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Executive Summary
In 2020, the European Union Delegation in South Africa (EUDSA) commissioned CSIR to write
a report on the opportunities presented to South Africa by Powerfuels – synthetic gaseous or
liquid fuels based on renewable hydrogen. Two main conclusions of the report were:
1) The combination of favourable solar and wind resource and available land allow South
Africa to generate Powerfuels and export it to North-West Europe and the Far East at costs
competitive with other renewable energy rich countries.
2) The ports of Saldanha Bay and Ngqura are well placed for the export of Powerfuels to
Europe and the Far East respectively.
In this follow-up study funded by EUDSA, a study was performed to determine what the future
renewable hydrogen demand may be from hard-to-abate entities within a 150km radius of Saldanha Bay and within a 50km radius of Ngqura, shown in Table 1.

Table 1: Hard-to-abate entities near the ports of Saldanha Bay and Ngqura

Activity/Entity

Saldanha Bay

Ngqura

Transnet: bunker fuel

Ports of Saldanha Bay & Cape Town

Ports of Ngqura & Gqeberha

Transnet: port
equipment

Ports of Saldanha Bay & Cape Town

Ports of Ngqura & Gqeberha

Ground vehicles at
ACSA airports

Cape Town International Airport

Chief Dawid Stuurman International Airport

PRASA MetroRail

Cape Town

Gqeberha

AMSA Saldanha Works

Saldanha Bay

-

MyCiti BRT

Cape Town

-

Astron refinery

Cape Town

-

While not all entities could be assessed due to difficulties obtaining the relevant data, the results shown in Table 2 allow conclusions to be drawn.

Table 2: Future annual hydrogen demand from different entities near the ports of Saldanha Bay and Ngqura

Activity/Entity

Saldanha Bay

Ngqura

Transnet: bunker fuel

504 kt/y

242 kt/y

Transnet: port equipment

unknown

unknown

ACSA ground vehicles

0.0558 kt/y

unknown

PRASA MetroRail

6.6-11.0 kt/y

unknown

AMSA Saldanha Works

104 kt/y

-

MyCiti BRT

1.2 kt/y

-

Astron refinery

None for now

-
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The dominant local demand volumes are those of the Bunker fuel and AMSA Saldanha Works,
in the order of hundreds of kilotonnes of hydrogen per year, compared with the other demand
volumes of the order of tens of kilotonnes per year or less.
To place these volumes within context. Japan plans to import 300 kt/y of hydrogen from 2030,
while Germany requires about 3 Mt/y in 2030. If South Africa could capture 10% of the market
share of green hydrogen imported by Germany and Japan by exporting from the two ports
mentioned earlier, this implies (at first order approximation, assuming islanded systems and
an electrolyser capacity factor of 60%):
1) At/near Saldanha Bay: a hydrogen production rate of 300 kt/y, produced from 2.85 GW
electrolyser capacity factor, powered by about 2.85 GW of single-axis tracking PV
(SATPV) and wind each
2) At/near Ngqura: a hydrogen production rate of 30 kt/y, produced from 285 MW electrolyser capacity factor, powered by about 285 MW of SATPV and wind each
By comparison, the hydrogen requirement for sustainable bunker fuel, for merchant vessels
carrying cargo other than fossil fuels, leaving the four ports of interest, is notably larger than
these assumed hydrogen export volumes. Again, assuming islanded systems and an electrolyser capacity factor of 60%:
1) At/near Saldanha Bay: the 504 kt/y for bunker fuels at Saldanha Bay and Cape Town
is 168% of the assumed hydrogen volume exported to Germany. It will require 4.8 GW
electrolyser capacity, powered by about 4.8 GW of SATPV and wind each.
2) At/near Ngqura: the 242 kt/y for bunker fuels at Ngura and Gqeberha is six times the
assumed hydrogen export volume to Japan. It will require 2.3 GW electrolyser capacity,
powered by about 2.3 GW of SATPV and wind each.
The above volumes may be regarded as a captive market (as the vessels dock in the four ports
for trade reasons). They exclude potential additional sales of low-cost sustainable bunker fuel
to shipping vessels rounding southern Africa to non-South African destination ports, where
low-cost sustainable bunker fuel might not be available.
In November 2021 the International Maritime Organisation recognized the need to strengthen
the ambition of its greenhouse gas target (to reduce its GHG emissions by 50% by 2050) and
is expected to adopt a more ambitious target in spring 2023. At COP 26, the Clydebank Declaration established the concept of “green corridors” between agreed pairs of ports, where only
sustainable bunker fuel is used by maritime shipping. These policy developments and the
calculations above indicate that sustainable bunker fuel for merchant vessels may well be the
largest green hydrogen opportunity for South Africa. It depends, however, upon establishing
“green corridors” between at least the four mentioned South African ports and suitable destination ports. This requires further networking effort between South Africa’s and EU’s relevant
authorities and other stakeholders.
Using the same assumptions as before, the 104 kt/y of hydrogen required to convert the Saldanha Works of AMSA to green steel will require an additional 990 MW electrolyser capacity,
together with about 990 MW of SATPV and wind each. Re-opening the Saldanha Works or
ArcelorMittal will require negotiating the offtake of the 1 500 kt annual production of hot briquetted iron (HBI) of the reconfigured plant.
Excluding the hydrogen export volumes, the Saldanha Bay region will therefore require about
5.8 GW electrolyser capacity, with similar capacities of SATPV and wind each to power it. This
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is expected to have a significant impact on the Saldanha Bay area, which has seen economic
contraction due to reduction of fishing stocks and the mothballing of the AMSA Saldanha
Works.
The significantly smaller hydrogen volumes required by the terrestrial transport applications
(MyCiti BRT, MetroRail and ACSA ground vehicles) may be accommodated in the production
volumes of the plants supplying the larger offtake volumes.
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1

Background and context

The EU-SA Partners for Growth Programme supports the European Union Delegation in South
Africa (EUDSA) in its efforts to maximise bilateral trade and investment flows between the EU
and SA. In 2020, the EUDSA commissioned the CSIR to write a report on the opportunities for
the country in Powerfuels – synthetic gaseous or liquid fuels based on renewable hydrogen.
The summary report is available on the website of the EU Chamber of Commerce and Industry
of Southern Africa1, while the full report may be downloaded from the EU Chamber2 or ResearchGate3. The work was presented at a webinar4 in February 2021, attended by more than
1 000 delegates, and at the Africa Energy Indaba in March 2021. The work was well received
and generated positive comment in Engineering News and other media.
Following the good reception of the Powerfuels work, EUDSA expressed an interest in funding
further related work by CSIR, building upon several conclusions in the Powerfuels report [1]:
1) The combination of excellent solar resource, good wind resource and available land allow
South Africa to generate renewable hydrogen, convert it into tradeable products (such as
ammonia, methanol, aviation fuel and green steel) and export it to North-West Europe and
the Far East at costs competitive with other renewable-rich countries.
2) Two ports in particular stand out as candidates for Powerfuels exports: Saldanha Bay for
exports to Europe, and Ngqura (previously known as Coega) for exports to the Far East
(most notably Japan and South Korea). South African ports are shown in Figure 1.
3) To produce hydrogen for Powerfuels for export, the electrolyser equipment (and the desalination equipment supplying the electrolyser feedwater) should be placed at or near the
port of shipment to reduce overland transport costs.
Also, electrolysers obey the laws of economies of scale: large electrolyser plant (about 20MW)
has lower costs per installed kilowatt (both CAPEX and OPEX), and operates at higher electrical efficiency, than small electrolyser plant (about 1MW) [2]. For this and other reasons, hydrogen is generated at lower cost from large facilities than small ones.
The question may therefore be asked: if a bulk green hydrogen export industry were to be
developed at or near the ports of Ngqura and Saldanha Bay, what additional benefit (apart
from the export revenue) could be realised for the regions in question?
Green hydrogen for export will be produced using dedicated large electrolyser plant/s, to
achieve the lowest cost possible from economies of scale. Renewable hydrogen could therefore be available to allow nearby hard-to-abate entities to be decarbonised, presumably at
lower cost than would be possible were each of the entities to generate hydrogen for themselves only.

1 https://www.euchamber.co.za/news/https-www-euchamber-co-za-wp-content-uploads-2021-02-powerfuels-summary-reportsouth-africa-eu-sa_partners-for-growth-final-28-jan-2021-pdf/
2 https://www.euchamber.co.za/
3 https://www.researchgate.net/publication/349140439_Powerfuels_and_Green_Hydrogen_public_version
4 https://www.youtube.com/watch?v=Zp0Nd9aq73A : co-hosted by EE Business Intelligence and the EUDSA, and introduced by
the Minister of Higher Education, Science and Innovation Dr Blade Nzimande and EU Ambassador to South Africa, Dr Riina
Kionka
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Figure 1: Local South African port terminals operated by Transnet 5

Table 3 and

Table 4 list several hard-to-abate entities within a 150km radius of Saldanha Bay and within a
50km radius of Ngqura respectively.

Table 3: Hard-to-abate processes in the vicinity of the Port of Ngqura
Entity

Site
Port of Ngqura

Transnet
Port of Gqeberha

Process/vehicle

Fuel/feedstock switch

Maritime shipping

HFO6 to ammonia

Forklifts, cranes, port vehicles

Diesel to H2 (FC7)

Maritime shipping

HFO to ammonia

Forklifts, cranes, port vehicles

Diesel to H2 (FC)

ACSA8

CDSIA9

Airport ground vehicles10

Diesel to H2 (FC)

NMBMM11

Gqeberha

Metrorail locomotives12

Electric to H2 (FC)

5 Port Elizabeth was officially renamed Gqeberha on 23 February 2021
6 Heavy fuel oil
7 Fuel cell
8 Airports Company of South Africa
9 Chief Dawid Stuurman International Airport
10 Aircraft refuelers, pushback tugs and tractors, ground power units, buses, container loaders, transporters, air start units, water
trucks, lavatory service vehicles, catering vehicles, belt loaders, passenger boarding steps/stairs, de/anti-icing vehicles
11 Nelson Mandela Bay Metropolitan Municipality
12 It is not normally desirable to convert a system which is already directly powered by electricity to FC drives, incurring the conversion losses of electrolysis and electricity generation. MetroRail passenger services in multiple metros in South Africa have,
however, been plagued by persistent cable theft, paralysing operations. The City of Cape Town is investigating the feasibility of
converting their MetroRail lines to fuel cell powered locomotives (the only other alternative is moving towards diesel-powered
locomotives which would increase CO2 emissions). This study would assist PRASA and the two metros in their deliberations.
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Table 4: Hard-to-abate processes in the vicinity of the Port of Saldanha Bay
Entity

Site
Port of Saldanha Bay

Transnet
Port of Cape Town

Process/vehicle

Fuel/feedstock switch

Maritime shipping

HFO to ammonia

Forklifts, cranes, port vehicles

Diesel to H2 (FC)

Maritime shipping

HFO to ammonia

Forklifts, cranes, port vehicles

Diesel to H2 (FC)

Airport ground vehicles

Diesel to H2 (FC)

MyCiti buses14

Diesel to H2 (FC)

Metrorail locomotives15

Electric to H2 (FC)

ACSA

CTIA13

CoCT

Cape Town

Astron Energy

CALREF refinery

Desulphurisation of diesel

H2: grey to green

ArcelorMittal

Saldanha Steel

Reducing iron ore

Coke to green H2

Given the economies of scale effect, both the export market and the local hard-to-abate industries would benefit from hydrogen produced at lower cost from fewer, larger facilities for both
markets, rather than from many smaller ones dedicated to single offtakers:
1) The economic viability of the hydrogen production plants would be improved, since:
a) Powerfuels could be produced at lower cost.
b) Renewable hydrogen demand would be less volatile (de-risking).
c) Financing for the Powerfuels facilities would be easier to obtain and at more favourable
rates.
2) Decarbonisation of hard-to-abate sectors in South Africa could proceed earlier and at lower
cost (especially those with products for other export markets).
3) The hard-to-abate industries would be able to concentrate on their core business, having
outsourced renewable hydrogen production, storage, conversion and transportation to a
facility focussed on large volume production for export, therefore better positioned to specialise and focus on all of the requirements.
The purpose of the project is to obtain an assessment of the near-term aggregated demand for renewable hydrogen
in the two regions. This will be helpful in future projects to cost hydrogen from large generation infrastructure to
supply both local and international markets, which in turn would allow the entities in Table 3 and

Table 4 to plan their decarbonisation trajectory by knowing the likely hydrogen cost ranges
over time. it is also useful to consider how other global ports are developing green hydrogen
valleys and decarbonising operations. In this regard a meeting was held with representatives
of the Clean Hydrogen Partnership16. The lessons learned are given in Appendix A.

13 Cape Town International Airport
14 The City of Cape Town is investigating converting their MyCiti buses to FC drives
15 It is not normally desirable to convert a system which is already directly powered by electricity to FC drives, incurring the conversion losses of electrolysis and electricity generation. MetroRail passenger services in multiple metros in South Africa have,
however, been plagued by persistent cable theft, paralysing operations. The City of Cape Town is investigating the feasibility of
converting their MetroRail lines to fuel cell powered locomotives (the only other alternative is moving towards diesel-powered
locomotives which would increase CO2 emissions). This study would assist PRASA and the two metros in their deliberations.
16 https://www.clean-hydrogen.europa.eu/index_en , known up until 30 November 2021 as the Fuel Cells and Hydrogen Joint
Undertaking or FCH JU).
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2

SA renewable hydrogen competitiveness

2.1

Introduction

Since the publication of the Powerfuels report [1], the costs of hydrogen production and conversion in South Africa and shipping to Japan and the EU have been completely recalculated
by CSIR, using updated information, and published as a journal paper [2]. The issues most
relevant to this report will be highlighted here.

2.2

Electrolysers

In order to explain the results of the analysis presented in [2], it is first necessary to explain the
differences between the three electrolyser technologies.
The trajectories projected by different authors of electrolyser capital cost and efficiency between the present and 2050 are given in Figure 2 and Figure 3 respectively, where the effect
of economies of scale may be seen. Small electrolyser units (of about 1 MW capacity) have
higher specific Capex costs and lower efficiencies than large electrolyser units (of 20 MW and
larger) [2]. The solid lines represent the maximum and minimum consensus view of the International Energy Agency [3].

Figure 2: Electrolyser capital cost trajectories from different sources;
Solid lines - maxima and minima expected by IEA; hollow markers – maxima; solid markers - minima
[2]: Left – PEM; Centre – AEC; Right - SOEC
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Each electrolyser technology has its benefits and drawbacks.
Proton exchange membrane (PEM) electrolysers can operate at the highest pressures (between 30 and 80 bar). This makes PEM electrolysers best suited for mobility applications, as
the further compression required from these pressures to the 350 of 700 bar required for storage is lowest. PEM electrolysers also respond fastest to changes in electrical power.
Alkaline electrolyser cells (AEC) have the lowest capital costs (Figure 2) and have been in use
the longest - since the 1920s. They operate at higher efficiency than PEM electrolysers (Figure
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3). The combination of lowest Capex and better efficiency than PEM results in the lowest hydrogen costs. Large AEC electrolysers of electrical capacities of up to 165 MWe have been
built, particularly for fertiliser and chlorine production. AEC can operate at up to 30 bar.

Figure 3: Electrolyser efficiency trajectories from different sources;
Solid lines - maxima and minima expected by IEA; hollow markers – maxima; solid markers - minima
[2]: Left – PEM; Centre – AEC; Right - SOEC
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Unlike PEM and AEC electrolysers, solid oxide electrolyser cells (SOEC) do not electrolyse
liquid water but rather steam. They operate at the highest efficiency (Figure 3), but only when
waste heat is available to convert the feedwater to steam. The main advantage of SOEC over
the other two technologies is the ability to co-electrolyse steam and CO2, allowing synthesis
gas (hydrogen and carbon monoxide) to be produced for Fischer-Tropsch or methanol production, without resorting to the wasteful consumption of some electrolysis hydrogen using the
water gas shift reaction to produce CO from CO2.

2.3

Results of costs analysis

2.3.1

Production

Having explored the difference between the projected Capex and efficiency trajectories of the
three electrolyser technologies between now and 2050, the main conclusions of the cost analysis described in [2] may now be discussed. It must be stressed that all analyses are based
on the conservative assumption of islanded power: no electricity is fed into the grid or drawn
from the grid. As a result, all electricity for electrolysis and desalination is supplied by dedicated
renewable generation capacity, and any excess electricity generated is curtailed17. Under this
assumption, this study found that H2 may be generated in South Africa at lower cost using the
following choices:

17 By contrast, if excess electricity may be sold to nearly electrical load centres, then greater renewable capacity can be installed relative to electrolyser capacity, leading to greater electrolyser load factor and cheaper hydrogen.
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1) Scale: Hydrogen may be generated at lower cost from large-scale (≥ 20 MW) electrolysis
units that smaller scale (~ 1 MW) units, due to improved specific capital costs and efficiency
(see Section 2.2).
2) Renewable electricity (RE) power configuration: Hydrogen may be generated at lower cost
from hybrid RE configurations of combined single-axis tracking PV (SATPV) and wind
(where the installed capacities of wind and SAT PV are approximately equal, and also
individually equal to the electrolyser capacity), rather than either PV or wind alone (of equal
capacity to the electrolyser), or hybrid RE where wind capacity is twice that of the SAT PV
capacity (Here, it must be pointed out that these were comparative analyses, not detailed
optimisations).
3) Electrolyser technology: Hydrogen may be generated at lower cost using AEC rather than
PEM or SOEC electrolysers.
4) Weighted average cost of capital (WACC): Financing at lower interest rates (such as from
development financing institutions) leads to cost hydrogen than at higher interest rates
(such as from commercial banks)
2.3.2

Carriers

The carriers examined in [2] are cryogenic liquid hydrogen (LH2), ammonia (NH3), and liquid
organic hydrogen carrier (LOHC). Methanol was not examined, given that:
1) The wide range of possible carbon sources would greatly increase the scope of work,
2) Apart from chargeable LOHC, hydrocarbons are not among the hydrogen carriers accepted by Japan.
Either to store hydrogen or ship it to Japan, LH2 is a noticeably more expensive option than
either LOHC or NH3 (Figure 4). Before converting the carrier back to hydrogen gas, the costs
to store hydrogen and ship it to Japan in LOHC or NH3 are comparable. The conversion back
to hydrogen gas, however, is more expensive for LOHC than the cracking of NH3.
The conclusions that may be drawn are:
1) Reconverted to gas, H2 generated in SA can meet Japan’s cost target of $3/kg (€2.5/kg)
before 2030 (when Japan begins bulk import of hydrogen) at 3% WACC, and by 2040
(when imports must be carbon-free) at 6% WACC
2) If the end-use is as NH3 rather than as gas, however, H2 generated in SA can meet
Japan’s cost target by 2030 at 6% WACC.
While the Japanese strategy sets clear cost targets for hydrogen delivered in Japan against
set deadlines beginning in 2030 as well stipulating preferred carriers [4, 5, 6], European strategy documents are less prescriptive:
•

•

The EU hydrogen strategy [7] references a current renewable hydrogen cost range of
2.5 - 5.5 €/kg (obtained from the 2019 IEA document [3]), and projects a 2030 cost
range of 1.1 - 2.4 €/kg, but does not specify a cost target. It mentions ammonia and
LOHC as examples of possible carriers, but does not stipulate preferences.
The German National Hydrogen Strategy [8] makes no reference to cost targets. It
mentions different carriers as examples, but does not stipulate preferences. It states
that to reach 2050 climate targets and 2050 GHG neutrality, importing renewable energy from beyond the European internal market will become a medium and long-term
necessity. It states that Germany will require 2.7-3.3 Mt/y of renewable hydrogen by
2030, of which only 420 kt/y would be able to be generated within Germany.
15

Figure 4: Cost of SA-generated H2 for 2020-2050,
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AEC-LH2

SOEC-LOHC
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PEM-LOHC

2020
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2050
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AEC-LOHC

1.5

2020
2040
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AEC-LOHC

2

2030
2050

10 % WACC

PEM-LOHC

SOEC-NH3

PEM-NH3

AEC-NH3

PEM-LH2

AEC-LH2

SOEC-LOHC

PEM-LOHC

AEC-LOHC

AEC-LOHC

1

1

1.5
6 % WACC

SOEC-LOHC

1.5
3 % WACC

PEM-LOHC

1.5

2020
2040

SOEC-NH3

2

PEM-NH3

2

PEM-NH3

2.5

AEC-NH3

2.5

AEC-NH3

2.5

PEM-LH2

3

AEC-LH2

3

€2018/kgH2

3

SOEC-LOHC

3.5

2030
2050

PEM-LOHC

2020
2040

€2018/kgH2

2030
2050

€2018/kgH2

3.5

2020
2040

AEC-LOHC

4

€2018/kgH2

Generated from 3 electrolyser technologies (large-scale), using hybrid wind/SAT PV, shipped from Coega to Kobe, at 3 WACC values: Left - 3 %; Centre - 6 %;
Right - 10 %; Stored in 3 carriers, where: Top – As unmodified carrier; Bottom – converted back to H2 gas

3

Green Steel at
ArcelorMittal

the

Saldanha

Works

of

ArcelorMittal South Africa (AMSA) is the largest steel producer in Africa with an annual steel
production of about 7 million tonnes for a normal year of which, after accounting for various
yield factors, accounts for 4.8 million tonnes of saleable steel products [9]. It supplies over
60 % of the steel used in South Africa, and also exports to other countries including those in
sub-Saharan Africa [9]. AMSA has five main operations, including Saldanha Works which is
largely focused on exports [10]. It was built in 1996 as the Saldanha Steel Mill, the result of a
joint venture with the Industrial Development Corporation, and started production in 1999. The
operation uses a combination of Corex and Midrex technologies, as well as electric arc furnace
(EAF) to produce hot briquetted iron (HBI)/ direct reduced iron (DRI) [10]. The mass and process flow diagram is given in Figure 5.

Figure 5: ArcelorMittal Saldanha Works mass and process flow diagram [11]

The Saldanha Works is currently in care and maintenance [12]. Due to its location (at a port
and near good solar and wind resource) and the technologies used, Saldanha Works has the
potential to be a major player in the global green hydrogen value chain.
The main focus in determining the hydrogen demand from operations in Saldanha Works will
be on its production of HBI/DRI using the Midrex technology. In the process of producing
HBI/DRI, this technology has the flexibility to operate with 100% natural gas, 100% hydrogen,
or any mixtures of the two [13]. The potential to use up to 100 % hydrogen is decisive in the
decarbonisation of steelmaking.
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According to AMSA, Saldanha’s Midrex plants will require approximately 72 kg of green hydrogen (GH2) to produce a tonne of HBI. Additionally, it states that it requires between 42 ktpa
and 108 ktpa hydrogen (H2) for their annual production of HBI. Their stated annual yield capacity of HBI (using Midrex technology) is 1500 kt, which when using the 72 kg GH2/ tonne of
HBI conversion, translates to 108 kt of H2, the extreme high end of their stated range. However,
their ultimate assumption of H2 consumption for 1500 kt HBI production is 104 kt of H2.
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4

Astron refinery

4.1

Fuel desulphurisation

SO2 present in the exhaust gas of combustion engines forms particulates, reducing air quality
in dense cities like London. In response, legislation is enacted controlling the sulphur content
in fuel, with the policy goal of reducing smog [14].
Desulphurization is the process of the reduction/removal of SO2 levels in distillates such as
transport fuels to meet a specified standard. Hydrodesulphurization is a method used for
transport fuels using hydrogen gas and a metal catalyst to remove sulphur, ultimately creating
H2S in the process [15].
SA tends to follow European standards, despite SA cities being smaller. Current SA legislation
limits sulphur content in diesel to 500 ppm (0.05%). However, most diesel sold in cities and on
highways in South Africa is 50 ppm: it can therefore be stated that diesel quality in South Africa
is only partially regulated, since the quality sold in practice in cases exceeds the quality which
is legislated. Petrol (gasoline) is regulated between 100 and 200 ppm [14].
By contrast, Euro 5 clean fuel specifications are very strict (10 ppm or 0.001 % sulphur content)
[14]. The US EPA’s Tier 3 standards since 2017 also require gasoline sulphur content to be
less than 10 ppm, requiring hydrodesulphurization since the average sulphur content of the
crude oil refined in the US approaches 1.4% by mass [16].
The jump from the current 100 ppm (for gasoline) and 50 ppm (for diesel) to the 10 ppm of the
Euro 5 clean fuel specifications) is substantial. Increasing the fuel purity standard requires
refineries to make significant investments. Since the price of fuel is regulated in South Africa,
Astron asserts that there is no mechanism for refineries to recover that investment cost. On
the other hand, Euro 5 engines are manufactured in South Africa, and the vehicle manufactures claim that the cost to retune the engines to accept lower quality fuel is high [14].
The typical hydrogen consumption for hydrodesulphurisation is given by [16] as about 70 scf
(standard cubic feet) of hydrogen per barrel of crude per percent of sulphur. 70 scf (1.982m3)
of hydrogen is equivalent to 0.178kg of hydrogen18, and a barrel or 159 litres of crude amounts
on average to about 136kg. Since the Astron refinery has a capacity of 100 000 barrels per
day, this would suggest a hydrogen consumption of 17 800 kg of hydrogen per day per percentage of sulphur of the crude oil feedstock needing to be removed.

4.2

Refinery description

The Astron refinery in Cape Town, previously known as Calref, is a 100 000 barrel per day
facility, as mentioned previously. Astron had invested R400 million to meet the IMO deadline
of 1 Jan 2020 for refineries globally to reduce the permissible global sulphur content of marine
fuels from 3.5% to 0.5% [17]. Such fuel is known as very low sulphur fuel oil (VLSFO).
The refinery has been offline since a fire in July 2020 [17, 18]. While there had been public
speculation as to whether the plant would ever reopen, given the investment required and

18 Using hydrogen density of 0.08988 kg/m3 at standard temperature and pressure
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general market uncertainty, Astron Energy representatives stated in May 2021 that the company intends to repair the damaged equipment and expects to restart operations at some point
in 2022 [18].

4.3

Hydrogen requirements at Astron refinery

Crude oil varies in sulphur content according to its source. At the Astron refinery, the IMO limit
of 0.5% sulphur in marine fuel is met primarily by choosing the crude source, rather than subsequent treatment [14].
By contrast, high-octane fuels (rings and aromatics), are created from paraffins making use of
platinum catalysts. In the process, hydrogen is released. At present, Astron generates sufficient hydrogen by the process of making high-octane gasoline to meet its desulphurisation
requirements. It therefore does not source hydrogen from outside the refinery, unlike refineries
subject to more stringent fuel specifications, and/or those using sour (high sulphur) crude feedstock.
Given the current legislation governing sulphur content of South African fuel and the low sulphur content of the crude oil feedstock, the Astron refinery would not benefit from a green
hydrogen supply in the near term. That said, carbon taxes are increasing over time, and Astron’s parent company Glencore could well be interested [14].
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5

Transnet ports: Marine bunker fuel

5.1

Introduction

Maritime shipping, heavy-duty long-distance trucking and commercial aviation together represent the heavy transport hard-to-abate sectors [19]. As mentioned in Appendix A, the leading
contenders for sustainable bunker fuels to replace fossil-based marine fuels for ocean-going
maritime vessels are ammonia and methanol.
In their study on the role South Africa can play in decarbonising shipping, Ricardo and EDF
[20] recommend hydrogen and ammonia for large commercial vessels such as tankers, containers, and bulk carriers. They make the case that as South Africa is situated on one of the
busiest international sea routes and is well endowed with renewable resources, it could serve
as a refuelling station for vessels rounding the Cape seeking green bunker fuel. They calculate
that the fuel energy demand from all commercial vessels departing all South African ports in
2018 was approximately 145 TWh/y, with 16 TWh/y, 10 TWh/y and 27 TWh/y for vessels leaving the ports of Saldanha Bay, Ngqura, and Richards Bay respectively. Converted to ammonia,
these figures translate to 28.1 Mt/y, 3.1 Mt/y, 1.9 Mt/y and 5.2 Mt/y respectively.
In the current study, a more conservative approach is taken. It assumes that only the following
classes of cargo vessels are likely to switch to sustainable maritime fuel (assumed to be ammonia):
1)
2)
3)
4)
5)
6)
7)

Bulk carriers19 (ore, not coal)
Ore carriers
Container vessels
Reefer vessels20
Vehicle carriers
Ro-Ro vessels21
General cargo

Three assumptions inform this approach:
1) that market forces will require the international supply chains of these classes of cargo
to decarbonise,
2) that trade volumes are unlikely to decline over time, and
3) that these classes make up a large fraction of bunker fuel consumption by virtue of
vessel size and average distance to destination port.
Therefore, fossil fuel carriers (oil tankers, LPG tankers and LNG tankers) are not considered,
as these vessels are not considered subject to assumptions 1 and 2, as they are unlikely to
use sustainable fuels if carrying fossil fuel cargo, and future trade volumes of fossil fuels are
expected to decline in accordance with climate goals. Fishing vessels, tugboats, pleasure craft,
yachts and other private vessels are not considered subject to assumptions 1 and 3.

19 A vessel designed to carry dry cargo, loaded into the vessel with no containment other than that of the ship’s boundaries, as
distinguished from the liquid bulk carrier
20 Refrigerated cargo ship, a vessel designed to carry goods requiring specific climatic conditions during transport, such as
meat, fruit and fish.
21 Vessel designed to carry vehicles, so arranged that the vehicles may be loaded and unloaded by being rolled on or off on
their own and/or auxiliary wheels, via ramps fitted in the sides, bow or stern of the vessel.
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5.2

Approach followed

Port call data for the ports of Saldanha Bay, Cape Town, Gqeberha and Ngqura was purchased
from marine shipping data company for the year 201822. For each port, the data was sorted
by vessel type, and only the seven vessel classes mentioned in section 5.1 were considered.
For each departing voyage, the sea distance to the destination port was determined using the
website SeaRates.com. The vessel cruising speed was assumed as a function of vessel class,
as shown in Table 5.

Table 5: Service speed for different vessel classes
Vessel class

Service speed (kt)

Reference

Bulk vessels

Function of deadweight tonnage (dwt)

Own correlation: see section B.3

Ore carriers

Function of deadweight tonnage (dwt)

Assumed same as bulk carriers

General Cargo

14.75

[21]

Container vessels

22.00

[21]

Reefer vessels

22.00

Assumed same as container vessels

Vehicle carriers

22.00

Assumed same as container vessels

Ro-Ro vessels

22.00

Assumed same as container vessels

The approach followed to determine the engine power and fuel required of the engine for each
vessel at the design speed is described in Appendix B.

5.3

Results

The number of vessel voyages analysed is listed in Table 6 by vessel class and port.

Table 6: No of merchant voyages leaving each port in 2018 by vessel class
Vessel class

Saldanha Bay

Cape Town

Gqeberha

Ngqura

Bulk vessels

484

109

237

20

Ore carriers

36

0

0

0

General Cargo

19

135

24

9

Container vessels

0

602

235

469

Reefer vessels

0

63

26

1

Vehicle carriers

0

0

120

0

Ro-Ro vessels

0

0

3

0

22 The year 2018 was chosen as the most recent year unaffected by COVID 19-related disruptions.
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Table 7 shows the total volumes of fuel required for each of the vessel voyages leaving each
of the four ports in 2018, assuming all the voyages had been powered by ammonia. The hydrogen component of the ammonia is also given. No attempt was made to assign probabilities
of sustainable fuel uptake over time: such analysis is beyond the scope of this study. The
hydrogen demand for each of the four ports is of the order of hundreds of kilotonnes per year.

Table 7: Possible sustainable bunker fuel volumes required at the four ports
Port

Ammonia required (kt)

Hydrogen required (kt)

Saldanha Bay

1 343

237

Cape Town

1 512

267

Gqeberha

533

94

Ngqura

841

148
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6

Transnet ports: Port-side equipment

Transnet National Ports Authority (TNPA) were approached for the Asset Registers of portside equipment at the four ports, making use of a Promotion of Access to Information Act
(PAIA) request. TNPA then forwarded the PAIA request to Transnet Port Terminals (TPT). At
the time of writing of this report, the data requested had not yet been received by CSIR. No
assessment could therefore be made of the future hydrogen demand should the port equipment be converted to hydrogen-powered equivalents.
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7

MyCiti bus rapid transit system

7.1

Introduction

The MyCiti bus rapid transit system of the City of Cape Town operates a large fleet of dieselpowered buses. The system uses:
•
•
•

7.2

9m buses in suburban and inner-city areas
High-floor standard 12m size buses and 18m articulated buses in dedicated busways, and
Low-floor standard 12m size buses and 18m articulated buses on the N2 Express
service.

Process followed

Monthly data for kilometres travelled and diesel consumed for several years was obtained from
CoCT. To obtain the average distance travelled per month for each bus class, the kilometre
data for 2019 was used as a reference; since the usage pattern varies between years, and
2019 was the most recent dataset. The fuel consumption was averaged over the years for
which data for each class was available. The fuel consumption, diesel density and diesel lower
heating value (LHV) were used to calculate the diesel energy rate 𝐸𝑅𝑑𝑖𝑒𝑠𝑒𝑙 for each bus class
in megajoules per kilometre:
𝐸𝑅𝑑𝑖𝑒𝑠𝑒𝑙 [

MJ
litres
kg
MJ
] = 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑑𝑖𝑒𝑠𝑒𝑙 [
] × 𝜌𝑑𝑖𝑒𝑠𝑒𝑙 [
] × 𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙 [ ]
km
km
litre
kg
litres
kg
MJ
= 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑑𝑖𝑒𝑠𝑒𝑙 [
] × 0.85 [
] × 45.5 [ ]
km
litre
kg

The Western Cape 2050 Freight Passenger Vehicle Parc Calculator, written by the UCT Energy Research Centre, gives fuel energy consumption for buses in the year 2020 as
10.658 MJ/km for diesel buses, and 5.597 MJ/km for hydrogen fuel cell buses. These two values were used to scale the MyCiti diesel values to obtain the implied hydrogen energy rate
𝐸𝑅𝐻2 for equivalent fuel-cell-powered buses:
𝐸𝑅𝐻2

MJ
5.597 [ ]
MJ
MJ
MJ
km
= 𝐸𝑅𝑑𝑖𝑒𝑠𝑒𝑙 [ ] × 0.525
[ ] = 𝐸𝑅𝑑𝑖𝑒𝑠𝑒𝑙 [ ] ×
MJ
km
km
km
10.658 [ ]
km

This was then used together with the average monthly kilometres per bus class to determine
the hydrogen volumes required:
𝐻2 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 [

kg
MJ
km
] = 𝐸𝑅𝐻2 [ ] × 𝑀𝑖𝑙𝑒𝑎𝑔𝑒 [
]
month
km
month
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7.3

Results

It must be stressed that battery-electric vehicle (BEV) options are cheaper and more efficient
than fuel cell electric vehicles (FCEV), so should be used where operational requirements allow:
1) When battery charging times do not present operational difficulties, and
2) Where a battery charge will last for a shift of duty
For the purposes of this study, the assumption is made that all the MyCiti buses are converted
to FCEV equivalents.
The resultant data is shown in Table 8.

Table 8: Use of historical MyCiti diesel and kilometre values to obtain equivalent hydrogen consumption.

Make

Ave 2019
mileage
(km/mth)

Diesel
cons.
(l/km)

Diesel
reqd.
(l/mth)

Calc. diesel
energy rate
(MJ/km)

Scaled H2
energy rate
(MJ/km)

H2
reqd.
(kg/mth)

Low

A

686 524

0.3362

230 803

13.002

6.811

38 965

Low

B

229 590

0.5154

118 338

19.934

10.442

19 978

C

236 536

0.3485

82 434

13.479

7.060

13 917

D

227 654

0.3799

86 480

14.692

7.696

14 600

Low

E

31 685

0.6587

20 869

25.473

13.343

3 523

High

F

105 397

0.5851

61 669

22.629

11.854

10 411

Length
(m)

Floor
height

9

12

18

High

Total

600 595

101 394

As may be seen, the hydrogen required is approximately 100 tonnes per month, or
1 217 tonnes per year. This is two orders of magnitude smaller than the maritime shipping
demand.
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8

Airports Company of South Africa (ACSA)

8.1

Introduction

Three companies operate ground vehicles at both Cape Town International Airport (CTIA) and
Chief Dawid Stuurman international Airport (CDSIA): SwissPort, BidAir and Menzies. The
company representatives at both airports were approached for ground vehicle asset lists and
fuel consumption data.
At CTIA, all three companies provided ground vehicle asset lists, and:
•
•

Company A provided fuel and odometer logs for a full month, and
Companies B and C provided an estimated diesel consumption per month.

At CDSIA, each company listed the ground equipment operated, but none were able to provide
consolidated odometer or fuel consumption data. Because the airport is small, a lot of diesel
is purchased offsite, and only the head offices have the consolidated data.
No implied hydrogen consumption could therefore be determined for CDSIA.

8.2

Process followed

As with the MyCiti BRT case, it must be stressed that battery-electric vehicle (BEV) options
are cheaper and more efficient than fuel cell electric vehicles (FCEV), so should be used where
operational requirements allow:
1) When battery charging times do not present operational difficulties, and
2) Where a battery charge will last for a shift of duty
For the purposes of this study, the assumption is made that all the ground vehicles are converted to FCEV equivalents.
The same process as for the MyCiti conversion was followed.

8.3

Results

For company A who supplied odometer and fuel data, implied monthly hydrogen consumption
would be 2533 kg/month (compared with the 13 976 litres per month of diesel).
For company B who supplied an estimated diesel consumption of 6 500 litres per month, this
translated to an implied monthly hydrogen consumption of 1 100 kg/month.
For company C who supplied an estimated diesel consumption of 6 000 litres per month, this
translated to an implied monthly hydrogen consumption of 1 015 kg/month
For the 3 companies combined, the implied monthly hydrogen consumption is 4 648 kg/month,
and 55 776 kg/y or 55.8 t/y. This is three orders of magnitude smaller than the maritime shipping demand.
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9

Passenger
(PRASA)

9.1

Introduction

Rail

Agency

of

South

Africa

As mentioned in a footnote to Table 3, it is normally undesirable to convert a system which is
already directly powered by electricity to FC drives. The reason for this is the triple conversion
penalty suffered by FC-powered equipment [22]:
•
•
•

Firstly, in the electrolysis of water (efficiency of the order of 70% - see Figure 3)
Secondly, compression and transport of the hydrogen (efficiency of the order of 80%)
Thirdly, to electricity in the fuel cell (efficiency of the order of 60%)

This gives rise to an ultimate electricity-to-electricity efficiency of 34%.
The MetroRail passenger services of PRASA (the Passenger Rail Agency of South Africa) in
multiple metros in South Africa have been plagued by persistent cable theft. This has largely
paralysed MetroRail operations.
One solution to bypass the effect of cable theft is to make use of diesel locomotives. This,
however, is an undesirable course of action: as well as increasing CO2 emissions, the locomotives are noisy and the diesel exhaust fumes have a negative impact on human health [23]. As
an alternative, the City of Cape Town is investigating the feasibility of converting their MetroRail
lines to fuel cell powered locomotives. This study seeks to determine the annual hydrogen
volumes that would be required, assuming the entire MetroRail locomotive fleet in Cape Town
and Gqeberha were replaced with FC equivalents. It is believed that this study could assist
PRASA and the two metros in their deliberations.
To accomplish this, the following tasks were undertaken:
•
•
•
•

Identifying the PRASA Metrorail locomotives operational in CoCT.
Identifying technical information of the different classes of locomotives (e.g., power rating, energy source, etc.).
Determining the average distance travelled by the locomotives per month and annually.
Translate this information into hydrogen needed to accomplish the same passenger
railway transportation services rendered in the same time period.

9.2

Assumptions and approach

In order to effectively determine the hydrogen demand required for decarbonizing the passenger railway serve provided by PRASA, the following information must be discussed:
•
•
•
•

Details of candidate replacement: the Coradia iLint fuel cell powered train
The existing PRASA electric trains
The number of trips, distance travelled, and passengers transported
PRASA route data

9.2.1

Candidate replacement:
cell powered train

the

Coradia

iLint

fuel

For the purposes on this analysis, it was assumed that the current PRASA train sets used
would be replaced by the Coradia iLint fuel cell powered train [24]. This train is built by Alstom,
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a French multinational manufacturer of rolling stock [25], and was first unveiled and tested in
Berlin, Germany in 2016. The choice to use this train as a substitute in the estimation is based
on the fact that the train has been built and tested, results of its operations have been examined
and confirmed, and thus it provides a reference point based on real observations. Some of the
features and characteristics of the train are as follows [24, 25, 26, 27]:
•
•
•
•
•
•
•
•

•

The train comprises two cars
Mounted on the roof of each car is a tank with the capacity to carry 94 kg of hydrogen.
This totals 188 kg of hydrogen per train.
The train can carry 300 passengers, 150 seated and 150 standing
The maximum speed when empty is 140 km/h
The efficiency of the fuel cell is 60%
The compensatory lithium-ion battery has an efficiency of ~90%
The efficiency of the converter for battery charging is ~96%
The train can travel 600 – 1000 km on a full tank capacity of 188 kg hydrogen. The
1000 km value is used in the calculation to be conservative, as this value would yield
low estimates of the hydrogen demand.
The lower heating value of hydrogen is 33.2 kWh per kilogram.

The above is summarised in Table 9.

Table 9: Hydrogen fuel cell train characteristics.

No. of coaches

Passenger
capacity

H2 tank capacity (kg)

Range (km)

Overall efficiency

Assumed
loading

2

300

188

600 - 1000

0.52

100%

9.2.2

Current PRASA electric trains

Based on the information provided by PRASA, it can be deduced that there are 12 passenger
electric trains sets operational in Cape Town. The details of the trains are found in Table 10.
Electric train energy efficiencies include the pantograph efficiency (99%) and rectifier efficiency
(95%), which results in an overall efficiency of 94%.

Table 10: Electric train characteristics

Train set

No. of Trains

No. of Motor
coaches

No. of plain
coaches

Passenger
capacity

8 Coach

2

2

6

1400

11 Coach

7

3

8

1365

12 Coach

3

3

9

3200
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Assumed
loading
60%

9.2.3

Number of trips, distance traveled, and passengers transported

For the case of PRASA’s operation, there are records of the total distance traveled by the
trains for each month for the year of 2012 for the different routes leading to and from Cape
Town. The records for the distance covered are for during times of business operation of the
trains. Hence the assumption made is that the fuel cell powered trains would also operate
during the same business operating hours, would have the same performance in terms of passengers transported and speed of travel.
It is assumed that the number of passengers that are transported by fuel cell powered trains is
the same as that transported by the current electric trains. This assumes one of the following
cases:
1) The number of Coradia iLint trains meant to replace the electric trains are such that the
total passenger capacity matches the current capacity carried by the current operational electric trains, or;
2) The electric trains are replaced by the same number of fuel cell powered Coradia iLint
type trains with increased passenger capacity assumed to be equal to that carried by
the electric trains during normal conditions, and other features and specifications increases by the same factor.
The estimated hydrogen demand should be the same for the two cases mentioned above.
Case 1), however, assumes that railway traffic does not limit the number of trips that are possible in a given period of time.
It can be assumed that PRASA will be able to maintain the same revenue received from customers.
9.2.4

PRASA Route Data

The data provided by PRASA for the city of Cape Town contains information of the routes to
and from Cape Town Station in relation to other stations, and the respective route distances.
This information given in Table 11.

Table 11: MetroRail routes from Cape Town Station to different stations and the distances involved

Route

Route distance
(km)

Route

Route distance (km)

Cape Town - Simon's Town

29.68

Cape Town - Monte Vista

6.21

Cape Town - Retreat

22.23

Cape Town - Kapteinsklip

32.23

Cape Town – Strand

53.20

Cape Town - Khayelitsha

37.40

Cape Town - Wellington

19.09

Cape Town - Bellville via Sarepta

29.31

Cape Town - Muldersvlei

61.26

Cape Town - Malmesbury

74.80

Cape Town - Kraaifontein

19.09

Cape Town - Worcester

174.40

Additional information given includes the total number of trips made by all trains per month and
the total distance covered by all trains in each month for the year 2012-2013 (assumed to be
2012 financial year). This information can be seen in the first four columns of Table 12.
30

Table 12: Estimated hydrogen demand assuming efficiencies of 188 kg of H2 per 1000 km of travel and 188 kg of H2 per 600 km of travel

PRASA Data

Efficiency of 188 kg H2/1000 km

Efficiency of 188 kg H2/600 km

Month

Year

No. of
Trips

km travelled

H2 demand
(tonnes)

Equivalent
energy
(GWh)

Useful
energy
(GWh)

H2 demand
(tonnes)

Equivalent
energy
(GWh)

Useful
energy
(GWh)

April

2012

18 155

653 541

546.81

18.15

9.44

911.35

30.26

15.73

May

2012

20 492

733 354

613.52

20.37

10.59

1022.54

33.95

17.65

June

2012

19 828

709 974

593.96

19.72

10.25

989.94

32.87

17.09

July

2012

20 532

734 207

614.24

20.39

10.60

1023.73

33.99

17.67

August

2012

20 920

660 763

552.79

18.35

9.54

921.32

30.59

15.91

September

2012

20 094

638 386

534.07

17.73

9.22

890.12

29.55

15.37

October

2012

20 070

638 224

533.94

17.73

9.22

889.90

29.54

15.36

November

2012

20 450

648 045

542.15

18.00

9.36

903.59

30.00

15.60

December

2012

19 002

606 549

507.44

16.85

8.76

845.73

28.08

14.60

January

2013

19 876

632 843

529.44

17.58

9.14

882.39

29.30

15.23

February

2013

19 064

604 631

505.83

16.79

8.73

843.06

27.99

14.55

March

2013

20 453

647 275

541.51

17.98

9.35

902.52

29.96

15.58

Monthly Average

19 911

658 983

551.31

18.30

9.52

918.85

30.51

15.86

Total per annum

238 937

7 907 791

6615.71

219.64

114.21

11026.19

366.07

190.36
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The monthly MetroRail electricity demand between April 2010 and March 2011 (2010 financial
year) is given in the first two columns of Table 13.

Table 13: Comparison of energy demand of electric trains vs. fuel cell powered trains

Month and year

PRASA electrical energy
demand (GWh)

Month and year

Apr 10

13.73

May 10

9.3

Fuel cell train energy demand (GWh) at:
188 kg H2/1000 km

188 kg H2/600 km

Apr 12

9.44

15.73

13.56

May 12

10.59

17.65

Jun 10

12.21

Jun 12

10.25

17.09

Jul 10

16.86

Jul 12

10.60

17.67

Aug 10

14.81

Aug 12

9.54

15.91

Sep 10

15.19

Sep 12

9.22

15.37

Oct 10

13.76

Oct 12

9.22

15.36

Nov 10

13.92

Nov 12

9.36

15.60

Dec 10

13.63

Dec 12

8.76

14.60

Jan 11

12.96

Jan 13

9.14

15.23

Feb 11

13.84

Feb 13

8.73

14.55

Mar 11

12.92

Mar 13

9.35

15.58

Results

The results for the estimation can be found in Table 12 for the two extreme cases of the performance of the fuel cell train. These results are compared with the electricity demand inTable
13. A plot of the results comparing the hydrogen demand for the two extreme cases with the
electricity demand is then shown in Figure 6. From the figure, the hydrogen demand estimated
for the less efficient case is closer to the electricity demand recorded.
The annual hydrogen demand from a hydrogen-powered MetroRail service in the City of Cape
Town would be between 6.6 kt and 11 kt per year. This is an order of magnitude lower than
the maritime bunker fuel demand.

32

24

1000.00

20

800.00

16

600.00

12

400.00

8

200.00

4

H2 mass (tonnes)

1200.00

0.00

0
Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Jan

Feb

Mar

Month
Equ. H2 mass (ton) for FC energy η(1000 km) 2012/13 FY

Equ. H2 mass (ton) for FC energy η(600 km) 2012/13 FY

PRASA Electricity (GWh) 2010/11 FY

PRASA Electricity (GWh) Adj. for eff. 2010/11 FY

FC energy (GWh) η(1000 km) 2012/13 FY

FC energy (GWh) η(600 km) 2012/13 FY

33

Energy demnad (GWh)

Figure 6: Comparing estimated hydrogen with electricity demand

10

Summary and Conclusions

10.1

Summary

In Chapter 2 it was shown that based on current data, renewable electrolysis hydrogen from
islanded systems in South Africa may be produced at lower cost using the following choices
(over others):
•
•
•

Large scale: Electrolyser units must be 20 MW or larger.
RE configuration: approximately equal capacities of wind and single-axis tracking PV
Electrolyser technology: Alkaline rather than PEM or SOEC electrolysers

The hydrogen may be shipped to markets in Europe and Japan at a lower cost as ammonia,
as opposed to liquid organic hydrogen carrier (LOHC) or as liquid hydrogen. The costs appear
to be competitive: hydrogen made in SA may be delivered in Japan at the country’s cost target
of $3/kg (€2.5/kg) by different deadlines under different conditions:
•

•

At a weighted average cost of capital (WACC) of 6%: as unconverted ammonia by 2030
(when Japan begins bulk import of hydrogen), and as hydrogen gas by 2040 (when
imports must be carbon-free)
At a concessional WACC of 3%: as hydrogen gas by 2030

Prior work has highlighted the suitability of the ports of Saldanha Bay and Coega for exports
to Europe and Japan respectively. Should hydrogen be produced in bulk for export from these
two ports, nearby hard-to-abate entities would have access to renewable hydrogen at lower
cost than if produced at small scale by the entities themselves.
Individually, the relative magnitude of the potential hydrogen offtake contributions of the different activities and entities are shown in Table 14.

Table 14: Future annual hydrogen demand from different entities near the ports of Saldanha Bay and Ngqura

Activity/Entity

Saldanha Bay

Ngqura

Transnet: bunker fuel

504 kt/y

242 kt/y

Transnet: port equipment

Unknown

unknown

ACSA ground vehicles

0.0558 kt/y

unknown

PRASA MetroRail

6.6-11.0 kt/y

unknown

AMSA Saldanha Works

104 kt/y

-

MyCiti BRT

1.2 kt/y

-

Astron refinery

none for now

-

The Bunker fuel and AMSA Saldanha Works demand lie in the order of hundreds of kilotonnes
of hydrogen per year, while the other demand drivers amount to the order of tens of kilotonnes
per year or less.
It may prove helpful to place these volumes within context. Japan plans to import 300 kt/y of
hydrogen from 2030. Given that:
34

•

•

Australia is closer to Japan than South Africa, and Australia has been developing hydrogen export plans longer than South Africa (the government of the state of South
Australia released its H2 roadmap in September 2017 [28]), and
Chile has the best solar resource in the world in the high plateau of the Atacama Desert, and the export of green hydrogen is part of Chile’s energy strategy [29];

it may be fair to suggest that South Africa could capture only about 10% of the market share
of 300 kt/y green hydrogen imported by Japan. This implies (at first order approximation, assuming islanded systems and an electrolyser capacity factor of 60%) a hydrogen rate of 30 kt/y
at or near Ngqura, produced from 285 MW electrolyser capacity, powered by about 285 MW
capacities of single-axis tracking PV (SATPV) and wind each.
Similarly, Germany plans to import green hydrogen from countries with good renewable resource and which are in development relationship with Germany. Due to the proximity and
renewable resources of Morocco and Egypt, it may be fair to assume that South Africa might
capture only 10% of Germany’s 3 Mt/y hydrogen requirements in 2030. This implies, under the
same assumptions, a hydrogen rate of 300 kt/y at or near Saldanha Bay, produced from
2.85 GW electrolyser capacity, powered by about 2.85 GW capacities of SATPV and wind
each.
By comparison, the hydrogen requirement for sustainable bunker fuel for merchant vessels
leaving the four ports of interest, transporting cargo other than fossil fuels, is notably larger
than these assumed hydrogen export volumes. Again, assuming islanded systems and an
electrolyser capacity factor of 60%:
1) At/near Saldanha Bay: the 504 kt/y for bunker fuels at Saldanha Bay and Cape Town
is 168% of the assumed hydrogen volume exported to Germany. It will require 4.8 GW
electrolyser capacity, powered by about 4.8 GW of SATPV and wind each.
2) At/near Ngqura: the 242 kt/y for bunker fuels at Ngura and Gqeberha is six times the
assumed hydrogen export volume to Japan. It will require 2.3 GW electrolyser capacity,
powered by about 2.3 GW of SATPV and wind each.
The above volumes may be regarded as a captive market (as the vessels dock in the four ports
for trade reasons). They exclude potential additional sales of low-cost sustainable bunker fuel
to shipping vessels rounding southern Africa to non-South African destination ports where
low-cost sustainable bunker fuel might not be available.
Using the same assumptions as before, the 104 kt/y of hydrogen required to convert the Saldanha Works of AMSA to green steel will require an additional 990 MW electrolyser capacity,
together with about 990 MW of SATPV and wind each.
Excluding the hydrogen export volumes, the Saldanha Bay region will therefore require about
5.8 GW electrolyser capacity, with similar capacities of SATPV and wind each to power it. This
is expected to have a significant impact on the Saldanha Bay area, which has seen economic
contraction due to reduction of fishing stocks and the mothballing of the AMSA Saldanha
Works.
The smaller hydrogen volumes required by the terrestrial transport applications (MyCiti BRT,
MetroRail and ACSA ground vehicles) may be accommodated in the production volumes of
the plants supplying the larger offtake volumes.
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10.2

Conclusions

The opportunities presented under the Clydebank Declaration and MEPC 77 (see section A.3)
mean that sustainable bunker fuel for merchant vessels carrying cargo other than fossil fuel
(coal, oil and oil products, LNG and LPG) may well be the largest green hydrogen opportunity
for South Africa. It depends, however, upon establishing “green corridors” between at least
the four mentioned South African ports and suitable destination ports. This requires further
diplomatic and trade networking effort by relevant stakeholders both in South Africa and in the
EU.
Similarly, re-opening the Saldanha Works of ArcelorMittal will require negotiating the offtake
of the 1 500 kt annual production of hot briquetted iron (HBI) of the reconfigured plant.
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Appendix A
A.1

Interview with Clean Hydrogen Partnership

Introduction

As part of the project, the EUDSA expressed a request to include in the report a section on
how other ports in the world are currently developing green hydrogen valleys and decarbonising operations. To gain insight into the latest EU policy developments, a meeting was held on
8 September 2021 with representatives of the Clean Hydrogen Partnership (known up until 30
November 2021 as the Fuel Cells and Hydrogen Joint Undertaking or FCH JU):
•
•
•
•

Mr Bart Biebuyck:
Lionel Boillot:
Pedro Guedes De Campos:
Mirela Atanasiu:

Executive Director
Project Officer
Financial Engineering Officer
Head of Unit Operations and Communication).

CSIR also invited Mr Dumisani Ntuli, Chief Director Maritime Policy and Legislation at the Department of Transport) to this meeting.

A.2

Global Ports Coalition

South Africa was encouraged to join the Global Ports Coalition initiative, developed under the
Hydrogen Initiative of the Clean Energy Ministerial. South Africa is member of the Hydrogen
Initiative (https://www.iea.org/programmes/cem-hydrogen-initiative).
The point was made that ports in countries must work together as decarbonisation of ports is
a global challenge, in this initiative the different ports can share the roadblocks they experience
in decarbonization. Rotterdam is very advanced in this regard and can share a lot of advice.
It was stated that it would be good if at least one but ideally both South African ports mentioned
(Saldanha Bay and Ngqura) could join the coalition.

A.3

Bunker fuels

There is considerable global debate about the most suitable decarbonized fuel for maritime
shipping. In Europe, pure hydrogen is considered ideal for barges on its inland waterways, as
it is suitable for such distances. For the open seas, ammonia is believed to be a big candidate23.
One influencing parameter is that the EU uses tailpipe emissions in road transport as a compliance yardstick, not life-cycle analysis. If the bunker fuel used by a ship is methanol (even if
manufactured using non-fossil sources of carbon), the tailpipe emissions are still non-zero, and
it is unclear whether the legislators would accept this. It was expressed that the UK Government under Boris Johnson wanted a stronger target for maritime shipping at COP 26 in Glasgow, and it was not clear whether they would be successful.
(COP 26 subsequently produced the following maritime shipping outcomes [30]:

23 The shipping company Maersk prefers methanol to ammonia, as methanol Is a drop-in fuel which behaves like a regular hydrocarbon whereas ammonia is toxic to humans. Maersk have not taken a final decision regarding ammonia or methanol.
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•

•

The Clydebank Declaration, signed by 22 countries24, to establish at least six “green
corridors” (zero-emission maritime routes between 2 or more ports) by the middle of
the decade [31].
The First Movers Coalition, an initiative between the US government and the World
Economic Forum, covers shipping, aviation, trucking and steel. In shipping25, carriers
are to set a target of at least 5% of their deep-sea shipping to be powered by zeroemission fuels by 2030, enabled by ships capable of using zero-emission fuels. Cargo
owners should set a target to ship at least 10% of their goods on vessels using zeroemission fuels by 2030, and 100% by 2040 [32].)

The ongoing discussions in many parts of the world around Emission Trading Schemes and,
in the case of the EU, the future EU Carbon Border Adjustment Mechanism (CBAM) could
possibly have implications for shipping and aviation.
Ultimately, the choice between ammonia and methanol as the preferred bunker fuel will come
down to legislation. Even then, ammonia fuel is some way off – it will take 4-5 years to develop
an ammonia maritime combustion engine or fuel cell.
(In November 2021 at MEPC 77 – the 77th meeting of the Marine Environment Protection
Committee of the International Maritime Organisation (IMO)– the IMO recognized the need to
strengthen the ambition of its current greenhouse gas strategy to reduce its emissions by 50%
by 2050. A final draft Revised IMO GHG Strategy would be considered by MEPC 80 in spring
2023.)

A.4

Port operations

As part of the H2Ports project, the Port of Valencia will be the first port in Europe to incorporate
hydrogen to reduce emissions from port operations. Hydrogen fuel cells will power:
1) a reach stacker for loading/unloading and transporting containers
2) a terminal tractor head for ro-ro (roll-on, roll-off) operations, and
3) a mobile hydrogen supply station.
Hydrogen is an ideal fuel for heavy duty operations. There will be a transition, however. The
Port of Antwerp is investigating dual-fuel operations, injecting hydrogen into diesel engines.
The reason for this approach is to accommodate the fact that there is not yet a good supply
chain for hydrogen, so in this way the ports can keep operating with diesel if there is an interruption in hydrogen supply.
It is regarded as a successful approach. The first step is for the port staff to become acquainted
with hydrogen, and secure buy-in using this approach. The next step is hydrogen-only combustion: the level of NOx production is small. The final step is fuel cells, but there is hesitation
about using fuel cells for very heavy work.
While Long Beach in California has fully electrified its container terminal, Valencia has moved
to hydrogen. Direct electrification does not seem to be on the cards for many ports, due to the
cost of adding all the heavy power cabling which would be required, and batteries do not have

24 Australia, Belgium, Canada, Chile, Costa Rica, Denmark, Fiji, Finland, France, Germany, Ireland, Italy, Japan, Marshall Islands, Morocco, Netherlands, New Zealand, Norway, Spain, Sweden, UK, USA
25 Signatories include Maersk, Deutsche Post DHL Group, Amazon, Apple, Trafigura, Fortescue Metals Group, and Yara International.
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the endurance required. A reach stacker in Valencia has been moved to hydrogen. The project
in Valencia is called H2PORTS https://h2ports.eu/ .
Outside of container handling, some pilot boats are already using diesel blended with hydrogen. This will introduce hydrogen to bunker fuels.
The third use of hydrogen is for onshore power for the “hotel load” of moored vessels. Using
an onshore fuel cell for the hotel load means the ship does not have to run its engines to supply
the electricity.

A.5

Hydrogen initiatives

There are two ports initiatives: the Global ports Coalition under CEM, and the European ports
initiative to be announced soon.
There is a hydrogen valley platform within Mission Innovation26. The Hydrogen Valley Platform
(www.h2v.eu) is a Global Information Sharing Platform, developed by the Clean Hydrogen
Partnership to support the Mission Innovation IC827 Member States.
The clean hydrogen mission in Mission Innovation 2.0 is to extend the number of hydrogen
valleys world-wide. The target is to reach 100 hydrogen valleys. According to the website
(http://mission-innovation.net/our-members/), South Africa does not appear to be a member of
the 2nd Mission Innovation.
Not only is there a clean hydrogen mission, but also a clean shipping mission Zero-Emission
(http://mission-innovation.net/missions/shipping/). Mr Dumisani Ntuli expressed a desire for
key strategic ports in South Africa to be involved in global port-to-port collaboration.
The Directorate-General (DG) International Partnerships are looking to help create hydrogen
valleys in Sub-Saharan Africa.
Clean Hydrogen Partnership is considering supporting an action to perform a study to map the
opportunities and challenges of hydrogen in Africa in 2022.

26 Mission Innovation is a global initiative of 22 countries and the European Commission (on behalf of the European Union). It is
an intergovernmental platform addressing clean energy innovation through action-oriented cooperation.
27 IC8: Innovation Challenge 8 (of Mission Innovation): Renewable and Clean Hydrogen
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Appendix B

Merchant Vessel Correlations

A substantial set of bulk carrier data is given by [33]. This allows a set of useful correlations
to be derived. In addition, useful correlations from other sources are also provided here.

B.1

Length between perpendiculars

The length between perpendiculars (LPP) is the length of a ship along the summer load line
from the forward surface of the stem, or main bow perpendicular member, to the after surface
of the sternpost, or main stern perpendicular member (Figure 7). When there is no sternpost,
the centerline axis of the rudder stock is used as the aft end of the LPP [34].

Figure 7: Illustration of LPP, LOA and LWL [34]

The LPP is used in several calculations. a highly linear relationship to exist between length
over all (LOA) and LPP in the dataset in [33] bulk vessels of different sizes (see Figure 8):
𝐿𝑝𝑝 = 0.99165 ∙ 𝐿𝑂𝐴 − 5.5627
Figure 8: Relationship between LPP and LOA
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B.2

Loaded waterline

The waterline length of the ship hull 𝐿𝑤𝑙 (see Figure 7) is given as a function of LPP by [35] as:
Container ships:

𝐿𝑤𝑙 = 1.01 ∙ 𝐿𝑝𝑝

Tankers and bulk carriers:

𝐿𝑤𝑙 = 1.02 ∙ 𝐿𝑝𝑝

B.3

Bulk carrier speed correlation

The average design speed of a bulk carrier is given by [33] as a function of deadweight tonnage
or dwt (Figure 9).

Figure 9: Average design ship speed of bulk carriers [33]

The relationship is given in a table, which have been converted into the following relationship:
If DWT > 200 000t,

𝑉𝑑𝑒𝑠𝑖𝑔𝑛 = 14.7 𝑘𝑛𝑜𝑡𝑠

Else if DWT > 30 000t,

𝑉𝑑𝑒𝑠𝑖𝑔𝑛 = 14.5 𝑘𝑛𝑜𝑡𝑠

Else if DWT > 10 000t,

𝑉𝑑𝑒𝑠𝑖𝑔𝑛 = (13.5 +

Else if DWT 8 000t,

𝑉𝑑𝑒𝑠𝑖𝑔𝑛 = (13 +

Else if DWT 5 000t,

𝑉𝑑𝑒𝑠𝑖𝑔𝑛 = (12 +

(𝐷𝑊𝑇−10 000)

(𝐷𝑊𝑇−8 000)
2 000
(𝐷𝑊𝑇−5 000)
3 000

Else 𝑉𝑑𝑒𝑠𝑖𝑔𝑛 = 12 𝑘𝑛𝑜𝑡𝑠
End
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20 000

× 1) 𝑘𝑛𝑜𝑡𝑠

× 0.5) 𝑘𝑛𝑜𝑡𝑠
× 1) 𝑘𝑛𝑜𝑡𝑠

B.4

Relationship between DWT and draft

The deadweight (DWT) of a ship is the carrying capacity in metric tons (1 000 kg) including the
weight of bunkers and other supplies necessary for the ship’s propulsion [33] (but excluding
the weight of the ship itself). It is the weight that a ship carries, and may be made up of oil fuel,
fresh water, stores, lubricating oil, water ballast, crew and effects, cargo and passengers [21].
The size of a bulk carrier is normally stated as the maximum possible deadweight tonnage,
corresponding to the fully loaded deadweight at full summer saltwater draught (normally a
density of 1.025 t/m3), also called the scantling draught of the ship [33].
The design draught is normally less than the scantling draught and equals the draught of the
average deadweight tonnage of the loaded ship in service.
The average design relationship between the ship particulars of bulk carriers can be expressed
by means of the average hull design factor 𝐹𝑑𝑒𝑠 :
𝐹𝑑𝑒𝑠 =

𝐿𝑃𝑃 × 𝐵 × 𝐷𝑠𝑐𝑎𝑛𝑡 𝑚3
[ ]
𝐷𝑊𝑇𝑠𝑐𝑎𝑛𝑡
𝑡

𝐹𝑑𝑒𝑠 can be seen in Figure 10 to be a function 𝐷𝑊𝑇𝑠𝑐𝑎𝑛𝑡 .
Figure 10: Average hull design factor of bulk carriers [33]

This relationship may be expressed as:
If DWT > 100 000t,
Else if DWT < 10 020t,

𝐹𝑑𝑒𝑠 = 1.32353
𝐹𝑑𝑒𝑠 = 2.0015 +

(1.6549−2.0015)
×
(10 020−4 330)

(𝐷𝑊𝑇 − 4 330)

Else
𝐹𝑑𝑒𝑠 = 1.4855𝐸 − 29 × 𝐷𝑊𝑇 6 − 5.5103𝐸 − 24 × 𝐷𝑊𝑇 5 + 8.1271𝐸 − 19 × 𝐷𝑊𝑇 4
− 6.092𝐸 − 14 × 𝐷𝑊𝑇 3 + 2.4854𝐸 − 9 × 𝐷𝑊𝑇 2 − 5.6536𝐸 − 5 × 𝐷𝑊𝑇 + 2.0182
End
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This allows the scantling draught 𝐷𝑠𝑐𝑎𝑛𝑡 to be determined if only 𝐷𝑊𝑇𝑠𝑐𝑎𝑛𝑡 is known:
1) From 𝐷𝑊𝑇𝑠𝑐𝑎𝑛𝑡 , 𝐹𝑑𝑒𝑠 may be determined from the empirical relationship above
2) From 𝐹𝑑𝑒𝑠 , 𝐷𝑠𝑐𝑎𝑛𝑡 may be determined:
𝐷𝑠𝑐𝑎𝑛𝑡 =

𝐹𝑑𝑒𝑠 × 𝐷𝑊𝑇𝑠𝑐𝑎𝑛𝑡 𝑚3
[ ]
𝐿𝑃𝑃 × 𝐵
𝑡

It must be pointed out that this relationship is empirical. If, during a calculation using the purchased data for a particular voyage, it is found that the calculated value of scantling draught
𝐷𝑠𝑐𝑎𝑛𝑡 is less than the actual draught 𝐷𝑎𝑐𝑡𝑢𝑎𝑙 , then obviously the scantling draught is set equal
to the actual draught:
𝐷𝑠𝑐𝑎𝑛𝑡 = 𝐷𝑎𝑐𝑡𝑢𝑎𝑙
Instead of using 𝐹𝑑𝑒𝑠 , other authors use the non-dimensional block coefficient CB:
𝐶𝐵 =

∇
𝐿𝑃𝑃 × 𝐵 × 𝐷𝑠𝑐𝑎𝑛𝑡

Where ∇ is the volume displacement, the volume of water displaced by the vessel. It way be
determined from the mass displacement ∆ and the density of seawater, generally taken to be
1.025 t/m3:
∇[𝑚3 ] =

∆
𝜌𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟

[

t
]
𝑡 ⁄𝑚 3

As a good first approximation for General Cargo ships and Oil Tankers, [21] states that at the
Summer Loaded Waterline (SLWL)28, the CB may be regarded as approximately equal to CD,
the deadweight coefficient which links the deadweight with the displacement:
𝐶𝐷 =

𝑑𝑒𝑎𝑑𝑤𝑒𝑖𝑔ℎ𝑡
𝐷𝑊𝑇𝑠𝑐𝑎𝑛𝑡
=
𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡
∆

Table 15 shows typical CD values from [21] for merchant vessels fully loaded up to their Summer Loaded Waterline (SLWL).

Table 15: Typical CD coefficients for different vessel classes [21]
Vessel class

CD

Vessel class

CD

Oil Tanker

0.80–0.86

Container ship

0.60

Ore carrier

0.82

Passenger Liners

0.35–0.40

General Cargo

0.70

RO-RO vessel

0.30

LNG or LPG ships

0.62

Cross-channel

0.20

Two classes are not given by [21] are reefer ships and vehicle carriers: the assumption is made
that the value for container ships may be used for reefer ships, and that the value for RoRo
vessels may be used for vehicle carriers.

28 Summer waterline – The deepest waterline to which a merchant vessel is legally allowed to be loaded within certain specified
geographical zones in the summer months [36].
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B.5

Calculation of wetted area S

For a ship floating at a given waterline, the wetted surface area S is the total area of her outer
surface in contact with the surrounding water, and one of the factors which resists the movement of the ship in water [36].
Equations for wetted area S for different vessel classes are given in Table 16. The formula for
calculation of the wetted surface includes the area of rudder(s) skegs and shaft lines. Therefore, in this analysis, the equation for container vessels was used for vehicle carriers and RoRo vessels, as no information is available about the numbers of skegs or screws of the vehicle
carriers and Ro-Ro vessels.

Table 16: Equations for the wetted surface S for different vessel classes [35]
Vessel class
Bulk carriers and tankers

Equation
∇
𝑆 = 0.99 ∙ ( + 1.9 ∙ 𝐿𝑤𝑙 ∙ 𝐷)

Container vessels (single screw)

∇
𝑆 = 0.995 ∙ ( + 1.9 ∙ 𝐿𝑤𝑙 ∙ 𝐷)

Twin screw ships (Ro-Ro ships) with open shaft lines (and twin rudders)

∇
𝑆 = 1.53 ∙ ( + 0.55 ∙ 𝐿𝑤𝑙 ∙ 𝐷)

𝐷

𝐷

𝐷

Twin skeg ships (Ro-Ro ships with twin rudders)

∇
𝑆 = 1.2 ∙ ( + 1.5 ∙ 𝐿𝑤𝑙 ∙ 𝐷)

Double ended ferries

∇
𝑆 = 1.11 ∙ ( + 1.7 ∙ 𝐿𝑤𝑙 ∙ 𝐷)

𝐷

𝐷

If the wetted surface, S1, is given for a given draught, 𝐷𝑠𝑐𝑎𝑛𝑡 , the wetted surface, S2, for another
draught, 𝐷𝑎𝑐𝑡𝑢𝑎𝑙 , may be calculated by using following formulas from [35], which have been
deducted based on an analysis of data for container ships, tankers and bulk carriers:
Container ships:

𝑆2 = 𝑆1 − 2.4 ∙ (𝐷𝑠𝑐𝑎𝑛𝑡 − 𝐷𝑎𝑐𝑡𝑢𝑎𝑙 ) ∙ (𝐿𝑤𝑙 + 𝐵)

Tankers and bulk carriers:

𝑆2 = 𝑆1 − 2.0 ∙ (𝐷𝑠𝑐𝑎𝑛𝑡 − 𝐷𝑎𝑐𝑡𝑢𝑎𝑙 ) ∙ (𝐿𝑤𝑙 + 𝐵)

B.6

Calculation of engine power

The fuel consumption of a marine engine is a function of its efficiency:
𝑃𝑓𝑢𝑒𝑙 =

𝑃𝑒𝑛𝑔𝑖𝑛𝑒
𝜂𝑒𝑛𝑔𝑖𝑛𝑒

The efficiency 𝜂𝑒𝑛𝑔𝑖𝑛𝑒 of a large two-stroke marine engine may be assumed to be 50%. The
power required of the engine, however, is a function of many parameters [35]:
𝑃𝑒𝑛𝑔𝑖𝑛𝑒

𝑃𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑅𝑇 ∙ 𝑉 ∙ (1 +
=
=
𝜂𝑝𝑟𝑜𝑝

𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑎𝑙𝑙𝑜𝑤𝑎𝑛𝑐𝑒 𝑖𝑛 %
)
100
𝜂𝑝𝑟𝑜𝑝

where the ship resistance force 𝑅𝑇 is given by
𝑅𝑇 = 𝐶𝑇 ∙ ½ ∙ 𝜌 ∙ 𝑆 ∙ 𝑉 2 = (𝐶𝐹 + 𝐶𝐴 + 𝐶𝐴 + 𝐶𝑅 ) ∙ ½ ∙ 𝜌 ∙ 𝑆 ∙ 𝑉 2
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and 𝑆 is wetted surface area, 𝜌 is seawater density, 𝑉 is vessel speed, and the total resistance
coefficient 𝐶𝑇 comprises the four components:
•
•
•
•

frictional resistance coefficient 𝐶𝐹 =

𝑅𝐹
½∙𝜌∙𝑆∙𝑉 2

0.075
,
𝑅𝑒−2)2

= (log

dependent upon Reynolds

number 𝑅𝑒
surface roughness incremental resistance coefficient 𝐶𝐴 , decreases with increasing displacement of the vessel, varying between 0.0006 and -0.0006
air resistance coefficient 𝐶𝐴𝐴 , dependent upon ship size, decreasing from 0.00007 for
small tankers to 0.00004 for very large crude carriers (VLCC)
residual resistance coefficient 𝐶𝑅 , accommodating wave drag (depending on Froude
number) and additional resistance due to the form or curvature of the hull (depending
upon position of longitudinal centre of buoyancy, hull form, length to breadth ratio and
bulbous bow shape and size

As can be seen, the above process requires insight into vessel particulars which may not be
available. A simplified process was therefore derived. The engine power equation, once all
terms are included, may be regarded as:
𝑃𝑒𝑛𝑔𝑖𝑛𝑒 =

(𝐶𝐹 + 𝐶𝐴 + 𝐶𝐴 + 𝐶𝑅 ) ∙ ½ ∙ 𝜌 ∙ 𝑆 ∙ 𝑉 3 ∙ (1 +

𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑎𝑙𝑙𝑜𝑤𝑎𝑛𝑐𝑒 𝑖𝑛 %
)
100

𝜂𝑝𝑟𝑜𝑝

All the coefficients may be collapsed into one, such that:
𝐶𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =

𝑃𝑒𝑛𝑔𝑖𝑛𝑒
½ ∙ 𝜌 ∙ 𝑆 ∙ 𝑉3

The assumption is now made that 𝐶𝑜𝑣𝑒𝑟𝑎𝑙𝑙 may be sufficiently described as a function of DWT.
Within [33] is a set of data for bulk carriers ranging in size from small (DWT or 5000t) to Chinamax VLCC (DWT of 400 000t). Two datapoints exist for each vessel size, representing the
engine power at two speeds: design speed (Vdes kt) and reduced speed ({Vdes – 1} kt). The
data was used to generate values of 𝐶𝑜𝑣𝑒𝑟𝑎𝑙𝑙 for each speed and DWT value. The resultant
relationship (see Figure 11) appears to be acceptably linear for the purposes of this project.

Figure 11: Relationship between engine power and ½ ∙ 𝝆 ∙ 𝑺 ∙ 𝑽𝟑
12000
y = 1.8372E-03x + 1.1875E+03
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The results of the linear regression may be compared with the original data in Figure 12. Errors
exceed 10% only for occur for vessels of 55 000t dwt and smaller, and exceed 20% only for
vessels of 10 000t dwt and smaller.
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Figure 12: Comparison of data and correlation of engine power vs DWT
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Each journey time in hours at the design speed is given by:
𝑇𝑣𝑜𝑦𝑎𝑔𝑒 [ℎ] =

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑣𝑜𝑦𝑎𝑔𝑒 [𝑘𝑚]
𝑘𝑚⁄ℎ
𝑉 [𝑘𝑡] × 1.852 [
𝑘𝑡 ]

The fuel energy required for each voyage is the product of the fuel power and the voyage time
at the design speed:
𝐸𝑓𝑢𝑒𝑙 [𝑀𝐽] =

𝑃𝑓𝑢𝑒𝑙 [𝑘𝑊] × 𝑇𝑣𝑜𝑦𝑎𝑔𝑒 [ℎ] × 3600[𝑠⁄ℎ]
𝑃𝑒𝑛𝑔𝑖𝑛𝑒 [𝑘𝑊]
𝑇𝑣𝑜𝑦𝑎𝑔𝑒 [ℎ] × 3600[𝑠⁄ℎ]
=
×
𝑘𝑊𝑒𝑛𝑔𝑖𝑛𝑒
1000 [𝑘𝐽⁄𝑀𝐽]
1000 [𝑘𝐽⁄𝑀𝐽]
0.5 [
]
𝑘𝑊𝑓𝑢𝑒𝑙

Assuming the marine fuel will be ammonia, the mass of fuel required for each journey is:
𝑚𝑁𝐻3 [𝑘𝑔] =

𝐸𝑓𝑢𝑒𝑙 [𝑀𝐽]
18.646[𝐾𝐽⁄𝑘𝑔]

The mass of hydrogen contained in the ammonia is:
𝑚𝐻2 [𝑘𝑔] = 𝑚𝑁𝐻3 [𝑘𝑔] ×

3 [𝑔𝐻2 ⁄𝑚𝑜𝑙𝑁𝐻3 ]
17 [𝑔𝑁𝐻3 ⁄𝑚𝑜𝑙𝑁𝐻3 ]
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= 𝑚𝑁𝐻3 [𝑘𝑔] × 0.1765

