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A B S T R A C T   

Sustainable metal supply will be essential to achieve climate and sustainability goals (e.g., Paris agreement), for 
instance by providing the necessary raw materials for renewable energy infrastructure systems. The potential 
exploitation of mineral resources from the deep sea (e.g., polymetallic nodules) can play a major role in this 
supply. A holistic environmental analysis is needed, in order to consider the entire value chain of the products 
obtained out of deep-sea exploitation. Therefore, the objective of this study was to perform a prospective life 
cycle assessment (LCA) of deep-sea-sourced commodities and compare it to equivalent products obtained from 
terrestrial mining. It considered as reference flow one tonne of (dry) nodules, using a cradle-to-gate approach up 
to the final metal commodities, analyzing the delivery to the market of 10.5 kg of copper, 12.8 kg of nickel, 2.3 
kg of cobalt and 311.3 kg of ferromanganese. Three environmental impact categories were analyzed, i.e., climate 
change, acidification and photochemical oxidant formation. Overall, onshore activities (e.g., hydrometallurgical 
processing) are the main hotspots for environmental impacts of metals sourced from the deep sea; offshore ac-
tivities play a minor role in the value chain. While photochemical oxidant formation impacts would be similar to 
terrestrial alternatives, the deep-sea-sourced commodities can bring environmental gains in the order of 38% for 
climate change and up to 72% for acidification. As this study shows, a strategic selection of the location for 
onshore processing of the polymetallic nodules is key to target cleaner production, not only because of the 
distance from the nodules site, but especially because of the available energy mix. The results should be inter-
preted with care, though, due to intrinsic limitations of the LCA study, e.g., the prospective nature of this study, 
the limited access to terrestrial mining data, amongst others. Nonetheless, regardless the limitations a pro-
spective LCA imposes, this study highlights some important potential benefits that commodities from deep-sea 
polymetallic nodules can bring to society with respect to three important environmental impacts.   

1. Introduction 

The global climate change challenge has initiated an energy transi-
tion where new energy sourcing, storage and final use technologies have 
to be employed, e.g. photovoltaic and wind energy production, storage 
in stationary batteries and final use in e-mobility. All these technologies 
that are still under development require specific raw materials. Typical 
examples are rare earth elements like dysprosium, neodymium and 
praseodymium in wind energy technology, and lithium and cobalt for 
battery technology, but also more common raw materials (such as 
manganese and copper), vital to the current technological de-
velopments. Various international bodies like the Organization for 

Economic Co-operation and Development (OECD) and the European 
Commission anticipate a huge increase in metal demands. The OECD 
expects a quadrupling in demand of metals in 2060 (OECD, 2020), 
whereas the European Commission foresees for example for nickel and 
cobalt up to a threefold and tenfold growth in demand in 2050, 
respectively (EC, 2020a). 

It is not surprising that the supply of these raw materials poses a lot of 
sustainability challenges. From an economic point of view, there is the 
concern of the security of supply that is typically addressed in criticality 
studies (Schrijvers et al., 2020a,b). This is especially of relevance for 
economies that are highly dependent on import, like the European 
Union. Since 2011, the European Commission has made up lists of 
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critical raw materials for the European economy. Whereas the first list in 
2011 covered 14 raw materials (EC, 2011), the most recent list in 2020 
contains 30 (EC, 2020b). Also social impacts associated with their sup-
ply are of increasing concern, see for example the study of sustainable 
sourcing of battery materials where indicators for lack of governance, 
conflicts, and human and social rights are presented (Mancini et al., 
2020). Finally, it is well known that the primary production, including 
mining and refining, has globally important environmental burdens. 
Globally, natural resources extraction and processing contribute 50% to 
the global carbon emissions and even 90% to global biodiversity loss 
(Oberle et al., 2019). 

To ensure the security of metal supply for the energy transition, the 
potential exploitation of mineral resources from the deep sea (ferro-
manganese crusts, seafloor massive sulphides and polymetallic nodules) 
is more than ever discussed (Petersen et al., 2016; Volkmann and Leh-
nen, 2018; Hein et al., 2020). Discovered in the late nineteenth century, 
the publication of deep-sea resources estimates in 1965 has shifted 
polymetallic nodules from geological curiosities to major source of 
metals for the next generation (Mero, 1965). While they occur in all 
oceans, the deposits in the Clarion Clipperton Fracture Zone (CCFZ) are 
considered to be among the richest, containing high grade and high 
abundance nodules (ISA, 2010). Nodules in the CCZ have more man-
ganese, nickel, cobalt than the entire global terrestrial reserve base for 
those metals, and significant amounts of copper (Hein et al., 2013). On 
top of being an additional source of metal supply, the polymetallic 
nodules can present advantages compared to their terrestrial counter-
part. First, with a metal grade (Mn + Ni + Co + Cu) approaching 30% 
(Hein et al., 2013), their nature is closer to a concentrate than an ore, 
which decreases the specific energy intensity and impact of their 
collection, transport and processing purely by mass balance reasons. 
Second, their comminution characteristics put them in a 
softer-than-average class of ore (Fuerstenau and Han, 1983, 2003) 
which is less energy-intensive to mill. Third, once the nodules are 
collected and ready to bring onshore, there is some flexibility in 
choosing the location for mineral and metallurgical processing. This 
selection may consider several criteria, including the distance, the na-
ture of the energy sources, and other environmental, social, ethical and 
governance aspects. On the other hand, potential impacts on the local 
biodiversity (Paulikas et al., 2020; Préat et al., 2021) and requirements 
for technological developments (Paulikas et al., 2020) are some of the 
challenges faced by these alternative mineral resources. This developing 
industry requires a clear definition of threshold values, conservation 
strategies and minimum required management and monitoring pro-
grammes in order to avoid serious harm to the marine environment. This 
requires a clear, transparent, multi-stakeholder and adaptative regula-
tory process (Watzel et al., 2020). In addition to the environmental risks, 
the difficulty of international negotiations to reach a legal framework, 
the issue of common heritage and the roles of sponsoring states and 
contractors are weaknesses which will be needed to be studied (Leal 
Filho et al., 2021). 

Several exploratory cruises were deployed to access deep-sea min-
erals wealth (Glasby, 2000; Sparenberg, 2019). Since most of these re-
sources occur beyond exclusive economic zones (EEZ), the United 
Nations Convention on the Law of the Sea (UNCLOS) was signed in 1982 
and came into force in 1994 with the creation of the International 
Seabed Authority (ISA), an international institution in charge of regu-
lating the exploration and exploitation mineral resources located 
beyond EEZ (UN, 1994, 1982). Meanwhile, most attention was focused 
on the Clarion Clipperton Fracture Zone (CCZ), an abyssal area located 
beyond EEZ in the Eastern Central Pacific, extending on approximately 
4.5 million km2 with depths ranging from 4000 to 6000 m (ISA, 2011). 
The region is by far the largest potential source of polymetallic nodules 
discovered until now. Its estimated stocks of cobalt, nickel and manga-
nese are largely exceeding land-based reserves, and its stocks of lithium 
and copper are about a fourth of land-based reserves (WEF, 2020). So 
far, the ISA has set up 30 exploration contracts with governments and 

companies in marine areas containing mineral resources, but no com-
mercial exploitation has been initiated so far. Amongst them, 16 con-
tracts concern exploration areas (75,000 km2 each) for polymetallic 
nodules located in the CCZ (ISA, 2020). With rising demand of materials 
to achieve Paris climate agreement goals (Giurco et al., 2019; Valero 
et al., 2018), it is not excluded that deep-sea mining operations will 
supply critical raw materials for the production and storage of renew-
able energy within the next decade (WEF, 2020). Consequently, the ISA 
is currently drafting a mining code that can come into force in 2021 for 
deep-sea minerals exploitation in areas beyond EEZ (ISA, 2019). How-
ever, the set-up of a regulatory framework for environmental manage-
ment of deep-sea mining is constrained by knowledge gaps regarding the 
impacts of large-scale operations on deep-sea ecosystems (Levin et al., 
2020; Tunnicliffe et al., 2020). Regardless of the economic and social 
aspects, the development of deep-sea mining activities as an alternative 
to terrestrial mining has uncertain consequences in terms of global 
environmental sustainability (Beaulieu et al., 2017). It is known that 
sourcing crucial metals for renewable energy production by intensifi-
cation of terrestrial mining will induce major threat to biodiversity 
(Sonter et al., 2020). The question is still open for the development of 
large scale deep-sea mining, but it is clear it requires a precautionary and 
step-wise approach focusing on avoiding serious environmental harm 
and minimize loss of biodiversity (Niner et al., 2018). 

The identification of the least harmful option should be made by 
considering several environmental topics and considering the entire 
value chain of metal production, from ore body to final commodities, 
including all mining and refining processes (Alvarenga et al., 2019). 
Accordingly, the Life Cycle Assessment (LCA) methodology has potential 
to compare deep-sea resources exploitation with its terrestrial equiva-
lent in addition to impact assessment on in-situ ecosystem to assess 
threats on ecological conditions such as biodiversity (UNEP, 2007). 
Paulikas et al. (2020) published a comparative LCA to produce crucial 
materials for electric vehicles (nickel sulphate, cobalt sulphate, man-
ganese sulphate and copper cathode) from polymetallic nodules to be 
collected in the CCZ and from terrestrial mining. The study focuses on 
CO2 equivalent emissions (i.e. impact category global warming or climate 
change) from ores extraction to material production (i.e. from cradle to 
gate) and includes impacts on carbon sequestration. The study high-
lights that deep-sea mining can perform better than terrestrial mining, 
with a decrease of 70% of climate change impacts to produce battery 
materials. Energy requirements for nodules processing were entirely 
provided by hydroelectricity to process deep-sea minerals while two 
terrestrial ore processing scenarios were modelled with anticipated 
electricity mixes from 2015 to 2050. The projections consider gas, oil 
and coal accounting for approximately 65% in the first scenario while 
this contribution decreases to approximately 40% in 2050, with coal 
phase-out in 2045 in the second scenario. The different scenarios were 
not systematically implemented in both terrestrial and deep-sea mineral 
processing systems. So far, this study is the only comparative LCA 
published for deep-sea minerals and highlights the potential of deep-sea 
minerals sourcing to reduce greenhouses gases emissions from the 
mining and refining sectors for given electricity mix scenarios. However, 
other environmental impact categories should also be considered in an 
LCA study, e.g., acidification (Santero and Hendry, 2016). Therefore, 
while climate change is covered in Paulikas et al. (2020), there is po-
tential to consider additional impact categories in a comparative LCA of 
deep-sea mining. 

The aim of this study is to perform a comparative LCA of deep-sea 
polymetallic nodules mining in the CCZ with equivalent production 
from terrestrial mining in order to benchmark the environmental per-
formance of both options. The comparative assessment focuses on the 
production of three key metals for the renewable energy transition, 
copper, nickel and cobalt (Månberger and Stenqvist, 2018), in addition 
to the co-production of ferromanganese alloy that is used for steels ap-
plications. This prospective LCA, based on detailed engineering calcu-
lations, envisages three impact categories: climate change, 
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photochemical oxidant formation and acidification (terrestrial and 
freshwater). The target audience for this study are policy-makers, in-
dustry players, civil society, LCA community, scientific community, and 
the general public, including non-governmental organizations. 

2. Material and methods 

2.1. Goal and scope of the study 

The goal of this LCA study is to evaluate the environmental sus-
tainability of mining and refining processes of deep-sea nodules, 
considering the value chain from cradle-to-gate (or “from nodules-to- 
metal commodities”). Moreover, the results are intended to be 
compared to terrestrial mining benchmarks, with equivalent system 
boundaries. As the deep-sea mining and mineral processing system is not 
yet in operation, the LCA study is considered as a prospective LCA. An 
LCA is prospective when the emerging technology studied is in an early 
phase of development (e.g., small-scale production), but the technology 
is modelled at a future, more-developed phase (e.g., large-scale pro-
duction) (Arvidsson et al., 2018). 

2.1.1. Description of the foreground system (deep-sea-sourced 
commodities) 

The scope of the Life Cycle Assessment (LCA) study for deep-sea 
mining and refining refers to a cradle-to-gate approach, or from 
nodule-to-metal commodities. The product system can be divided in two 
main systems: offshore and onshore. The offshore system is subdivided 
in five modules (“off-modules”), while the onshore is subdivided in four 
modules (“on-modules”), as described below and in Fig. 1. 

In off-module 1 (nodule harvesting), the nodule collectors harvest a 
mixture of water, sediments and nodules and, after sizing and separation 
operations, exhaust a “primary mix” (nodules/sediment/water) to off- 
module 2 (vertical transport system) and another exhaust of “second-
ary mix” (nodules/sediment/water) goes to the seabed. In off-module 2 
(vertical transport system), the “primary mix” is vertically transported 
to the mining vessel, via centrifugation or positive displacement pumps. 
In the mining vessel, at off-module 3 (pre-processing on mining vessel), 
this flow goes through a rotary screen, hydrocyclones and dewatering, 
generating an output called “nodules mix”, which will proceed to stor-
age and an output called “quaternary mix” is returned to the seabed/ 
water column. Once the storage capacity is reached with the nodules 
mix, it is transferred to the Bulk Carrier, at off-module 4 (transshipment) 
by conveyor belt. Finally, at off-module 5 (shipment onshore), the 
“nodules mix” is shipped to a harbor for further processing. The overall 
energy source for these offshore operations is maritime fuel (e.g., heavy 
fuel oil (HFO)). 

The onshore operations start with a transportation from the harbor to 
the onshore operations site, assumed to be performed by train (with 10 
km of distance) (on-module 1). Then, at on-module 2 the comminution 
process happens, i.e., the nodules mix goes through milling and classi-
fication. After that, there is a combination of metallurgical processing 
(on-module 3) via SO2-processing technology. Furthermore, the last step 
consists of three parallel activities: high-carbon ferromanganese smelt-
ing, copper sulfide refining and mixed sulfide product refining, in order 
to obtain four final commodities, i.e., ferromanganese, copper (metal), 
nickel (metal) and cobalt (metal) (on-module 4). Considering that this 
LCA study is prospective, it is important to clarify the technology 
readiness level (TRL) of each module, which is available in the Sup-
plementary Material (Appendix A). 

The SO2 process (on-module 3) is a relevant one in the onshore ac-
tivities, due to the innovations behind it, i.e., a patent was recently 
published (Daniels, 2021) and its material and energy intensity. Its 
flow-sheet is presented in Fig. 2. The process is suitable for the recovery 
of copper, nickel, cobalt and manganese. The polymetallic nodules are 
processed by a single-step leaching using SO2 and sulfuric acid. Copper 
can be recovered from the Pregnant Leach Solution by precipitation as a 

sulfide. In a subsequent step, cobalt and nickel can also be precipitated 
as a mixed sulfide product. Finally, manganese is crystallized as a sul-
phate and then thermally decomposed to a manganese-iron oxide. The 
mother liquor is split in two fractions, the first being recirculated 
directly to the leaching stage, and the second seeing the residual iron 
and manganese precipitated as carbonates or hydroxides, which can be 
used as acid-consuming compounds in the steps of neutralization. The 
second fraction of the mother liquor is then processed through reverse 
osmosis, the process water being recirculated to the leaching stage and 
the final bleed stream providing an output to minor elements. 

The function of the system is the delivery (to the market) of four 
commodities (Copper, Nickel, Cobalt, and Ferromanganese). Therefore, 
as this is a multi-output product system, the LCA study is characterized 
as a Basket of Products approach (or System Expansion), composed of 
four products that are marketable, starting from one tonne of (dry) 
nodules. In order to quantify the amount of products, as a reference 
value, the Functional Unit (FU) is defined. To establish that, the refer-
ence flow (RF) considered in this study was one tonne of dry nodules. 
This RF generates the amount of 10.5 kg of copper, 12.8 kg of nickel, 2.3 
kg of cobalt and 311.3 kg of ferromanganese, and these four quantities 
compose the FU of this process-oriented LCA study (Schrijvers et al., 
2020a,b). 

Two scenarios were considered, A and B. Their differences rely 
mainly on the location of the onshore operations, which affects (i) the 
distance to be travelled (in module off – module 5) and (ii) the electricity 
mix in all onshore processes. For the former, the distances between the 
polymetallic nodules site and the harbor at the respective countries at 
scenario A and B are 4,010 km and 2,000 km, respectively. For the latter, 
the electricity mix in scenario A is composed of hydropower (85%), 
natural gas (6%), coal and lignite (4%), wind (2%), amongst others 
(3%); while for scenario B, it is mainly composed of natural gas (55%), 
hydropower (15%), coal and lignite (13%), oil (10%), nuclear (4%), 
amongst others (3%). Scenario A considers a country located at about 
twofold longer distance from the polymetallic nodules site, but with a 
more renewables-based electric mix than scenario B. The scenarios A 
and B refer to real countries with actual distances and power mix, but 
the explicit names of these countries are omitted for confidentiality 
reasons (which does not affect the interpretation of the results). 

2.1.2. Description of the comparative terrestrial mining system 
Many different data flows from several terrestrial mining systems 

were required to make a representative comparison with deep-sea 
mining system (e.g. electricity consumption at different stages, con-
sumption of chemicals in metallurgical processes, etc.). Therefore, it 
required access to publicly available data in life cycle format. The main 
source of data with that format are normally life cycle inventory data-
bases (e.g. Ecoinvent and Gabi), but recently metal commodity associ-
ations have been releasing more up-to-date datasets. Therefore, for this 
study, generic data provided by the metal commodity associations were 
used, for Copper, Nickel and Cobalt. For Ferromanganese, as no datasets 
were found from the respective commodity association, a dataset from 
Gabi database was used. All the datasets (from the commodity associa-
tions and from Gabi Database) were obtained from Gabi Software (v8.7 - 
database SP 37).1 They were exported in international life cycle data 
system (ILCD) format, converted to comma-separated values (CSV) 
format, and then imported in Simapro software v9.0 (where the deep-sea 
system was modelled), in order to complete the LCA study. In all cases, 
they were used without any modification or adjustments, e.g., the en-
ergy mixes were as provided by their sources. 

1 The name of the datasets in Gabi Database were: (i) Copper cathode 
(>99.99%), (ii) Nickel (Class 1, 99.95%), (iii) Cobalt, refined (metal); hydro- 
and pyrometallurgical processes; production mix, at plant; >99%Co, and (iv) 
Ferro-manganese, refined (Ref. FeMn), 80 to 85 wt % Mn, less than 1.5 wt % 
carbon. 
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For Copper, the dataset used refers to a global average production 
from 2013, covering 21% of World production (developed by the Copper 
Alliance). For Nickel, it is also a global average production, but for the 
year 2011, and covers 40% of World production (developed by the 
Nickel Institute). For Cobalt, the global average dataset refers to the year 
2012, covering 30% of World production (developed by the Cobalt 
institute). Furthermore, for ferromanganese, the dataset used (from Gabi 
database) refers to operations in South Africa. The details of world 
coverage and time frame of the dataset are unclear, but according to 
USGS (2020) South Africa is the biggest producing country, with 

approximately 30% of worldwide production. Overall, those datasets 
were considered to be the best publicly available for those four com-
modities and were therefore used for comparison. 

It is arguable that the ferromanganese market would be growing fast 
enough to accommodate the production considered in the current work, 
and it is possible that the high-carbon ferromanganese resulting from 
this process would displace a production that is based on a lower quality 
carbonate ore, which is known to evolve an additional quantity of CO2 
during the smelting process. However, from an environmental stand-
point, considering an addition rather than substitution is a conservative 

Fig. 1. Simplified flowchart of the product system and its system boundaries (illustrated by the shaded area).  

Fig. 2. Simplified flowchart of the SO2 process. The reagent, residues and products streams are detailed in the figure. The solution streams are as follows. S1: PLS 
(pregnant leach solution), S2: Cu-depleted PLS, S3: neutralized Cu-depleted PLS, S4: Cu, Ni, Co-depleted PLS, S5: mother liquor containing a minor part of the Mn 
and Fe, S5a: recirculated mother liquor, S5b: bleed stream, S6: depleted salt solution, S7: essentially H2O, S8: final bleed stream, essentially a concentrated salt 
solution (the main products – MSP, MnFeOx, CuS – still require further refining). 
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assumption that has been used for this study, and therefore the 
displacement of a more CO2-intensive product has not been considered. 

2.1.3. Other relevant items regarding the scope of the LCA study 
The LCA was performed mainly through a basket of products 

approach, thus, allocation amongst the four commodities (Cu, Ni, Co, 
FeMn) was not necessary. Moreover, in the case of energy surplus, the 
substitution (or avoided burden) approach was used following the typical 
procedure from the mining sector and the recommendation from San-
tero and Hendry (2016). This substitution approach consists of sub-
tracting the burdens from an alternative technology to generate this 
energy. The country-specific electricity grid mix was considered in this 
case. In the case of by-products with low market value, e.g. Gypsum 
(CaSO4), no allocation was performed; it was considered as burden-free. 

Data for the foreground system (deep-sea mining commodities), both 
onshore and offshore, are based on calculations, considering engineer-
ing requirements (e.g., energy use), directly provided by the team of 
experts from the organization involved in this future operation. The 
calculations are based on the technology specific for the prospective 
system, taking into account the respective temporal scope. Emissions 
from fuel combustion and reactions on refining/smelting stages are 
based on stoichiometric calculations and/or models from secondary 
sources (Ecoinvent, 2019). More clarification on the foreground sys-
tem’s data calculations is available in the Supplementary Material 
(Appendix B). For background data, e.g. energy supply chains, Ecoin-
vent database v3.5 (Ecoinvent, 2019) was used. Most of the flows were 
modelled considering specific datasets in Ecoinvent (2019), e.g. 
country-specific electricity mix, HFO and its emissions on ships, etc. On 
the other hand, a few flows may be generic without temporal, 
geographical, or technological specification due to lack of availability in 
the database. 

This study attempted to follow the recommendations from Santero 
and Hendry (2016) regarding the choice of environmental impact cat-
egories. However, Eutrophication and Ozone Depletion were not 
considered in this study because crucial flows for those categories are 
not properly and consistently documented in the utilized databases 
(ecoinvent and Gabi), eventually leading to biased results. Therefore, 
the study is focused on three environmental impact categories, i.e., 
climate change, photochemical oxidant formation and acidification. The 
employed life cycle impact assessment (LCIA) models are those recom-
mended for the EU’s product environmental footprint (PEF) (Fazio et al., 
2018): (i) IPCC 2013, for a time horizon of 100 years, with some ad-
aptations (as described in Fazio et al., 2018); (ii) LOTUS-EUROS, as 
applied in the ReCiPe2008; and (iii) Accumulated Exceedance; 
respectively. 

3. Results and discussion 

3.1. Life cycle inventory of deep-sea-sourced commodities 

The life cycle inventory (LCI) of the deep-sea-sourced commodities is 
available in Table 1. All flows are in function of one tonne of nodules 
(dry content). Due to confidentiality, the LCI is aggregated in the two 
main processes, i.e., offshore and onshore. The emissions from fuel 
combustion are not explicitly reported in Table 1, but they were 
modelled (and therefore accounted in the LCA study) considering the 
most representative dataset from ecoinvent database v3.5 (e.g., Heat, 
district or industrial, other than natural gas {RoW}| heat and power co- 
generation, hard coal). Therefore, the emissions of carbon monoxide 
(CO) and carbon dioxide (CO2) reported at the onshore process (FeMn 
smelting) are referring specifically to the emissions from the consump-
tion of coke and electrodes (carbon) (Table 1). 

The elementary flow to deliver one tonne of dry nodules is appar-
ently high at 63 tonne of water sediment and nodules mix, but this is 
inherent to a hydrodynamic nodules collection system. Approximately 
90% of this mix is actually returned from the collector to the seabed at 

Table 1 
Life Cycle Inventory of four commodities obtained from deep-sea mining (all 
flows are in function of 1 tonne of dry nodules).  

Stage Flow 
type 

Flow name Amount Unit Comments 

Offshore Input Water-sediment- 
nodules mix 

63.0 tonne  

Offshore 
(A) 

Input Heavy fuel oil, 
transporta 

469.2 kWh Offshore 
operations and 
offshore 
transportation 
(to country A) 

Offshore 
(B) 

Input Heavy fuel oil, 
transporta 

355.2 kWh Offshore 
operations and 
offshore 
transportation 
(to country B) 

Onshore Input Transportation, 
by train 

14.3 tonne. 
km 

Onshore 
transportation, 
considered to be 
by train 

Onshore 
(A) 

Input Energy, 
renewables (A)b 

935.8 kWh For electricity, 
in country A 

Onshore 
(A) 

Input Energy, fossil & 
nuclear (A)b 

1,603.6 kWh For thermal 
power and 
electricity, in 
country A 

Onshore 
(B) 

Input Energy, 
renewables (B)b 

195.0 kWh For electricity, 
in country B 

Onshore 
(B) 

Input Energy, fossil & 
nuclear (B)b 

2,344.4 kWh For thermal 
power and 
electricity, in 
country B 

Onshore Input Water onshore, 
processing 

4,521.3 kg  

Onshore Input Reagents, SO2- 
process 

148.1 kg Sulfur, soda ash, 
dihydrogen 
sulfide 

Onshore Input Reagents, HC 
FeMn smelting 

94.4 kg Metallurgical 
coke, graphite 
electrodes 

Onshore Input Reagents, 
Refining 
processes 

168.0 kg Lime, electrodes 
steel casing, 
alumina 
refractory 

Onshore Waste/ 
By- 
product 

Residues SO2- 
process 

1,239.9 kg Tailings, 
neutralization 
residues, bleed 

Onshore Waste/ 
By- 
product 

Residues, 
Refining 
processes 

317.2 kg Slag (85% slag, 
15% water), 
gypsum 

Onshore Waste/ 
By- 
product 

Water (to air), 
HC FeMn 
smelting 

145.0 kg  

Onshore Waste/ 
By- 
product 

CO, HC FeMn 
smelting 

88.0 kg  

Onshore Waste/ 
By- 
product 

CO2, HC FeMn 
smelting 

138.0 kg  

Onshore Waste/ 
By- 
product 

Wastewater, for 
treatmentc 

3,820 kg  

Onshore Product Ferromanganese 311.3 kg  
Onshore Product Copper 10.5 kg  
Onshore Product Nickel 12.8 kg  
Onshore Product Cobalt 2.3 kg   

a The combustion emission from these flows were accounted for through 
representative datasets from ecoinvent database v3.5. Moreover, the infra-
structure of harbor and the ships, equivalent to their respective life-time in 
function of the reference flow considered in this study, were also accounted for, 
as proposed in ecoinvent database v3.5. 

b Direct (combustion) emissions from energy use are not present in this table, 
but were accounted through ecoinvent database emission factors. 

c Only the energy requirements of the wastewater treatment were considered 
as input (no chemicals) and the effluent was considered to be following local 
legislation requirements. 
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very low speed conditions, with only 6 tonne of water, nodules and 
sediment mix per dry tonne of nodule being vertically transported to the 
mining vessel. 

The HFO consumption for offshore operations (on-module 1–4) is 
very close to the values reported in Ramboll (2016). Meanwhile, the 
total HFO consumption for offshore operation and transport (on-mod-
ules 1–5) considered in this study (Scenario A: 39.1 kg/tonne dry nod-
ules; Scenario B: 29.6 kg/tonne dry nodules; when a heating value of 12 
kWh/kg is considered), is in the same order of magnitude as those re-
ported in Heinrich et al. (2020), i.e., between 10 and 140 kg/tonne dry 
nodules. 

3.2. Environmental impact analysis of deep-sea-sourced commodities 

As displayed in Fig. 3, the basket of products to process 1 tonne of dry 
nodules generate different results, depending on the location of the 
onshore operations (scenario A or B). In the country with more 
renewable-based electricity (scenario A), the environmental perfor-
mance was 1,371 kg CO2-eq, 8.7 kg NMVOC-eq and 11.5 mol H+-eq, for 
climate change, photochemical oxidant formation and acidification, 
respectively. Meanwhile, for the country with more fossil-based elec-
tricity (scenario B), the environmental performance was 1,832 kg CO2- 
eq, 9.5 kg NMVOC-eq and 12.7 mol H+-eq, for climate change, photo-
chemical oxidant formation and acidification, respectively. Thus, it is 
clear that for the three categories, scenario A shows better performance 
than B, with less environmental impacts in the order of 8–25%. 

The main hotspots are overall the same for both scenarios. For 
climate change, offshore operations have a minor contribution to the 
total result, especially for scenario B. Onshore operations are in fact the 
main contributors for climate change, i.e., “on-module 3” and “on- 
module 4” (ferromanganese smelting), mainly driven by the greenhouse 
gas emissions from the energy requirements (grid electricity and coal- 
based thermal power). Nevertheless, the supply chain of some 

chemical inputs, as lime and soda ash, had a secondary role in those 
environmental impacts as well. 

A similar trend can be seen for photochemical oxidant formation, but 
the contribution of offshore processes is higher. In fact, the environ-
mental impacts at this category were essentially driven by the emissions 
obtained from the combustion of fossil energy, i.e., either HFO at 
offshore processes or electricity use and coal-based thermal power. 
Mainly, the emissions of CO, nitrogen oxides, and sulfur oxides were 
contributing to the environmental impacts. 

Finally, for the acidification category, a higher relevance of offshore 
processes is observed, but this is highly dependent on the maritime 
transport distance. In scenario A, located at approximately 4,000 km 
from the nodules site, the offshore processes were up to 41% of the total 
environmental impact. For scenario B, located at 2,000 km from the 
nodules site, the offshore processes were limited to 28% of the total 
environmental impact. Moreover, the onshore operations were again the 
main contributors, mainly due to the emissions of nitrogen oxides and 
sulfur oxides from the combustion of different energy sources (coal- 
based or in function of the electricity mix). 

In summary, the offshore deep-sea mining operations (off-module 
1–4) have a rather low contribution to the total impact (for those three 
categories); while the transportation of these polymetallic nodules 
onshore (off-module 5) can have more significant contributions, 
depending on the location of the onshore operations site from the 
offshore nodules site (especially for the acidification category). More-
over, onshore operations are the main contributors for all three cate-
gories and are highly influenced by the energy source. Therefore, more 
renewables-based energy source (as in Scenario A, for electricity) is a 
key element to lower the environmental footprint. 

This higher contribution of onshore operations is also observed by 
Paulikas et al. (2020) for climate change impacts. In Heinrich et al. 
(2020), the estimated climate change impact of the offshore system was 
in the order of 30–160 kg CO2-eq/tonne dry nodules. The upper limit is 

Fig. 3. Environmental performance of the cradle-to-gate processing of copper, cobalt, nickel and ferromanganese from the deep sea (all values are in function of one 
tonne of dry nodules). Climate Change on top-left, Photochemical oxidant formation on top-right and Acidification on bottom-left. 
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closer to the results of the offshore contribution presented in this study, 
i.e., approximately 180 kg CO2-eq/tonne dry nodules for scenario A and 
136 kg CO2-eq/tonne dry nodules for scenario B (Fig. 3). The reason for 
higher values in this study can be explained mainly by three aspects. 
First, there are differences in the scope and system boundaries (e.g., 
different locations for onshore processing). Second, the use of ecoinvent 
database (v3.5) in this study, which drives different upstream emissions, 
e.g., the climate change impacts of HFO (0.49 kg CO2-eq/kg HFO), is 
approximately 30% higher than the value considered in Heinrich et al. 
(2020). The burdens related to the infrastructure for the harbor and the 
ships (mining vessel and bulk carrier) are accounted for in ecoinvent 
database (which represented approximately 20% of the offshore climate 
change impact in this study, whereas Heinrich et al. (2020) only con-
siders effects related to fuel consumption). Finally, slightly different 
characterization factors were used, i.e., in Fazio et al. (2018) the char-
acterization factors of methane and carbon monoxide are 36.75 and 
1.57 kg CO2-eq/kg, respectively, while in Heinrich et al. (2020) it was 
considered as 34 and 0, respectively. Moreover, as different LCIA 
methods (with different units) were used for photochemical oxidant 
formation and acidification categories in Heinrich et al. (2020), it is not 
possible to directly compare the results for these impact categories. 

3.3. Comparison of deep-sea-sourced commodities with terrestrial-based 

For the comparison between deep-sea-sourced commodities (Sce-
narios A and B) and the terrestrially sourced commodities, the results are 
provided through a basket of products approach. This means that all 
commodities that are produced through processing one tonne of (dry 
content) nodules are compared with the equivalent amount from 
terrestrial mining (Fig. 4). 

For climate change, the terrestrial products would have a total 
environmental impact of 2194 kg CO2-eq, while deep-sea-sourced 

commodities would have 1371 or 1832 kg CO2-eq, for scenarios A and 
B, respectively. Therefore, it is interesting to notice that deep-sea- 
sourced commodities have the potential to decrease 38 or 16% of the 
carbon footprint of these products, depending on the scenario, 
respectively. 

For the other categories, different situations are observed. For 
photochemical oxidant formation, terrestrial products have equivalent/ 
similar results as the two scenarios of deep-sea-sourced commodities. 
While the terrestrial products had a performance of 8.9 kg NMVOC-eq, 
scenario A (with 8.7 kg NMVOC-eq) shows a decrease of 2%, while 
scenario B (with 9.5 NMVOC-eq) shows an increase of 7% on the im-
pacts. For acidification on the other hand, the terrestrial shows always 
worse performance than the deep-sea-sourced commodities with a total 
footprint of approximately 42 mol H+-eq; while deep-sea-sourced 
commodities would have a performance of 11.5 and 12.7 mol H+-eq, 
for scenarios A and B, respectively. This means that the deep-sea- 
sourced commodities have a potential to decrease the impacts of acidi-
fication in a range of approximately 70–72% (depending on the 
scenario). 

One of the reasons for a better environmental performance of the 
minerals from deep-sea, in comparison to terrestrial sources, can be 
attributed to the quality of the original material and, consequently, its 
energy requirements for mineral and metallurgical processing. Duhayon 
and Boel (unpublished results) state there is an undisputable environ-
mental advantage associated with the comminution of polymetallic 
nodules as compared to conventional (monometallic) land-based ores, 
due to their higher grade, polymetallic character and comminution 
behavior. 

While for the deep-sea-sourced commodities it was possible to 
discriminate the main hotspots (e.g., energy requirements at onshore 
processing), this is not possible for the terrestrial commodities, since the 
data are reported in an aggregated format (i.e., not discriminated by 

Fig. 4. Comparative environmental performance of the cradle-to-gate processing of copper, cobalt, nickel and ferromanganese from the deep sea and land-based 
mining system (all values are in function of one tonne of dry nodules). Climate Change on top-left, Photochemical oxidant formation on top-right and Acidifica-
tion on bottom-left. 
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different unit processes). However, the contribution of each terrestrially 
sourced commodity to the entire basket of products is visible. In absolute 
terms, it is clear that ferromanganese (for climate change and photo-
chemical oxidant formation) and nickel (for acidification) are the 
commodities that bring most of the environmental impacts in the 
terrestrially sourced basket of products. Nevertheless, considering the 
amounts of each commodity in this basket of products (10.5 kg of cop-
per, 12.8 kg of nickel, 2.3 kg of cobalt and 311.3 kg of ferromanganese), 
cobalt has quite a high relative contribution to climate change, while 
nickel is the main relative contributor for acidification, and both cobalt 
and nickel are the main contributors for photochemical oxidant forma-
tion. According to Wei et al. (2020), the climate change impacts of four 
different routes for terrestrial nickel production are mainly caused by 
the energy requirements of the mining, beneficiation, calcina-
tion/sintering, and smelting processes, i.e., electricity and fossil fuels 
use. Westfall et al. (2016) pointed out that electricity demand and coal 
and coke consumption during the smelting step are the main contribu-
tors to the environmental performance for manganese alloy production. 
Furthermore, Farjana et al. (2019) performed a review of several LCA 
studies of metal/mineral commodities, identifying that the energy use 
(electricity and/or fuel) at different stages (e.g., mining, refining, 
smelting, etc.) are usually the main contributor to the environmental 
impacts for copper, cobalt, nickel and ferroalloys (as FeMn); therefore, 
large variations on the LCA results can be observed due to differences on 
the material quality (e.g. ore grade), metallurgical processes, sources of 
fuel and electricity and transportation distances. 

Paulikas et al. (2020) also showed better environmental performance 
on climate change for the deep-sea products, corroborating the results of 
this study. Notwithstanding, it is important to clarify that the afore-
mentioned LCA study was performed considering different aspects 
related to scope. First, it was focused on the production of raw materials 
from deep-sea for electric vehicles, therefore, 95% of the 
manganese-bearing slag (and the environmental burdens of its down-
stream processing) were excluded from the study; while this study 
considered all four raw materials (Cu, Ni, Co and FeMn) regardless their 
final use downstream. Second, onshore processing electricity demand 
was assumed to be fully provided by hydropower, while in this study it 
considered current electric mixes from two different countries. 
Furthermore, terrestrial mining was modelled for future scenarios 
considering decrease in ore grades and changes in electric mix, while 
this study considered current available datasets from reliable sources (e. 
g., metal associations). Finally, it was focused on climate change, while 
this study considered also two additional impact categories; among 
other issues (e.g. functional unit, source of primary data, etc.). 

3.4. Variability of data in terrestrial-based commodities 

The environmental profile of metal commodities from terrestrial 
mining can be quite different, depending on the source of data (e.g., 
location of the mine; country where the metallurgical processing 
occurred). In this study, the most reliable and publicly available datasets 
were used, mainly coming from the international metal associations (for 
cobalt, copper and nickel), representing global averages. These datasets 
provide the information solely in an aggregated format, not allowing to 
track what potential variability of results could exist, e.g., in the case of 
data from specific mines or regions would be considered (e.g., World 
average copper vs copper from Australia vs Copper from Chile). When 
analyzing different sources of primary metals, Norgate et al. (2007) 
presented a variability of approximately 30 and 17% on carbon footprint 
of copper and nickel commodities from terrestrial mining, respectively. 
Dong et al. (2020) showed for copper a variability of 11% in the carbon 
footprint, while for acidification and photochemical oxidant formation 
the variability was up to 45 and 63%, respectively. Furthermore, Haque 
and Norgate (2013) presented a variability of 42% in the carbon foot-
print of FeMn from terrestrial mining. Therefore, these studies corrob-
orate the hypothesis that there may be relevant variability in terrestrial 

mining, that might drive differences in the results than those presented 
in this study for terrestrial mining commodities. Furthermore, whereas 
the metal associations strive for a global coverage as high as possible to 
ensure representativeness, there may be still important geographical 
production zones underrepresented as e.g. China is not included, 
amongst others. 

Moreover, this study is a prospective LCA, and the deep-sea system is 
not yet operational. Therefore, the provision of deep-sea-sourced com-
modities in the future would directly compete with new supplies (mar-
ginal data), e.g., opening new mines or mining operation at lower ore 
grade (at current mines). However, the comparative study was not done 
with this marginal provision of commodities due to lack of available 
data, but with (global) average values based on current production. Van 
der Voet et al. (2019) estimated the implications of future demand for 
metals, considering physical constraints (e.g., higher ore grades), esti-
mating a potential increase of 17 and 22% on the carbon footprint of 
copper and nickel from primary terrestrial mining, respectively, for 
environmental profiles between 2010 and 2050 (e.g., Nickel 2010: 22 
kgCO2-eq/kg; Nickel 2050: 28 kgCO2-eq/kg). Furthermore, prospective 
LCA does not capture further process improvements via learning effects 
(Thomassen et al., 2020), which may be quite relevant for offshore 
processes and some onshore process (e.g., on-module 3), as they are at a 
relatively early stage of development. Hence, as the benchmarking of the 
performance of deep-sea mining at the beginning of its development is 
done with terrestrial mining being at full maturity, it should be 
concluded that the gains of e.g. 38% on climate change impacts in sce-
nario A is rather a conservative estimate of certain environmental ben-
efits of deep-sea-sourced commodities. 

4. Conclusions 

A cradle-to-gate (or nodules-to-commodity) prospective LCA study of 
deep-sea mining, considering two scenarios (varying onshore distance 
and electric mix), was performed and compared to terrestrial com-
modities. It was observed that onshore processes (e.g., metallurgical 
processing) represent the most impacting stages in the value chain of 
deep-sea-sourced commodities, for all three categories considered. 
Overall, emissions from energy sources (coal-based thermal power and 
electricity use) were the main hotspots. The offshore activities, while 
still having its own environmental burdens, had minor contribution, 
especially for climate change and photochemical oxidant formation. Of 
course, this statement is limited to those environmental impact cate-
gories considered in this study and may differ for other categories, e.g., 
biodiversity loss from land (or deep-sea) transformation and occupation. 
Overall, for the three categories, scenario A showed better performance 
than B, with lower environmental impacts in the order of 8–25%. 

When comparing to land-based commodities, the deep-sea-sourced 
commodities have the potential to reduce the environmental footprint 
up to 38% for climate change and 72% for acidification (when consid-
ering scenario A). However, for photochemical oxidant formation, the 
environmental burdens are rather similar for both scenarios, but could 
lead to an increase of up to 7% in scenario B. Therefore, as previously 
mentioned, it is clear that selecting a clean energy supply for onshore 
processing can be key when seeking a good environmental performance, 
either by placing the onshore processes at a country/region with high 
renewable-based electric grid (as in scenario A), or even considering to 
directly purchase fully renewable electricity (through green procure-
ment). The latter could impose even better results than those presented 
in scenario A of this study (in case the same is not done in land-based 
commodities systems). 

This study presents some limitations, as typically happens in pro-
spective LCA; and, therefore, the results should be analyzed with care. 
For instance, background data (from ecoinvent) to model the supply 
chain of deep-sea-sourced commodities was based on current (or older) 
technologies (not future technologies, when deep-sea mining would be 
operational). Furthermore, data for terrestrial mining can be quite 
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debatable and may impose an additional uncertainty in these results. As 
the current study was limited to three admittedly important impact 
categories, other environmental issues may be subject of further 
research in function of the debate on deep-sea-sourced versus terrestri-
ally sourced commodities (e.g., impacts from land or deep-sea trans-
formation/occupation). Finally, as it is a prospective LCA based on 
calculations and modelling, more robust foreground LCI data may 
become available in the future when reaching piloting or industrial 
phases of the project. In fact, this foreground LCI data based on higher 
technology-readiness-level systems can actually result in lower water 
and energy consumptions (leading to lower environmental footprint), as 
typically seen in technological learning curves (Thomassen et al., 2020); 
or even in finding alternative solutions to flows currently handled as 
residues, as the gypsum (e.g., using them as mineral additives for cement 
industry). 

Nevertheless, the results showed the potential environmental gains 
that deep-sea-sourced commodities can bring to society, as an alterna-
tive source of metals in the future for three specific and important 
impact categories. One relevant advantage is driven by the possibility to 
choose the location where the onshore processes will occur, that can be 
important not only to the environmental performance, but also to other 
sustainability issues, such as social responsibility. 
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Molander, S., 2018. Environmental assessment of emerging technologies: 
recommendations for prospective LCA. J. Ind. Ecol. 22, 1286–1294. 

Beaulieu, S.E., Graedel, T.E., Hannington, M.D., 2017. Should we mine the deep 
seafloor? Earth’s Future 5, 655–658. 

Daniels, M., 2021. Process for the recovery of metals from oxidic ores. WIPO. Patent 
number WO2021/028201A1.  

Dong, D., van Oers, L., Tukker, A., van der Voet, E., 2020. Assessing the future 
environmental impacts of copper production in China: implications of the energy 
transition. J. Clean. Prod. 274, 122825. 

Duhayon, C., Boel, S., unpublished results. reportComparative Advantages of the Mineral 
Processing of Deep Sea Polymetallic Nodules over Terrestrial Ores. Report. 23p. 

EC, 2020a. Critical Raw Materials Resilience: Charting a Path towards Greater Security 
and Sustainability (No. COM(2020)474). Communication From The Commission To 
The European Parliament. THE COUNCIL, THE EUROPEAN ECONOMIC AND 
SOCIAL COMMITTEE AND THE COMMITTEE OF THE REGIONS, Brussels.  

EC, 2020b. Communication from the Commission to the European Parliament, the 
Council, the European Economic and Social Committee and the Committee of the 
Regions - Critical Raw Materials Resilience: Charting a Path towards Greater Security 
and Sustainability. Brussels.  

EC, 2011. Communication from the Commission to the European Parliament, the 
Council, the European Economic and Social Committee and the Committee of the 
Regions - Tackling the Challenges in Commodity Markets and on Raw Materials. 
European Commission, Brussels.  

Ecoinvent, 2019. Ecoinvent Database v3.5. 
Farjana, S.H., Huda, N., Parvez Mahmud, M.A., Saidur, R., 2019. A review on the impact 

of mining and mineral processing industries through life cycle assessment. J. Clean. 
Prod. 231, 1200–1217. 

Fazio, S., Castellani, V., Sala, S., Schau, E.M., Secchi, M., Zampori, L., 2018. Supporting 
Information to the Characterisation Factors of Recommended EF Life Cycle Impact 
Assessment Methods. EUR 28888 EN, European Commission, Ispra, ISBN 978-92-79- 
76742-5.  

Fuerstenau, M., Han, K., 2003. Principles of Mineral Processing. Society for Mining, 
Metallurgy, and Exploration, Inc., ISBN 0-87335-167-3 

Fuerstenau, D.W., Han, K., 1983. Metallurgy and processing of marine manganese 
nodules. Miner. Process. Extr. Metall. Rev. 1 (1–2), 1–83. https://doi.org/10.1080/ 
08827508308952589. 

Giurco, D., Dominish, E., Florin, N., Watari, T., McLellan, B., 2019. Requirements for 
minerals and metals for 100% renewable scenarios. In: Teske, S. (Ed.), Achieving the 
Paris Climate Agreement Goals: Global and Regional 100% Renewable Energy 
Scenarios with Non-energy GHG Pathways for +1.5C and +2C. Springer Nature, 
Cham, pp. 437–458. 

Glasby, G.M., 2000. Lessons Learned from Deep-Sea Mining [WWW Document]. Sci. 
Policy Forum. URL. https://science.sciencemag.org/content/289/5479/551, 
11.13.20.  

Hein, J.R., Mizell, K., Koschinsky, A., Conrad, T.A., 2013. Deep-ocean mineral deposits as 
a source of critical metals for high- and green-technology applications: comparison 
with land-based resources. Ore Geol. Rev. 51, 1–14. 

Hein, J.R., Koschinsky, A., Kuhn, T., 2020. Deep-ocean polymetallic nodules as a 
resource for critical materials. Nat. Rev. Earth Environ. 1, 158–169. 

Heinrich, L., Koschinsky, A., Markus, T., Singh, P., 2020. Quantifying the fuel 
consumption, greenhouse gas emissions and air pollution of a potential commercial 
manganese nodule mining operation. Mar. Pol. 114, 103678. 

ISA, 2020. Exploration contracts [WWW document]. URL. https://isa.org.jm/explora 
tion-contracts, 10.1.20.  

ISA, 2019. Draft Regulations on Exploitation of Mineral Resources in the Area. 
Publication of the twenty-fifth council session, part II, Kingston.  

ISA, 2011. Environmental Management Plan for the Clarion- Clipperton Zone, Legal and 
Technical Commission. Kingston.  

ISA, 2010. A Geological Model of Polymetallic Nodule Deposits in the Clarion-Clipperton 
Fracture Zone. Technical Study: No. 6, International Seabed Authority, Kingston, 
Jamaica. http://www.isa.org.jm/files/documents/EN/Pubs/GeoMod-web.pdf. 

Leal Filho, W., Abubakar, I.R., Nunes, C., Platje, J., Ozuyar, P.G., Will, M., Nagy, G.J., Al- 
Amin, A.Q., Hunt, J.D., Li, C., 2021. Deep seabed mining: a note on some potentials 
and risks to the sustainable mineral extraction from the oceans. J. Mar. Sci. Eng. 9, 
521. 

Levin, L.A., Amon, D.J., Lily, H., 2020. Challenges to the sustainability of deep-seabed 
mining. Nat. Sustain. 

Månberger, A., Stenqvist, B., 2018. Global metal flows in the renewable energy 
transition: exploring the effects of substitutes, technological mix and development. 
Energy Pol. 119, 226–241. 

Mancini, L., Eslava, N.A., Traverso, M., Mathieux, F., 2020. Responsible and Sustainable 
Sourcing of Battery Raw Materials. Luxembourg.  

Mero, J., 1965. The mineral resources of the sea. In: Mero, J. (Ed.), The Mineral 
Resources of the Sea. Elsevier, Amsterdam, pp. 273–293. 

Niner, H.J., Ardron, J.A., Escobar, E.G., Gianni, M., Jaeckel, A., Jones, D.O.B., Levin, L. 
A., Smith, C.R., Thiele, T., Turner, P.J., Van Dover, C.L., Watling, L., Gjerde, K.M., 
2018. Deep-sea mining with no net loss of biodiversity-an impossible aim. Front. 
Mar. Sci. 5. 

Norgate, T.E., Jahanshahi, S., Rankin, W.J., 2007. Assessing the environmental impact of 
metal production processes. J. Clean. Prod. 15, 838–848. 

Oberle, B., Bringezu, S., Hatfield-dodds, S., Hellweg, S., Schandl, H., Clement, J., 
Authors, C., Cabernard, L., Che, N., Chen, D., Droz, H., Ekins, P., Fischer- 
kowalski, M., Flörke, M., Frank, S., Froemelt, A., Geschke, A., Haupt, M., Havlik, P., 
Lenzen, M., Lieber, M., Liu, B., Lu, Y., Mehr, J., Miatto, A., Newth, D., Oberschelp, C., 
Obersteiner, M., Pfster, S., Piccoli, E., Schaldach, R., Sonderegger, T., 
Sudheshwar, A., Tanikawa, H., Voet, V. Der, Walker, C., West, J., Wang, Z., Zhu, B., 
Jouini, S.E., Ge, C., Groot, R.S. De, Kaviti, J., 2019. Global Resources Outlook 2019. 
Nairobi.  

OECD, 2020. Global Material Resources Outlook to 2060. Economic drivers and 
environmental consequences, Paris.  

Paulikas, D., Katona, S., Ilves, E., Ali, S.H., 2020. Life cycle climate change impacts of 
producing battery metals from land ores versus deep-sea polymetallic nodules. 
J. Clean. Prod. 275, 123822. 

Petersen, S., Krätschell, A., Augustin, N., Jamieson, J., Hein, J.R., Hannington, M.D., 
2016. News from the seabed – geological characteristics and resource potential of 
deep-sea mineral resources. Mar. Pol. 70, 175–187. 

R.A.F. Alvarenga et al.                                                                                                                                                                                                                        

https://doi.org/10.1016/j.jclepro.2021.129884
https://doi.org/10.1016/j.jclepro.2021.129884
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref1
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref1
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref1
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref2
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref2
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref2
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref3
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref3
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref4
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref4
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref5
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref5
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref5
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref7
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref7
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref7
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref7
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref8
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref8
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref8
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref8
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref9
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref9
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref9
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref9
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref10
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref11
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref11
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref11
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref12
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref12
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref12
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref12
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref13
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref13
https://doi.org/10.1080/08827508308952589
https://doi.org/10.1080/08827508308952589
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref15
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref15
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref15
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref15
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref15
https://science.sciencemag.org/content/289/5479/551
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref17
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref17
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref17
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref18
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref18
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref19
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref19
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref19
https://isa.org.jm/exploration-contracts
https://isa.org.jm/exploration-contracts
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref21
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref21
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref22
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref22
http://www.isa.org.jm/files/documents/EN/Pubs/GeoMod-web.pdf
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref24
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref24
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref24
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref24
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref25
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref25
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref26
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref26
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref26
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref27
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref27
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref28
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref28
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref29
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref29
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref29
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref29
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref30
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref30
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref31
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref31
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref31
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref31
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref31
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref31
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref31
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref31
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref32
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref32
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref33
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref33
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref33
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref34
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref34
http://refhub.elsevier.com/S0959-6526(21)04054-3/sref34


Journal of Cleaner Production 330 (2022) 129884

10
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