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Effects of climate change and ocean acidification 
on the marine environment
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Global emissions from fossil fuels and industry

?
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Carbon is not Carbon dioxide
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Carbon atomic weight = 12
Oxygen atomic weight = 16
Carbon dioxide molecular weight = 44

So weight of Carbon is 12/44 
= 27.3% of weight of CO2

CO2 = 3.67 x C
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Q:  How long does the train have to be to contain 10.2 Gt C (≈ 37.5 Gt CO2) ?

1 Gt = 1 Gigatonne = 1 billion tonnes

Each wagon is ~ 18m long, and contains 100 tonnes coal, which is equivalent to 80 tonnes C

www.rare-gallery.com Chris Sabine
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45 454 000 km    ≈     1134 x around the Earth

www.rare-gallery.com Chris Sabine

1 Gt = 1 Gigatonne = 1 billion tonnes



 Jon Havenhand   MAR461  2024 12

from “Life” Magazine, 1962

(courtesy Jelle Bijma)
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© shiftethos.com © ibtimes.com

acidification
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Short term:
- reverse emissions trajectory
- emissions peak by 2020

Medium term:
- maintain emissions trajectory
- ~3%.yr-1 reductions globally

Long term:
- net negative emissions
- unknown technologies



 Jon Havenhand   MAR461  2022

Title Text
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effect of rising CO2 atm on ocean climate and acidification
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?
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Global CO2 budget:  average  GtCO2 / yr  (2008 - 2017)
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➔ “greenhouse effect”

Global CO2 budget:  average  GtCO2 / yr  (2008 - 2017)
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26% of fossil CO2  

Global CO2 budget:  genomsnittlig  GtCO2 / yr  (2008 - 2017)Global CO2 budget:  average  GtCO2 / yr  (2008 - 2017)
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the oceans absorb increasing amounts of CO2
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/yr
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the oceans absorb increasing amounts of CO2
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the oceans absorb increasing amounts of CO2
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/yr

92%
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the oceans absorb increasing amounts of CO2
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/yr

26%92%
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increasing CO2 makes the oceans more acidic
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• CO2 uptake by the oceans ⇨ ocean acidification

• chemical balance depends on pH 

• at ocean pH (~ 8.0) most inorganic carbon is 
present as HCO3- 

• so increasing CO2 uptake causes dissolution of 
CaCO3

ocean acidification

58
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• since 1800 the oceans have become ~ 27% more acidic (≈ 0.1 pH) 

• RCP 8.5 (≈ SSP 5) projects oceans ~ 1.8 x more acidic by the year 2100

ocean acidification

59
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• since 1800 the oceans have become ~ 27% more acidic (≈ 0.1 pH) 

• RCP 8.5 (≈ SSP 5) projects oceans ~ 1.8 x more acidic by the year 2100 

• Largest & Fastest change in ocean pH for ~66 million years

ocean acidification
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daily pH Tjärnö Bay ~0.2m depth

• the worlds oceans are already ~0.1 pH units more acidic than 1800’s  ( ≈ 26%) 

• modelling projects ≈ 0.35 pH units more acidic by 2100 

- doesn’t sound like much but pH scale is log10 

- 0.35 pH units ≈ 2 x more acidic  

• but pH varies naturally daily

what will happen in an acidified ocean?

62
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• the worlds oceans are already ~0.1 pH units more acidic than 1800’s  ( ≈ 26%) 

• modelling projects ≈ 0.35 pH units more acidic by 2100 

- doesn’t sound like much but pH scale is log10 

- 0.35 pH units ≈ 2 x more acidic  

• but pH varies naturally daily – and seasonally

what will happen in an acidified ocean?

63
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effects on ecosystems

64

pH  ~ 8.1 pH  ~ 7.8 - 8.0
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• the worlds oceans are already ~0.1 pH units more acidic than 1800’s  ( ≈ 26%) 

• modelling projects ≈ 0.35 pH units more acidic by 2100 

- doesn’t sound like much but pH scale is log10 

- 0.35 pH units ≈ 2 x more acidic  

• but pH varies naturally daily – and seasonally – and stochastically (e.g. weather) 

• makes it very difficult to detect trends 

• to date there are no reported observations of the effects of ocean acidification on marine species in 

situ in Sweden

what will happen in an acidified ocean?

65
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Orr et al. 2005 Nature

“Business as usual”

carbonate  chemistry  –  Southern Ocean
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Title Text
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what will happen in an acidified ocean? (observations)
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pH  ~ 8.1 pH  ~ 7.8 - 8.0
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coral calcification rates
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coral calcification rates
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if you haven’t snorkelled on a coral 

reef, do it soon !
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• cold-water corals (Lophelia) 
unaffected by low pH & low Ωaragonite  

- if given sufficient food

what will happen in an acidified ocean? (experiments)

Form & Riebesell  (2011)  Global Change Biology
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• many different effects observed 

• Δ pH ≈ 0,3 – 0,4  

• direct effects:  pH influences 
- physiology 
- growth 
- survival 
- behaviour 
- taste 

• indirect effects:  pH influences other species /processes in 
the ecosystem that can affect the species 
(e.g. through competition)

what will happen in an acidified ocean? (experiments)

76

@ Sam Dupont
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• some species respond negatively

what will happen in an acidified ocean? (experiments)
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© Fredrik Pleijel
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© fisheries.no

• some species respond negatively 

• some species can handle acidification if they have 
sufficient food (energy)

what will happen in an acidified ocean? (experiments)

78
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© fisheries.no

• some species respond negatively 

• some species can handle acidification if they have 
sufficient food (energy) 

• some species appear unaffected, or even do 
better in acidified conditions

what will happen in an acidified ocean? (experiments)

79
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© fisheries.no

• some species respond negatively 

• some species can handle acidification if they have 
sufficient food (energy) 

• some species appear unaffected, or even do 
better in acidified conditions 

• much variation 
among populations 
and species

what will happen in an acidified ocean? (experiments)

80

© Fredrik Pleijel

© fisheries.no



  why worry ? 

what’s happening ?  –  patterns of change

what do we know ?  –  effects on cells - ecosystems

   multiple drivers ?

  what can we do ?



 Jon Havenhand   MAR461  2024

multiple  drivers

82

ocean pH

temperature

salinity

[O2] ?

eutrophication ?

fishing pressure ?

?
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• Mytilus and Pisaster are more abundant at higher T°

• Pisaster benefits more from warming than Mytilus does

• direct positive effect of  T° on Mytilus overwhelmed by negative indirect effect

Kordas et al (2011)  J.Exp.Mar.Biol.Ecol.

multiple  drivers
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• Mytilus and Pisaster are more abundant at higher T°

• Pisaster benefits more from warming than Mytilus does

• direct positive effect of  T° on Mytilus overwhelmed by negative indirect effect

Kordas et al (2011)  J.Exp.Mar.Biol.Ecol.

multiple  drivers

indirect effects of climate change in

the oceans are reall
y important !
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what can we do ?
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what can we do ?
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what can we do?

90Gattuso et al, 2015, Science
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https://www.compassscicomm.org
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tomorrow!
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• climate change is already influencing marine ecosystems 
‣ urgent need to understand how this is happenening 

‣ focus on multiple drivers (including acidification): 

- e.g. in seagrass beds warming & acidification drive ecosystems in same direction as eutrophication 

and overfishing 

- can reduce effects of warming and acidification by reducing other stressors 

• multiple drivers may be sub-additive,  additive,  or super-additive 
‣ now have tools to address these experimentally 

• reduce,  remove,  restore,  assist . . . 

95

what can we do?
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• https://climatescenario.org/primer/socioeconomic-development/ 

• https://www.globalcarbonproject.org  

• https://www.carbonbrief.org 

resources

98

https://climatescenario.org/primer/socioeconomic-development/
https://www.globalcarbonproject.org
https://www.carbonbrief.org


Opportunities with Renewable Wave Energy –
Challenges in the Design of Wave Energy Converters Systems

Professor Jonas W Ringsberg 
(Jonas.Ringsberg@chalmers.se; +46-(0)31-7721489)

CHALMERS UNIVERSITY OF TECHNOLOGY

Department of Mechanics and Maritime Sciences

Division of Marine Technology

Gothenburg, SWEDEN



Two questions for you
• How can wave energy be extracted from the ocean?

• What do you think are the biggest challenges with extracting wave 
energy offshore?
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Outline
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Wave energy in our oceans

Economic and technical challenges

Simulations and models

Experiences from a selection of studies

Concluding remarks



2025-03-13
Department of Mechanics and Maritime Sciences

Division of Marine Technology
Professor Jonas W Ringsberg, 

Wave energy in our oceans
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Mustapa et al. (2017)
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70% of the Earth’s surface is covered by oceans

Opportunity: an unlimited free resource of renewable wave energy

Challenges: technical, operational and economic
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Once upon a time in France 200 years ago, … 

US Wave Power Corporation New Jersey

Polinder (2012)Bernhoff et al. (2004) Bernhoff et al. (2004)

Innovation of concepts

To run pumps and sawmills “Bottling of wave energy” To run pumps and sawmills
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More than 1,000 patented concepts!
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Azura (New Zeeland)

WEPTOS (Denmark)

Eco Wave Power (Israel)

Pelamis (UK) ISWEC (Italy)

Sharp Eagle (China)
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Categorization of PTO systems
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Magagna & Uihlein (2015)

Solid bars indicate current cost

ranges, while shaded bars indicate 

expected future cost reductions

Economic and technical 
challenges
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Floating point absorbers
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AquaBuoy (Canada)

WaveEL (Sweden)PB3 PowerBuoy (USA)

CorPower Ocean (Sweden)

CETO 6 (Australia)
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Wave power farms – smart installations 
of single units into arrays of devices
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Artist’s impression of a wave energy farm 

(Illustration by Alfred Hicks, NREL)
Illustration from PB3 PowerBuoy (USA) 

Floating point-absorbers
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• MetOcean models and data

• Electrical engineering
• PTO system and characteristics

• Hydrodynamics response analysis
• Motions

• Energy production

• Structural response analysis
• Extreme loads – survivability 

• Fatigue of components – reliability

• Fouling models

• Reliability and maintenance

• Levelized cost of energy (LCoE)
• Optimization of the “system”

• Validation and verification
• Laboratory conditions

• Realistic conditions: trials and installations in the ocean

15

Simulations and models

(Illustration by Alfred Hicks, NREL)

Complex system → holistic analysis
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Experiences from a selection of 
studies

16

The WaveEL 3.0 WEC

Influnce from bioufouling

Dynamic power cables

WaveEL in array configurations
Projects, publications and results

Professor Jonas Ringsberg

https://research.chalmers.se/en/person/jwri
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The WaveEL 3.0 WEC
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Full-scale installation in Runde, Norway

WaveEL
Hub
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Validation of simulation procedures –
the SJTU deepwater ocean basin
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Motions and mooring forces: model scale 1:20

Yang, S.H., Ringsberg, J.W., Johnson, E. and Hu, Z. (2020). Experimental and numerical 

investigation of a taut-moored wave energy converter: a validation of simulated mooring line 

forces. Ships and Offshore Structures. https://doi.org/10.1080/17445302.2020.1772667.

doi:https://doi.org/10.1080/17445302.2020.1772667
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The WaveEL 3.0 WEC

• February, 2016

• Installation of the WEC

• May, 2017

• Installation of the hub and the power cable

• June-November, 2017

• Connected to the Norwegian grid

19
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Full-scale measurements

• Measurement system for mooring forces: Dacell CLM-T50 pressure sensor

• Mooring force measurements (2017): June 1 to July 3

20

Illustration of the pressure sensor installation: 

(1) bollard structure, (2) fixed structure, (3) pressure sensor, (4) WEC buoy, and (5) moving sledge.
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Full-scale measurements

• Measurement systems for WEC motions

• WEC motions measurements (2017): June 13 (15:00:00) to June 19 (22:00:00)

21

→ Rotation (MEMSIC VG-350)

→ Position track (JAVAD receiver & LEICA antenna)
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Influence from biofouling

22

(Source: M. Salta, 2014, Biomimetic 
strategies in antifouling coatings)

(Source: 
http://www.channelcoast.org/gallery/viewphoto/e
quipment/oceanographic_instruments/directiona

l_waverider/2004)

Biofouling affects the WEC system
• Motions

• Forces

• Fatigue life

• Maintenance

• Power performance

• LCoE

Biofouling models

• NORSOK (2007)

• Tiron et al. (2012)

Modelling

• Increase the masses and drag 
coefficients of the WEC, the moorings 
and the power cable
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Maintenance model and strategy

23

Yang, S.H., Ringsberg, J.W., Johnson, E. and Hu, Z. (2017). Biofouling on mooring lines 

and power cables used in wave energy converter systems - analysis of fatigue life and 

energy performance. Applied Ocean Research. https://doi.org/10.1016/j.apor.2017.04.002.
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Dynamic power cables

24

• Dynamic power cables
• Low bending stiffness

• Low torsional stiffness

• Relatively large axial stiffness

• Millions of load cycles every year
• Design life (mechanical fatigue life): 

10-15 years of operation

• Power cable functional requirements
• Minimise the loss in conductivity due to

degradation (fatigue, wear) of the conductors

• Ensure that the fiber optics cable will not fail

• The isolation material must remain intact

• Many scholars have contributed to develop 
the theory and the models required for the 
analysis of cable structures

• See Buitrago et al. (2013); Nasution (2013);
Thies et al. (2012); Yang et al. (2018)
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Deterioration mechanisms

• Mechanical fatigue

• Cyclic stress variations (axial, bending, twisting)

• Contact fatigue

• Fretting

• Fatigue growth of “water tree” defects

• Problem in e.g. polyethylene insulation materials

• New approach, see e.g. Young et al. (2018)

• Growth due to electrical loadings (Maxwell stress)

• Growth due to external loadings (mechanical stresses)
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Llavori et al. (2019)

Young et al. (2019)
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Response analysis

27

• Cable motions induced by the WEC,
waves and ocean current

• Internal reaction forces

• Axial forces

• Bending moments

• Twisting moments
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Response analysis

28
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Verification – cable fatigue test rig
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Rotating bending test

Rotating frequency: 1.5-2 Hz

The bending radius can be adjusted
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WaveEL in array configurations

31

Ringsberg, J.W., Jansson, H., Örgård, M., Yang, S.H. and Johnson, E. (2020). Design of mooring 

solutions and array systems for point absorbing wave energy devices - methodology and application. 

Journal of Offshore Mechanics and Arctic Engineering. https://doi.org/10.1115/1.4045370.

4 Top concepts7 Concepts
Kesselring 

matrix
Pugh matrix22 Concepts
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The StarBuoy conecpt

32

Yang, S.H., Ringsberg, J.W. and Johnson, E. (2020). Wave energy converters in array 

configurations—Influence of interaction effects on the power performance and fatigue of 

mooring lines. Ocean Engineering. https://doi.org/10.1016/j.oceaneng.2020.107294.
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Concluding remarks

• Wave energy has an important role in the global production of renewable energy

• The derivative of innovation pace of new WEC concepts is steep

• Competetive market, many developers do not survive “the valley of death”

• The EMEC (http://www.emec.org.uk) test-sites are important for validation and verification

• LCoE is too high compared to other energy sources

• Future research and development

• Integrate knowledge between academia, research institutes and industry

• Apply simulation procedures and models, and business models, 
in holistic analyses making use of LCoE as a tool33

http://www.emec.org.uk/


Two questions for you
• How can wave energy be extracted from the ocean?

• What do you think are the biggest challenges with extracting wave 
energy offshore?
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