. Tanjung Priok, Indonesia), off-shore ports (e.g. that proposed for the Northern Adriatic), increased
use of inland or dry ports (Rodrigue & Notteboom, 2020), or national hub and spoke systems (New
Zealand (Deloitte, 2014)). In many ways this continues historical trends apparent in port expansion.

An additional concern for individual countries is the pattern of future growth. Transport and logistics com-
panies will need to consider potential changes in trade patterns; new transport corridors will emerge, espe-
cially between Asia and Africa, Asia and South America, as well as Intra-Asian. Therefore, countries with
good planning processes in place and a strategic long-term approach to the development of good infrastruc-
ture and suitable funding sources (whether public or private) will be best placed to benefit from changes in
the sea-borne transport of goods.

To properly address sea-level rise, it is vital that the most recent projections are included in the design and
construction of all ports. Current practise is already following this approach to some degree (e.g.
Thoresen, 2014), but it is not clear that the scale of the challenge is yet fully understood (PIANC, 2020;
Toimil et al., 2020). Current approaches should therefore be reviewed and updated as needed. The compara-
tively low investment these costs represent mean that they are likely to be affordable, and integrating adap-
tation into the renewal cycle is likely to facilitate its application at lowest cost and minimum disruption.

The assumptions made here, that additional costs such as the provision of sophisticated handling systems
and other defense structures are not included, indicate reported costs are almost certainly on the low side
(see McCarron et al., 2018). This is particularly true for the construction of new port areas where offshore
land claim may be needed, which, based on this methodology, would effectively double the cost without con-
sidering the inclusion of any protective structures. The division of costs between adaptation and new con-
struction is likely to be characteristic of future expenditure but, while they may be minor compared to the
costs and challenges of the demand for new port area, adaptation and its costs are inevitable over the coming
decades.

Looking beyond 2050, all ports will need to be adapted to sea-level rise and this will be a growing cost with
higher climate change. Even with climate stabilization, sea levels will continue to rise for centuries with an
ongoing adaptation demand in port areas (cf. Oppenheimer et al., 2019).

5. Conclusions

This analysis indicates that the global increase in port areas needed to handle the increase in trade over the
coming decades is substantial. By 2050, it is estimated to be between 1,145 and 3,689 km? (when compared to
the baseline (2010) area) for four trade scenarios which include the implications of climate policy on trade.
This is an 83 to 270% increase in port area. The largest increase would be experienced if there are no attempts
to limit the rise in global temperature and the maritime movement of commodities, including fossil fuels
such as coal, continues to rise. There is often concern about the impacts of sea-level rise on existing ports
but this analysis shows that proactively adapting new port construction is equally or more important. The
costs of providing new ports dominates over adaptation of existing ports (in 2010), with these costs being
no more 7% of the total port investment required to 2050. The largest area and highest costs are likely to
remain with today's largest economies (e.g. United States, China) although other countries, particularly in
Asia and Africa, will see significant increases as trade magnitude and pathways change. While port area esti-
mates are reliant on the understanding of future trade directions, most scenarios foresee the movement of
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bulk commodities whether coal, grain or biomass remaining the main constituent of maritime trade. The
space requirements for handling, transport and storage of these goods are therefore likely to remain a key
consideration for future port development and adaptation.

There are several improvements which can be made to the approach presented here: efficiency rating alloca-
tion, adaptation of other coastal defense structures (e.g. harbor arms, sea walls), updated costs, differentia-
tion between wet and dry bulk space requirements (including recent efficiencies in handling) and
geographical variations in growth rates. In addition, the inclusion of human-induced land subsidence could
have significant implications on the costs for some regions, especially Asia. However, the increase in port
areas for handling sea-borne goods is likely to continue to dominate port provision to 2050, meaning spatial
planners and port managers will have to find alternative land and/or locations for future port developments.
Further developing current ideas (e.g. hub and spoke) and sources of private or public investment will be
required to achieve these changes.
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