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Abstract  
 
Photovoltaic panels have traditionally been solely considered as ground mounted 
structures. With increases in land competition, for example agriculture, could large 
scale photovoltaic arrays be better suited to the offshore environment? This 
proposal will aim to outline the research which will be conducted to determine the 
feasibility of offshore photovoltaic deployment, together with any consequential 
benefits and impacts of such a technology. 
 
This research will focus on determining the net yield which would be expected for 
a PV offshore device compared to a ground mounted one, and consequently its 
economics and benefits with regards to other offshore technologies. It will also 
explore the benefits of heat sink underlying the photovoltaic panels. Following the 
design and simulation, a small scale trial deployment will take place, for testing 
and performance assessment purposes. 
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1 Introduction  
 
Advances in renewable energy technology have resulted in large scale offshore 
deployment of new technologies, exploiting wind, tidal and wave energy. 
 
7ÁÔÅÒ ÃÏÖÅÒÓ ÁÌÍÏÓÔ χρϷ ÏÆ ÔÈÅ ÅÁÒÔÈȭÓ ÓÕÒÆÁÃÅȠ ÈÅÎÃÅ Á ÇÒÅÁÔ ÐÒÏÐÏÒÔÉÏÎ ÏÆ ÔÈÅ 
solar resource is not exploitable using traditional onshore photovoltaic (PV) arrays 
and configurations.   
 

 
Figure 1: Global solar radiation (Stewart, 2009)  

 
This proposal details a research programme which will investigate the use of 
photovoltaic technology on marine and lacustrine environments. It aims to 
demonstrate that offshore solar PVs floating, on either the surface of the sea 
(marine) or freshwater lakes (lacustrine), offer a viable potential for offshore 
energy generation. 
 
This research aims to enable the framework which might lead to the deployment of 
offshore photovoltaic solar farmsȟ ÓÏ ÅØÐÌÏÉÔÉÎÇ Á ÆÒÁÃÔÉÏÎ ÏÆ ÔÈÅ χρϷ ÏÆ ÔÈÅ %ÁÒÔÈȭÓ 
surface. It will also look at possible implications arising from the installation of the 
PV array to the surrounding environment, in terms of social and ecological 
impacts. Changes in the PV array configuration will be investigated as required, to 
mitigate the impacts they generate. 
 

2 Motivation & Initial Concepts  

2.1 Offshore PV comparison with other offshore technologies  
In order to compare the differences between an offshore PV scheme and current 
offshore technology, the technology examples in Table 2 have been collated. The 
estimates for the offshore photovoltaic installations assume: 
¶ 50%1 of the footprint is being occupied by the PV floating devices 
¶ horizontal surface for the PV collectors 

                                                        
1 Refer to page 17. 
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¶ the temperature and thermal contact of the water was not taken into 
account, although the temperature of the air was taken to be the 
temperature of the PVs. 

 
Footprint :  the footprint area is taken to be the area required for the total 

development of the project. This includes the spacing requirement 
between one device and another in the offshore farm, required to limit 
the wake effects and mooring spacing requirement.  

 

 

Figure 2: Horns Rev wind farm wake effect testing (Aeolus, 2010)  

For the wind, wave and tidal examples, as shown in Table 2, the capacity factor for 
each of the technologies was determined through the actual yield (kWh). Where 
this was not available the expected yield from that project was used to calculate 
the capacity factor. The actual power output from a photovoltaic module is 
dependent upon the light intensity at the location where it is installed, so the 
capacity factor would change geographically and two extremes of latitude, polar 
and equatorial, are used in Table 2.  
 

ὅὥὴὥὧὭὸώ Ὂὥὧὸέὶȟὅ
ὃὧὸόὥὰ ὣὭὩὰὨ

ὓὥὼὭάόά ὣὭὩὰὨ
 

 
Ὂέὶ έὪὪίὬέὶὩ ὖὠίȡ    ὃὧὸόὥὰ ὣὭὩὰὨ ὋȢὴȢὃȢ–Ȣὒ  

 

The yield of a PV array ÉÓ ÄÅÐÅÎÄÅÎÔ ÏÎ ÔÈÅ ÓÉÔÅȭÓ ÓÏÌÁÒ ÉÎÓÏÌÁÔÉÏÎȟ 'ɼ (kWh/m 2), the 
packing density ratio, p, ÔÈÅ ÃÏÌÌÅÃÔÏÒȭÓ ÓÕÒÆÁÃÅ ÁÒÅÁȟ ! (m2), the module efficiency, 
ʂ (%) and the miscellaneous losses, Lm (%) such as the array and transmission 
losses. The maximum yield considers a constant output at peak power (kWp) from 
the PV panels, corresponding to the period in which the panels were exposed to 
solar insolation. 

Table 1: Latitude specific capacity factors  for PV technologies  

Latitude 90° 80° 70° 60° 50° 40° 30° 20° 10° 0° 

Thin Film  10.7% 9.4% 10.6% 12.0% 14.1% 17.6% 22.3% 25.8% 25.5% 25.6% 

Crystalline 8.6% 7.5% 8.5% 9.6% 11.3% 14.0% 17.9% 20.6% 20.4% 20.5% 

 
Latitude -10° -20° -30° -40° -50° -60° -70° -80° -90° 

 
Thin Film  25.3% 25.5% 23.0% 18.2% 13.5% 10.9% 11.2% 12.8% 14.3% 

 Crystalline 20.2% 20.4% 18.4% 14.5% 10.8% 8.7% 8.9% 10.2% 11.4% 
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Table 2: Offshore technologies case studies  

 

Project Name Type Technology Installation 
Design 

Life 
Footprint 

Installed 
Capacity 

Capacity 
Factor 

CAPEX 
CAPEX

2
 

Currency 
O&M 
Costs 

O&M
2 

Currency 
O&M 
Year 

North Hoyle Wind Turbine 2003 20 Yrs [1] 10.000 km²  60.00 MW 34.3% [1] 81.00 M [1] GBP 3,438.00 k/yr [25] EUR 2006 

Horns Rev I Wind Turbine 2002 20 Yrs [2] 20.000 km² [10] 160.00 MW 39.0% [16] 272.00 M [20] EUR 10,295.00 k/yr [25] EUR 2006 

Thanet Wind Turbine 2010 20 Yrs [3] 35.000 km² 300.00 MW 36.0% [17] 780.00 M [21] GBP 18,921.60 k/yr  GBP 2010 

Kentish Flats Wind Turbine 2005 20 Yrs [4] 10.000 km² 90.00 MW 33.5% [18] 105.00 M [18] GBP 5,037.00 k/yr [25] EUR 2006 

La Rance Tidal Barrage 1967 120 Yrs [5] 22.000 km² [11] 240.00 MW 25.7% [12] 620.00 M [12] FRF 9,725.70 k/yr [26] EUR 2007 

Strangford Lough Tidal TCTs 2008 20 Yrs [6] 0.011 km² [12] 1.20 MW 22.8% [19] 8.54 M [22] GBP 63.42 k/yr [27] GBP 2008 

RITE
3
 Project Tidal TCTs 2005 20 Yrs [7] 0.053 km²[7] 5.00 MW 24.0% 12.00 M [7] USD 392.40 k/yr [28] USD 2009 

Lake Sihwa Tidal Barrage 2010 120 Yrs [5] 42.441 km²[13] 254.00 MW 24.8% [13] 355.00 M [13] USD 9,932.57 k/yr [27] EUR 2007 

Aguçadoura Wave Pelamis 2008 15 Yrs [8] 0.220 km² [14] 2.25 MW 30.0% 8.50 M [23] EUR 408.00 k/yr [29] CAN 2006 

Wave Hub Wave Various 2010 15 Yrs 8.000 km² [15] 20.00 MW 30.0% 74.66 M [24] GBP 1,743.40 k/yr [27] EUR 2010 

Location Latitude Type PV Type  ́ Installation Life Footprint Inst. Cap. C.F. CAPEX Currency O&M Costs Currency Year 

Polar 90° Solar Crystalline 14% 2010 20 Yrs 1.000 km² 70.00 MW 8.6% 281.40 M CAN 189.00 k/yr USD 2008 

Equatorial 0° Solar Crystalline 14% 2010 20 Yrs 1.000 km² 70.00 MW 20.5% 281.40 M CAN 189.00 k/yr USD 2008 

Polar 90° Solar Thin Film 10% 2010 20 Yrs 1.000 km² 40.00 MW 10.7% 77.20 M CAN 72.00 k/yr USD 2008 

Equatorial 0° Solar Thin Film 10% 2010 20 Yrs 1.000 km² 40.00 MW 25.6% 77.20 M CAN 72.00 k/yr USD 2008 

 
Numbered references listed in reference list section D.1 

                                                        
2 Currencies to be converted to 2010 Canadian Dollars 
3 Roosevelt Island Tidal Energy (RITE) project 

http://webarchive.nationalarchives.gov.uk/+/http:/www.berr.gov.uk/files/file41542.pdf
http://webarchive.nationalarchives.gov.uk/+/http:/www.berr.gov.uk/files/file41542.pdf
http://webarchive.nationalarchives.gov.uk/+/http:/www.berr.gov.uk/files/file41542.pdf
http://www.ewea.org/fileadmin/ewea_documents/documents/publications/reports/Economics_of_Wind_Main_Report_FINAL-lr.pdf
http://www.hornsrev.dk/Miljoeforhold/miljoerapporter/ECONOMIC%20VALUATION%20OF%20THE%20VISUAL%20EXTERNALITIES%20OF%20OFF-SHORE%20WIND%20FARMS.pdf
http://www.2004ewec.info/files/23_1600_leojensen_01.pdf
http://www.ens.dk/da-DK/Info/TalOgKort/Statistik_og_noegletal/Oversigt_over_energisektoren/Stamdataregister_vindmoeller/Documents/AnlaegProdTilNettet.xls
http://www.vcerc.org/VCERC_Final_Report_Offshore_Wind_Studies_Full_Report_newest.pdf
http://www.ewea.org/fileadmin/ewea_documents/documents/publications/reports/Economics_of_Wind_Main_Report_FINAL-lr.pdf
http://www.vattenfall.co.uk/en/file/Decommissioning_plan_2008_9002138.pdf
http://oro.open.ac.uk/8395/1/Wind_31-2-Boyle.pdf
http://www.telegraph.co.uk/comment/columnists/christopherbooker/8025148/The-Thanet-wind-farm-will-milk-us-of-billions.html
http://www.globalmarinesystems.com/energy/Case_Studies/kentish_flats
http://www.decc.gov.uk/assets/decc/what%20we%20do/a%20low%20carbon%20uk/1_20091120130334_e_@@_kentishflats3rdannualreport2008.pdf
http://www.decc.gov.uk/assets/decc/what%20we%20do/a%20low%20carbon%20uk/1_20091120130334_e_@@_kentishflats3rdannualreport2008.pdf
http://www.ewea.org/fileadmin/ewea_documents/documents/publications/reports/Economics_of_Wind_Main_Report_FINAL-lr.pdf
http://fellsassociates.awardspace.com/site/LinkedDocuments/Pragmatic%20Energy%20Policy1.pdf
http://www.gcktechnology.com/GCK/Images/ms0032%20final.pdf
file:///H:/PhD%20NRE/Literature/Offshore%20Technologies/La%20Rance%2010%20Years%20of%20Experience.pdf
http://www.wyretidalenergy.com/tidal-barrage/la-rance-barrage
http://www.niassembly.gov.uk/io/research/2009/1409.pdf
http://www.alaska.edu/uaf/cem/ine/aetdl/conferences/2008Presentations/TidalEnergyEPRI.M.Previsik.pdf
http://www.maritimejournal.com/news101/two-million-kwh-milestone-for-tidal-turbine
http://www.power-technology.com/projects/strangford-lough/
https://ceprofs.civil.tamu.edu/jzhang/oe402class/smith_may10.pdf
http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6V4F-4Y95RVV-1-Y&_cdi=5757&_user=1067249&_pii=S0029801810000235&_origin=search&_coverDate=04/30/2010&_sk=999629994&view=c&wchp=dGLbVzW-zSkzS&md5=f387a0abc882890e3196658634e9df88&ie=/sdarticle.pdf
http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6V4F-4Y95RVV-1-Y&_cdi=5757&_user=1067249&_pii=S0029801810000235&_origin=search&_coverDate=04/30/2010&_sk=999629994&view=c&wchp=dGLbVzW-zSkzS&md5=f387a0abc882890e3196658634e9df88&ie=/sdarticle.pdf
http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6V4F-4Y95RVV-1-Y&_cdi=5757&_user=1067249&_pii=S0029801810000235&_origin=search&_coverDate=04/30/2010&_sk=999629994&view=c&wchp=dGLbVzW-zSkzS&md5=f387a0abc882890e3196658634e9df88&ie=/sdarticle.pdf
http://www.inference.phy.cam.ac.uk/sustainable/refs/PelamisStatus.pdf
http://www.r-e-a.net/document-library/events/rea-events-2008-1/watts-2008/AndrewScott_Pelamis.pdf
http://www.climnetcee.org/CCNEWS/2008sep29.pdf
http://www.bren.ucsb.edu/academics/courses/254/Readings/Dunnett%20and%20Wallace%202008.pdf
http://www.hayletowncouncil.net/documents/wavehub.pdf
http://www.wcbn.co.uk/documents/55455dc9-b9f8-43e4-9c01-1db2607c623c.pdf
http://www.investni.com/economic_study_for_ocean_energy_development_in_ireland.pdf
http://onlinelibrary.wiley.com/doi/10.1002/pip.770/pdf
http://onlinelibrary.wiley.com/doi/10.1002/pip.770/pdf
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The solar insolation values used to calculate the capacity factors (Table 3) in Table 
1 were averages across the longitudes for each latitude. The calculation was 
conducted using a packing density ratio of 50%4 and efficiencies of 14% and 10% 
for the crystalline and thin film panels respectively. The miscellaneous losses 
included 10% inverter losses and 5% transmission losses.  
 
 

Table 3: Solar insolation matrix in kWh/m 2/day , Gb (NASA, 2008) 

 
 

A comparative analysis was conducted for the projects in Table 2 in order to 
highlight the economic and physical benefits of these technologies. For the 
economical analysis, capital costs were all levelised to 2010 in CAN $ and then 
annuitised, assuming a discount rate of 7.5%. Electricity generation costs were 
determined using these annuitised costs together with the operations and 
maintenance (O&M) costs, and these totals were divided by the yields 
(kWh/annum). With Ko and K being the CAPEX/O&M costs and annuitised 
CAPEX/O&M costs respectively, in accordance with the design lifetime, n. 
 

ὃὲὲόὭὸὭᾀὩὨ ὅέίὸȟὑ ὑȢ
Ὥ

ρ ρ Ὥ
 

 
The original costs had to be primarily inflated to 2010 prices, prior to being 
annuitised. The inflation rates which were applied were taken from the Chemical 
Engineering Plant Cost Index (CEPCI).  With the inflated cost calculated as a 
product of the original cost and the ratio of the price index for the year of inflation 
to the year of installation. 

                                                        
4 Refer to page 17. 

90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90

180 2.40 2.19 2.57 2.48 2.60 3.18 4.95 6.00 5.83 6.27 5.22 5.39 5.07 4.41 3.15 2.49 2.20 2.48 3.19

160 2.40 2.17 2.48 2.83 3.00 3.17 4.79 6.04 5.97 5.91 4.95 5.88 5.30 4.15 3.08 2.24 2.18 2.48 3.19

140 2.40 2.20 2.33 2.98 3.38 3.42 4.45 5.79 5.71 5.43 5.64 6.03 5.19 4.25 3.09 2.37 3.44 3.29 3.19

120 2.40 2.18 2.36 2.97 3.68 4.31 3.69 5.14 5.72 5.11 5.54 6.59 5.68 4.09 2.97 2.39 3.46 3.39 3.19

100 2.41 2.01 2.17 2.86 3.77 4.67 4.83 4.78 5.32 4.60 5.61 5.73 4.93 3.88 2.98 2.52 3.35 3.38 3.23

80 2.41 2.14 2.20 2.76 3.65 4.54 4.81 5.11 5.77 5.46 5.31 5.76 5.17 4.02 2.92 2.51 3.22 3.36 3.23

60 2.41 1.69 2.35 2.67 3.68 4.45 5.39 6.24 6.28 6.00 5.71 5.90 5.34 4.03 3.05 2.47 3.46 3.30 3.23

40 2.41 2.05 2.06 2.64 3.26 3.82 5.62 5.66 6.03 5.65 6.14 6.21 5.36 3.94 2.74 2.56 2.40 3.30 3.23

20 2.41 1.91 2.13 2.98 2.90 4.21 5.13 6.48 5.87 4.90 5.37 5.90 5.86 4.03 2.69 2.55 2.22 3.35 3.23

0 2.41 2.10 1.82 2.49 3.17 4.30 5.76 5.98 5.55 5.58 5.51 5.40 5.29 3.82 2.56 2.54 2.16 3.20 3.23

-20 2.42 1.96 2.29 2.35 2.88 4.05 5.40 6.16 5.89 6.31 6.52 6.29 5.12 3.79 2.63 2.49 2.24 3.01 3.20

-40 2.42 2.70 3.23 2.43 2.53 3.96 5.39 5.98 5.77 6.05 5.51 4.82 4.74 4.05 2.98 2.41 2.15 2.39 3.20

-60 2.42 2.04 2.45 2.60 3.19 3.64 5.18 6.10 6.00 4.94 4.86 4.98 4.86 4.75 3.82 2.54 2.27 2.46 3.20

-80 2.42 1.90 2.39 2.85 3.30 3.68 4.99 6.05 5.31 4.20 5.49 4.97 5.18 4.20 3.16 2.47 2.04 2.47 3.20

-100 2.42 2.10 2.58 2.74 3.46 4.30 4.91 5.60 5.64 6.28 6.19 6.09 5.34 3.93 3.11 2.40 2.32 2.93 3.20

-120 2.42 2.19 2.52 2.91 3.48 4.86 4.92 5.16 5.18 6.81 6.84 6.27 4.95 3.84 3.07 2.26 2.12 2.56 3.20

-140 2.40 2.20 2.57 2.81 2.85 3.66 4.94 5.59 5.40 6.87 6.57 5.71 4.70 3.94 3.10 2.30 2.20 2.46 3.19

-160 2.40 2.18 2.26 2.41 2.77 3.47 5.09 6.07 5.70 6.75 5.75 5.39 4.87 4.07 3.16 2.38 2.14 2.40 3.19

-180 2.40 2.19 2.57 2.47 2.61 3.19 4.96 6.01 5.83 6.29 5.24 5.39 5.08 4.37 3.13 2.49 2.15 2.45 3.19

Avg. 2.41 2.11 2.39 2.70 3.17 3.94 5.01 5.79 5.72 5.76 5.68 5.72 5.16 4.08 3.02 2.44 2.51 2.88 3.21

Latitude

L
o
n
g
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u
d
e
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By annuitizing all the costs to a common year and currency the cost per kWh, 
which includes the CAPEX per kWh and the O&M per kWh, could be estimated. 
This is the electricity generation cost for each of the projects.  
 

 

Figure 3: Economic analysis of various offshore technologies   

 
Table 4: Yield and installed capacity per km 2 of footprint for the offshore technologies  

Project Name 
Installed 
Capacity 

Footprint C.F. 
Yield 

(MWh) 
kWh/kW MW/km² GWh/km² 

North Hoyle 60.00 MW 10.00 km² 34.3% 180,280.80 3004.7 6.00 18.0 

Horns Rev I 160.00 MW 20.00 km² 39.0% 546,624.00 3416.4 8.00 27.3 

Thanet 300.00 MW 35.00 km² 36.0% 946,080.00 3153.6 8.57 27.0 

Kentish Flats 90.00 MW 10.00 km² 33.5% 264,114.00 2934.6 9.00 26.4 

La Rance 240.00 MW 22.00 km² 25.7% 540,316.80 2251.3 10.91 24.6 

Strangford Lough 1.20 MW 0.01 km² 22.8% 2,396.74 1997.3 107.14 214.0 

RITE Project 5.00 MW 0.05 km² 24.0% 10,512.00 2102.4 95.24 200.2 

Lake Sihwa 254.00 MW 42.44 km² 24.8% 551,809.92 2172.5 5.98 13.0 

Aguçadoura 2.25 MW 0.22 km² 30.0% 5,913.00 2628.0 10.23 26.9 

Wave Hub 20.00 MW 8.00 km² 30.0% 52,560.00 2628.0 2.50 6.6 

Crystalline: Polar 70.00 MW 1.00 km² 8.6% 52,635.56 751.9 70.00 52.6 

Crystalline: Equatorial 70.00 MW 1.00 km² 20.5% 125,794.15 1797.1 70.00 125.8 

Thin Film: Polar 40.00 MW 1.00 km² 10.7% 37,596.83 939.9 40.00 37.6 

Thin Film: Equatorial 40.00 MW 1.00 km² 25.6% 89,852.96 2246.3 40.00 89.9 
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Figure 4: Economic analysis of offshore PVs at different latitudes  

 

 

Figure 5: Yield per km 2 of footprint for the offshore PVs (refer to appendix)  

 
Figure 3 indicates that the wind and tidal barrage technologies provide the most 
economical cost of electricity generation out of the whole array of conventional 
offshore technologies. It also shows that only the Lake Sihwa tidal barrage project 
offers a lower cost of electricity generated than equatorially installed offshore thin 
film PV. Combining the results from Figure 4 and Figure 5, it is evident that the 
higher the specific yield, the lower the electricity generation costs. The higher 
specific yields, for the PV arrays, result in the central latitudes where the solar 
insolation is significantly higher. For the PV devices the O&M costs are close to 
negligible, thus reducing the electricity generating costs.  
 
Figure 4 further shows that thin film PV installations may compete favourably with 
large scale offshore wind developments between latitudes of +/-50oN. Such 
regions include, the English Channel, the seas around Isla Mornington off the west 
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coast of Chile, the seas around Stewart Island, south of New Zealand, seas south of 
the most southerly tip of the Kamchatka peninsula, all of the Caspian Sea and all of 
the Canadian Great Lakes. 
 

 

Figure 6: Economic and yield comparison for the offshore technologies  in order of cost  

 
When the generating costs were compared with the specific annual yield Figure 6 
resulted. Since the projects are ordered according to the electricity generation 
costs each peak indicates a higher specific yield relative to its generation cost.  

2.2 Potential benefits of cooled PV devices  

The operating temperature of a PV panel results from an equilibrium between the 
heat generated by the PV panel, in conversion of incident energy, and the heat lost 
to its surroundings, as indicated Figure 7. The efficiency and hence the power 
output of a PV module is inversely proportional to its temperature, a relation 
which is expressed through the PV temperature coefficient (King, Kratochvil, & 
Boyson, 1997). 
 

 

Figure 7: Heat loss through a PV panel 
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Table 5 shows the temperature coefficients for a specific PV panel from a testing 
case study (Laboratory PHOTON, 2010): 

Table 5: Reference temperature coefficients for a 230W p poly c-Si panel. 

 Temperature Coefficient  
(%/K)  

Temperature Coefficient Pm -0.4342 
Temperature Coefficient VOC -0.3257 
Temperature Coefficient ISC 0.0541 
Temperature Coefficient Vmpȟ ɼ -0.4088 
Temperature Coefficient Impȟ ɻ -0.0281 
4ÅÍÐÅÒÁÔÕÒÅ #ÏÅÆÆÉÃÉÅÎÔ -ÏÄÕÌÅ %ÆÆÉÃÉÅÎÃÙȟ ɾ -0.4342 
Temperature Coefficient Fill Factor FF -0.1736 

 
The power is the product of the current and voltage, P = IV. The subscript m 
indicates maximum, while subscript p indicates power. Therefore for the 
maximum power, Pm is the product of Imp and Vmp for current and voltage 
respectively, at maximum power.  
 

 
Figure 8: Power parameters of a PV panel (National Instruments, 2010)  

Isc is the short circuit current, which is also the maximum current in the IV curve of 
a PV panel. Voc is the open circuit voltage, it being the maximum voltage in an IV 
curve, as illustrated in Figure 8. The efficiency of a PV panel is the ratio of the 
electrical power given out by the panel to the electromagnetic power put into the 
panel. The electromagnetic power put in would correspond to the power of solar 
ÉÎÓÏÌÁÔÉÏÎ ÆÁÌÌÉÎÇ ÏÎ ÔÈÅ ÃÏÌÌÅÃÔÏÒȭÓ ÓÕÒÆÁÃÅȟ ÂÅÉÎÇ ρπππ7ȾÍ2 at standard 
temperature conditions (STC). The fill factor (FF), illustrated in Figure 9, is a 
measure of quality of the solar cell which can be determined as shown in the 
following equation. 

 
Figure 9: Fill factor from an IV curve (National Instruments, 2010)  
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Two temperature coefficients appear in the following equations, describing 
current and voltage variation with temperature under steady irradiation 
conditions, as given by Kalogirou (2009): 
 

Ὅ Ὕ Ὅρ ‌ȢЎὝ   ὠ Ὕ ὠ ρ ‍ȢЎὝ 

 
ɻ ÁÎÄ ɼ are the temperature coefficients for the current, Imp, and voltage, Vmp, at 
maximum power, at a temperature varying from STC. Where Io and Vo are the 
current and voltage at maximum power, at STC ÁÎÄ Ў4 ÉÓ ÔÈÅ ÃÈÁÎÇÅ ÉÎ 
temperature between T and the STC temperature ɉЎ4Ѐ4 ɀ TSTC), which is set at 
25°C.  
 

ὄόὸ –
ὖ

ὖ

Ὅ ὝȢὠ Ὕ

ρπππὡ άϳ

Ὅρ ‌ȢЎὝȢὠ ρ ‍ȢЎὝ

ρπππὡ άϳ
 

 
 

ᵼ ὖ ὍȢὠ ὍȢὠȢЎὝ‌ ‍ ‌‍ 
 
As can be noted from Table 5ȟ ɻ ÁÎÄ ɼ ÁÒÅ ÂÏÔÈ ÎÅÇÁÔÉÖÅ ÁÎÄ ÌÅÓÓ ÔÈÁÎ ρ ÇÉÖÉÎÇ Á 
negative value within the brackets. Thus the larger the temperature difference 
above 25oC, the smaller the power output would be; the larger the temperature 
difference below 25oC, the greater the power output would be.  The power output 
is directly proportional to the module efficiency, provided that the irradiation is 
constant. This implies that an increase in temperature would produce lower 
ÏÕÔÐÕÔ ÐÏ×ÅÒ ÁÎÄ ÓÏ Á ÄÅÃÒÅÁÓÅ ÉÎ ÔÈÅ ÍÏÄÕÌÅȭÓ ÅÆÆÉÃÉÅÎÃÙȟ ÔÈÉÓ ÉÓ ÄÅÍÏÎÓÔÒÁÔÅÄ ÉÎ 
Figure 10.  If the trend line was extended to lower operating temperatures higher 
PV efficiencies would be expected since: 
 

–θ
ρ

Ὕ
 ͅͅͺͅͅͺͅͅͺͅͅ ͺͅͅ ͺͅͅ ͺͅͅ ͺͅͅ ͺͅͅ–Ὕ – ρ ‎ЎὝ 

 
where ʂ ɀ module efficiency (%) 
 T ɀ module operating temperature (K) 
 ɾ ɀ temperature coefficient module efficiency (%/K) [ᵼ ɾЀɻϹɼϹɻɼɎ 
 

 
Figure 10: Recorded results for efficiency vs. temperature (Laboratory PHOTON, 2010) . 

Temp. Coefficient = -0.4342%/K 
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Thus if the efficiency of the module behaves as indicated by the thermal coefficient 
equation, significant improvements in output power or yield could be made for the 
energy extraction from a PV panel over a cooler surface. Consequently in situations 
where PV panels are operated while being cooled, the yield (kWh/annum) of these 
installations will be significantly higher (Maiti et al, 2010). Reports on 
performance assessment of PV panels in extreme cold environments are somewhat 
limited, with the main reference being from Williams and Rand (2000) who 
investigated the survivability and performance of PV panels in the South Pole. This 
ÒÅÓÅÁÒÃÈ ÉÓ ÔÈÏÕÇÈ ÎÏÔ ÄÉÒÅÃÔÌÙ ÒÅÌÁÔÅÄ ÔÏ ÔÈÅ 06 ÐÁÎÅÌȭÓ ÐÅÒÆÏÒÍÁÎÃÅ ÉÎ ÔÅÒÍÓ ÏÆ 
the temperature coefficient, thus further testing would be required to prove the 
linearity of the temperature coefficient, even at extremely low temperatures. 

2.2.1 Heat loss mechanisms for PV panels  

There are three main heat loss mechanisms through which heat can be lost 
through a PV panel and to the surrounding atmosphere. These are radiation, 
convection and conduction.  
 

 

Figure 11: Heat loss mechanisms in a PV panel (Honsberg & Bowden, 2010)  

By exploring each mechanism of heat transfer with respect to the alternate contact 
media, these being water or ice instead of air, the increase/decrease in heat loss 
can investigated and its impact on efficiency and yield determined. At this stage, it 
is expected that water temperatures will always be lower than ambient air 
temperature, and water bodies will offer a heat sink effect, thus efficiencies and 
yields are expected to be higher than land based installations (other parameters 
considered constant). 
 

Radiation : is the only heat transfer mechanism which does not require a 
medium through which to travel. This is because heat is transmitted 
from one location to another by waves. These electromagnetic waves 
are classified as infrared waves within the electromagnetic 
spectrum. Radiation arises from a temperature difference between 
two bodies.  

 

 ὖ ‐ɇ„ɇὝ  Ὕ  
  

 where ʀ ɀ emissivity of the PV surface  
  ʎ ɀ Stefan-Boltzmann constant (W·mϺς·KϺτ) 
  T ɀ operating temperature of PV module (K) 
  Tmedium ɀ medium temperature (K) 
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 For two identical devices one onshore and the other offshore, the 
emissivity would be the same since the same PV module is being 
considered. Thus radiation would only be varying according to the 
temperature component, since the Stefan-Boltzmann component is a 
constant. So the greater the difference between the two bodies the 
more heat would be radiated. This implies that the hotter the PV 
panel, or the cooler the contact medium, the more heat can be lost 
through radiation. 

 
Convection : involves the transfer of heat across a solid boundary by the motion 

ÁÎÄ ÔÈÅ ÍÉØÉÎÇ ÏÆ ȰÍÁÃÒÏÓÃÏÐÉÃȱ ÐÏÒÔÉÏÎÓ ÏÆ Á ÆÌÕÉÄ (Cebeci, 2002).  
 
 ὖ ὬɇὃɇЎὝ 
  
 where h ɀ convective heat transfer coefficient (W·mϺς·KϺ1) 
  A ɀ surface area of heat transfer (m2) 
  Ў4 ɀ change in temperature between PV and medium (K) 
 
 Heat transfer by convection is more difficult to analyse than heat 

transfer by radiation, because no single property of the heat transfer 
medium can be defined to describe the medium. This is due to the 
convective heat transfer component which relies on: 

 
¶ the thermal conductivity of the medium, k 
¶ Nusselt number, Nu 
¶ characteristic length, L 

 
Where the Nusselt number is a dimensionless number depending on 
the kinematic viscosity, the thermal expansion coefficient (°C-1), 
thermal diffusivity  (m2/s) , temperature (°C) and the characteristic 
length (m).  

 
Conduction : is the transfer of thermal energy between molecules in matter due to 

a thermal gradient. 
 
 ὖ Ὧɇὃὰɇϳ ЎὝ 
 where k ɀ ÍÁÔÅÒÉÁÌȭÓ ÔÅÍÐÅÒÁÔÕÒÅ ÃÏÎÄÕÃÔÉÖÉÔÙ ɉW·mϺ1·KϺ1) 
  A ɀ surface area of heat transfer (m2) 
  l ɀ length of matter through which heat transfer applies (m) 
  Ў4 ɀ change in temperature between PV and medium (K) 
 
 The temperature of the heat transfer medium and thermal 

conductivity of the medium accounts for conduction. In ground 
mounted structures the heat transferred by conduction is negligible, 
because of the small surface area of the struts which are in contact 
with the ground and due to the low thermal conductivity of the air 
which is in contact with the surface of the PV panel (Zauscher, 2006). 
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2.3 Initial concepts  

The offshore environment introduces particular requirements in the design of the 
PV developments that are not significant for onshore installations. These are: 
¶ Survivability  
¶ High yield 
¶ High reliability  
¶ Maintainability  
¶ Accessibility 

 
Other factors which will be considered in the design are: 
Å Buoyancy 
Å Self-cleaning (to reduce O&M costs) 
Å Anti-fouling protection (to reduce O&M costs) 
Å Modular or scalable for large scale application 
Å PVs cooled to allow enhanced yields 
Å Heating element incorporation to ensure availability in lacustrine 

environments  that seasonally freeze 
Å Easily deployed 
Å Materials with least environmental impacts or those which mitigate the 

impacts 
Å Electrically safe connections, access to electrical systems during operation 

phase for maintenance 
Å Seakeeping configuration which allows  higher installation packing  

  
Two preliminary conceptual designs have been provided (Figure 12 and Figure 13) 
as an initial illustration of floating photovoltaics schemes which will be 
investigated in this study. Concept design I relies on an articulating frame upon 
which rigid silicon PV panels could be mounted. This kind of the device would have 
to be catenary moored and could have a heating element embedded within the 
structure, for regions which are prone to snow/ice accumulation.  
 

 

Figure 12: Concept design I 
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Concept design II integrates the properties of flexible thin film PV together with 
that of fixed buoy. This design could also be embedded with a heating element, 
while the central buoy could have a double purpose: station keeping of the 
structure and to ensure a waterproof casing for the electrical connections. The 
outer buoys help maintain the overall shape of the flexible structure, due to surface 
loads (eg. wind shear).  
 

 

Figure 13: Concept design II 

3 Research Objectives 
 

1 Installed Capacity Footprint  

 
Wind and tidal renewable energy technologies depend on a flux 
which is primarily horizontal (to the %ÁÒÔÈȭÓ ÓÕÒÆÁÃÅ). Thus when 
extracting a portion of the resource (eg. with  turbines), the area 
behind them is subjected to a so called wake effect (demonstrated in 
Figure 2). This zone has a reduced fluid speed and increased 
turbulence, and so an array configuration of turbines would have to 
have large spacing according to minimise detrimental wake effects, 
and enhance the generating potential of the cluster. 

3ÏÌÁÒ ÅÎÅÒÇÙȟ ÏÎ ÔÈÅ ÏÔÈÅÒ ÈÁÎÄȟ ÉÓ ÐÒÉÍÁÒÉÌÙ ÖÅÒÔÉÃÁÌ ɉÔÏ ÔÈÅ ÅÁÒÔÈȭÓ 
plane) and so when considering a series of PV panels, at close to 0° 
tilt,  their proxim ity  does not affect one another.  Array packing is 
more concentrated than wind or tidal (or wave) and larger installed 
capacity could be installed for the same occupied sea area (footprint).  

As with other offshore renewable technologies, the footprint of the PV 
array is heavily dependent upon the mooring arrangement; this 
determines the spacing which would have to be kept between one 
device and another in an array configuration. 

Research task: 

¶ Determine optimal array configuration for offshore PVs 
(highest packing density) 
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2 Yield Production for PV Offshore Device  

 The yield extracted from the deployment of PV arrays offshore would 
not be the same as that onshore even if the basic tilt of the panels was 
to be kept the same. The motion of the waves underneath the panels 
would continually change the orientation of the panels to the sun. At 
the same time, specular reflection from the dynamic water surface 
may effectively concentrate incident solar radiation. Also the yield 
will  vary according to the heat transfer properties of the water 
compared to the air. Finally the albedo effect might also have an 
impact on the results obtained. 

Hence the yield estimate from the PV device would have to account 
for the wave motion (thus the changing tilt), the corresponding solar 
radiation and the effect of the water temperature.  

Research task: 

¶ Establish numerical model for yield estimation based on the 
ÌÏÃÁÔÉÏÎȭÓ ÓÏÌÁÒ ÉÎÓÏÌÁÔÉÏÎ ÁÎÄ ×ÁÖÅ ÅÎÖÉÒÏÎÍÅÎÔȢ 

3 Offshore PV Reliability  

 Compared to other renewable energy technologies photovoltaic 
systems have the advantage of not having moving parts required to 
extract energy from the surroundings and hence could be considered 
very reliable with very low O&M costs. In an offshore application, this 
situation scenario changes slightly and reliability and robustness 
issues would need to be considered in more detail, because 
opportunities for planned, unplanned and emergency maintenance 
are fewer and more expensive. 

The more reliable the system is, the lower the operating and 
maintenance costs will be, improving the economic viability of the 
concept. In comparison to other offshore technologies the power take 
off system of offshore PVs is not mechanical. Failure rate analysis of 
components that are expected to be used in offshore PVs will be 
undertaken and will inform more complete reliability analysis. This 
will aim to establish offshore PVs reliability compared to other 
technologies. 

Research task: 

¶ Establish the reliability for the various components required 
ÆÏÒ ÔÈÅ ÄÅÖÉÃÅ ÁÎÄ ÈÅÎÃÅ ÄÅÔÅÒÍÉÎÅ ÔÈÅ ÓÙÓÔÅÍȭÓ ÒÅÌÉÁÂÉÌÉÔÙȢ 

¶ )ÎÖÅÓÔÉÇÁÔÅ ÐÏÔÅÎÔÉÁÌ ÆÏÒ ÉÎÃÒÅÁÓÉÎÇ ÏÆ ÔÈÅ ÓÙÓÔÅÍȭÓ ÒÅÌÉÁÂÉÌÉÔÙȢ 

4 Performance of the Floating PVs  

 Photovoltaic panels are tested at standard temperature and 
conditions (STC), taken to be at 25°C for the cell temperature, 
1000W/m 2 as the irradiance level with  reference air mass of 1.5 for 
the solar spectral irradiance distribution.  Offshore PV, even if the 
same conditions were to be kept constant, would benefit from a heat 
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sink (the water/ice)  ɀ extracting the waste heat from the panels more 
rapidly, keeping the panel efficiency higher.  

Resource assessment methodologies need to be updated to meet the 
offshore condition. Also testing would need to be conducted to 
confirm the expected effect of extreme cold temperatures and the 
performance of PV panels submerged to varying shallow water 
depths. 

Research task: 

¶ Testing of temperature coefficient of thin film and crystalline 
panels under extreme to low temperatures. 

¶ Testing of PV thin film and crystalline panels, in relation to 
power output, while submerged in different depths of shallow 
water 

5 Factors Reducing Yield  

 PVs which are kept in dry conditions are subjected to accumulation of 
dirt and animal faeces on the panel surfaces. By having them floating 
on or over water as well as possibly slightly submerged, a self 
cleaning system can be designed for the device. Algal growth should 
be anticipated on offshore devices, hence the materials utilised would 
have to be integrated with an antifouling mechanism, to ensure that 
the light absorbing surface is not covered by algae.  

The panels being submerged in water for a large proportion of the 
time may imply a reduction in spectral absorption, due to absorption 
by water. This will have to be assessed and tested as previously 
implied. In cold regions, the panels may be also affected by snow, ice 
and freezing of the water surface. Hence, installation design aim i) to 
prevent the accumulation of snow and ice, and ii) a mitigating 
solution would have to be investigated to reduce the accumulated 
snow/ice. 

Research task: 

¶ Investigate designs and materials which have the ability to be 
self-cleaning and anti-fouling, and prevent accumulation of 
snow and ice ÏÎ ÔÈÅ 06 ÐÁÎÅÌȭÓ ÓÕÒÆÁÃÅȢ 

6 Offshore PV Deployment vs. Onshore  

 By installing either the PV panel arrays onshore or offshore, a land 
area or sea/lake area would need to be occupied. In onshore 
applications this land could be future urban development or farming 
land, unless it is in a desert region. The central issue that will need to 
be investigated as part of this research is the food versus fuel conflict: 
will land be better used for arable farms versus PV farms? 

In offshore applications the area would be restricted from fishing and 
so the PV could affect an alternate source of food production. A 
research investigation would have to be undertaken to estimate the 
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magnitude of food production which would be displaced by PV 
installation on both offshore and onshore deployments.  

Research task: 

¶ Estimate the food displacement from fishing due to the 
exclusion zone around the offshore PV array site. 

¶ Compare to the food displacement due to a ground mounted 
array. 

7 Social Impacts 

 Apart from the food versus fuel and travelling way issues, the usual 
major concerns with renewable energy technologies offshore are 
acoustic and visual. Since photovoltaics do not rely on moving parts 
for the production of electricity the expected noise from the device 
would be minimal. Also the device is to be designed to be in contact 
with the water surface, so that it can act as a heat sink, hence the 
panels would be lying low on the surface of the water minimising 
visual impacts greatly.  

However, the panels will probably be so visually and audibly 
unobtrusive that they might become a collision risk hazard. Hence 
research would have to be carried forward on collision avoidance. 

8 Environmental Impacts  

 Chemical degradation of the PV panels might be an issue when 
subjected to either seawater or salt water. This would have to be 
tested to determine that it does not present a hazard to the 
environment and if it does ways of mitigation would need to be 
investigated. Also it would be necessary to assess the effect of 
degradation on the performance and reliability. 

By having the photovoltaic panels lying directly upon the surface of 
the water without gaps they would be effectively shading the water 
column beneath from external environment. Thus a reduction in 
oxygen levels and also solar irradiance may be expected. The effects 
which this creates will  need to be determined and the array design 
changed accordingly to minimise its effect on the water column. 
Mitigating factors eg. tidal currents (where appropriate) will also 
need to be investigated. Another potential environmental issue would 
be the ecological impacts created from the transmission of potentially 
high voltage direct currents in aquatic environments, this will require 
investigation. 

Research task: 

¶ Degradation testing of PV panels in fresh water (lacustrine) 
and salt water (marine). 

¶ Irradiance and oxygen level measurements and effects for 
aquatic environment lying beneath the array. 
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9 Design Consideration for Marine and Lacustrine Environments  

 The marine and lacustrine offshore environments are quite distinct 
from each other with  each presenting its own difficulties. In the 
marine environment the wave height and wind strength are more 
vigorous due to large fetches of water. Also these waters are affected 
by tidal currents which do not generally apply to lakes since the 
water in them is enclosed in a specific area.  
 
The basic chemical composition of either water source varies 
between the two, with fresh water being present in lacustrine and 
salty water in marine environments. Hence the materials might have 
to be altered for one or the other case to suit the properties of the 
water. Another issue with lacustrine environments is the fact that 
these waters are exposed to extreme temperatures, hence resulting in 
ice and snow formation which would affect the performance of the PV 
device. 

Research task: 

¶ Determination of applying loads for the site where the PV 
arrays will be designed for. 

¶ Design of appropriate mooring system and configuration. 
 

10 Economical Benefit Analysis  

 Offshore technologies tend to be more costly than onshore, due to the 
more costly infrastructure that would need to be installed and also 
due to more demanding deployment methods. Of the three main 
offshore technologies, wind, wave and tidal, wind involves the least 
cost per kW installed because it is the most developed. However 
economics of these projects are becoming dominated by O&M costs 
which are much higher than their land based counterparts because of 
access issues. 
 
As shown earlier, when comparing the various offshore technologies 
economically it appears that offshore PVs have the potential to 
compete directly with offshore wind, without the need for 
development clearly needed for tidal and wave energy technologies. 
This is due to the reliability an d hence low operational and 
maintenance costs PV require.  

Research task: 

¶ Economic appraisal of offshore PV arrays for large scale 
installations. 
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4 Preliminary Technology Review  

4.1 PV technologies 

 
Figure 14: Primary PV technologies available  

There are three main methods for solar cells manufacturing (Floyd Associates, 
2010) and consequently three main technologies; crystalline solar cells, 
amorphous solar cells and other solar cell technologies (which include EFG ɀ Edge 
defined Film fed Growth, and Apex solar cells).  

4.1.1 Crystalline solar cells  

There two main type of Crystalline solar cells ɀ single and multi crystal, where the 
single crystal silicon cells are composed of thin slices of wafers cut from a single 
silicon crystal, while the multi crystal silicon cells are also made up of thin wafer 
slices which are cut from multiple crystals grown together (EnergyAlternatives, 
2010). Both of these cells are very fragile and would have to be mounted on a rigid 
structure. A single crystal cell panel is uniform in colour with rounded individual 
cells, while multi crystal cell panels vary in colour and are usually square in shape.  
 

       
Figure 15: 2D illustration of l attice structure for single and multi crystalline silicon cells 

(Honsberg & Bowden, 2010)  
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The molecular structures in mono-crystalline silicon cells are uniform and the 
single atoms in the silicon structure have a well defined band structure (Honsberg 
& Bowden, 2010). In multi-crystalline structures, since it is made up of various 
different grains, the bonds are strained, and the electrical properties are degraded. 

4.1.2 Amorphous solar ce lls  (a-Si) 

Amorphous solar cells are more widely known as thin film solar cells. The main 
advantage of thin film PVs over crystalline solar cells is that they require a 
significant decrease of materials to manufacture. It takes about 99% less material 
for thin film to absorb the same amount of sunlight as from a crystalline panel 
(Biello, 2008).   
 
The silicon is typically deposited by chemical vapour deposition on the 
glass/polymer or metal base which would have been firstly coated with a layer of 
transparent conducting oxide, thus allowing the cell to being both flexible and 
transparent in nature (Patel & Bovatsek, 2010). 
 

 

Figure 16: Example of a thin film PV module (Horba Scientific, 2008)  

4.1.3 Other solar cell technologies  

These solar cells, such as EFG ɀ Edge Defined Film fed Growth, and Apex solar cells, 
are produced directly from a silicon melt, hence reduce manufacturing costs ɀ 
since they do not require silicon sawing in fine wafers, and layering. Also this 
results in reduction in materials consumption since they produce significantly less 
waste material (Floyd Associates, 2010).  
 

4.2 Materials  

In order to produce electricity, photovoltaic cells require a pn-junction across a 
semiconductor (Saral Gyan, 2010). The majority of the PV market is made up of 
crystalline silicon and thin film panels, which utilise silicon as a semiconductor, 
making silicon the major source for semiconductors in this industry. 
 
Other semiconductors are utilised in the minority . These include: Gallium Arsenide 
(GaAs) ɀ which is about 10% more efficient than Si and requires thinner wafers for 
the same rating, Cadium Telluride (CdTe) ɀ conversion efficiency similar to a-Si but 
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with a high light absorptive level (only one micrometer can absorb 90% of the 
solar spectrum) , Copper Indium Diselinide (CuInSe2 or CIS) ɀ one of the most light 
absorbent semiconductors (0.5 micrometers can absorb 90% of the solar 
spectrum) with  high conversion efficiencies (Mah, 1998).  
 
With a PV module semi conductor is doped (p-type or n-type) to allow free 
electrons to become available for electricity conduction. The main doping elements 
used are (Goetzbergera et al, 2003): 
¶ Boron/Gallium (p-type) 
¶ Phosphorus (n-type) 

 
PV cells require contacts through which to conduct the electricity through the 
junction, widely referred to as electrodes. The electrode is made up from a metal 
element, frequently one of aluminium (Al), copper (Cu), zinc (Zn), tin (Ti) and lead 
(Pt) (Goetzbergera et al, 2003). 
 

 

Figure 17: Basic components of a crystalline cell (Goetzbergera et al, 2003)  

4.2.1 Anti -Fouling  and self cleaning coatings and materials  

Photovoltaic panels are required to allow maximum penetration of the sunlight 
through them at all times if they are to produce maximal power output, this would 
require that the surfaces are kept as clean as possible. In offshore conditions, the 
availability for manual cleaning must be taken to be nil and hence the surface 
would have to be self maintainable.  For offshore applications apart from the dirt 
and faeces, the photovoltaic modules will also be subject to algal growth. Hence the 
coating/materials used which are in contact with the environment have to be self-
cleaning and also anti-fouling. 
 
Self-cleaning surfaces are mainly associated with glass; developments in 
technology have produced a special coating, which include materials such as 
alkanes, oils and fats. There are two main categories of self-cleaning coatings ɀ 
those being hydrophobic and hydrophilic. Hydrophobic coatings repel water and 
hence prevent water and dirt from drying on the surface. The main problem with 
this coating is that it  tends to be not as hydrophobic as required. The hydrophilic 
coating on the other hand attracts water and hence spreads water droplets over 
the entire surface of the module in a thin film to wash away surface contaminants 
(Claessen, 2006). For marine applications the most suitable combination is super 
hydrophobic with anti -fouling technology (Genzer & Efimenkoa, 2006). The main 
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prerequisite of these coatings for this application is that they are transparent, to 
still allow the light to penetrate through.  

4.3 Floating PV projects  

The focus of this research is to determine the performance and hence viability of 
floating PVs. Two floating PV projects, Loto (2009) and Flotovoltaics (2008) have 
been deployed recently, which technology was developed by Enerdaiet Ltd. (Daeit) 
and Thompson Technology Limited (TTi) respectively. 
 
Each of these technologies depends upon a buoyant structure upon which the PV 
panels could be laid. The main deviation between the projects is that the Loto 
project has the panels almost lying horizontal, so enabling them to be densely 
ÐÁÃËÅÄ ÔÏÇÅÔÈÅÒȟ ×ÈÉÌÅ ÔÈÅ &ÌÏÔÏÖÏÌÔÁÉÃÓ ÁÒÅ ÔÉÌÔÅÄ ÔÏ×ÁÒÄÓ ÔÈÅ ÓÕÎȭÓ ÄÉÒÅÃÔÉÏÎȟ 
leaving a shaded passage way between one row and another of PV modules. It 
should be noted that i) both projects are deployed in relatively calm, lacustrine 
environments, ii) both projects have adopted crystalline PV technology, and iii) the 
modules/panels are mounted above the water surface. 
 

 

Figure 18: Floatovoltaics Project at Far Niente, California  (TTi, 2008)  

 

 

Figure 19: Project Loto at Solarolo, Italy (Faenza-Lugo, 2009)  
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The footprint occupied by the Loto project is approximately 300m2 per modular 
array, each containing 20kWp of installed capacity, while the Flotovoltaics project 
covers three quarters of an acre with 175kWp of installed capacity.  Hence the 
installed capacity per m2 of footprint is 0.067kWp/m 2 and 0.057kWp/m2 
respectively.  
 
Although the Daiet design would appear to be able to have a higher installed PV 
capacity, their panels have a reduction of 7-8% in output (Faenza-Lugo, 2009) due 
to their almost horizontal tilt. By applying this reduction in output, in order to 
evaluate the designs against each other, the installed capacity would technically be 
0.061kWp/m 2. Hence if the two configurations were installed at the same location 
using the same PV panels, then the Daeit design would potentially have a better 
yield.  The higher installed capacity per m2 implies that it is more advantageous to 
densely pack PV arrays together, rather than optimize their power output by tilting 
them to face the direction of solar radiation. 
 
Thus if an optimum of 0.07kWp/m2 was to be taken, for crystalline panels which 
typically rate at 0.14kWp/m2, this would imply that for commercial scale multi-
MW arrays, the packing density of the panels would be at 50%. The same ratio can 
be taken for other types of PV panels, since the ratio is independent of the panel 
and only dependent on the device configuration. This 50%5 is the packing density 
ratio assumed for the offshore PV devices. 
 
The main variations to these existing themes that this research project will explore 
are that the PV panels will be in contact with the water surface and also that they 
will be designed to be placed in marine and lacustrine environments, rather than 
reservoirs which are not affected by currents and very small wind waves. 
 

4.4 PV panels in different conditions  
Performance testing of PV panels is commercially conducted in a lab at STC (25°C, 
1.5 ARM, 1000 W/m2) in dry ambient. In situ performance testing of the offshore 
PV arrays would have different specifications due to the humid marine/lacustrine 
conditions, extreme conditions and with a heat sink applied to it. Similar 
application using phase change materials (PCMs) have been investigated by Huang 
et al (2006) for regulating the temperature rise of PV panels in buildings.  
 
According to the literature review conducted in this area, publicised performance 
data available in these conditions is limited, with the main source of data coming 
from a report investigating the performance of various PV panels at the South Pole 
(Williams & Rand, 2000). This document details the testing conditions which were 
maintained over a 2 year period for sixteen panels of four different manufacturers. 
The panels were grouped in sets of four, each including different panels and each 
group was vertically  fixed to one side of the building; i.e. south, north, west and 
east face. 
 

                                                        
5 Referred to in page 1. 
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The panels produced power in temperatures ranging from -70 to -20°C, giving 
ÍÁØÉÍÕÍ ÏÕÔÐÕÔ ×ÈÅÎ ÔÈÅ ÓÕÎȭÓ ÁÎÇÌÅ ÁÎÄ ÖÉÓÉÂÉÌÉÔÙ ×ÅÒÅ ÈÉÇÈȢ Although no 
evidence of operation performance is given, it was reported that yield was higher 
than what was expected according to the specifications given by PV panel 
manufacturers. 
 

4.5 Water column affects due to floating PVs  

The main effects with a floating structure upon the water column would be 
reduction in the light levels within the water, as well as reduction in the oxygen 
levels. Light levels affect oxygen concentrations through the photosynthesis 
equation, which the phytoplankton rely upon. 
 
Photosynthesis equation: φὅὕ φὌὕ  ὰὭὫὬὸO ὅὌ ὕ φὕ 
 
The equation implies that a reduction in light would result in a consequent 
reduction in the emitted product ɀ which is the oxygen and biomass. Reduction in 
light levels are not only expected to ÒÅÄÕÃÅ ÔÈÅ ÐÈÙÔÏÐÌÁÎËÔÏÎȭÓ ÐÒÏÄÕÃÔÉÏÎ ÌÅÖÅÌÓ 
within the water column but also the oxygen levels ɀ thus removing the two 
components which aquatic species rely on for survival. Testing would have to be 
conducted to establish the light and oxygen levels when the water surface is 
partially blocked with PV panel arrays, and also if transparent thin film PVs could 
potentially mitigate this impact.  
 
A design by Kyushu University for Floating Power Plant consists of integration of a 
wind turbine and water pumps which discharge water through a water turbine 
(Holmberg, 2010). The project also involves the use of light emitting diodes 
(LEDs), beneath the platform, to promote the growth of phytoplankton. This 
solution could be considered for this project, in the eventuality that transparent PV 
panels do not allow adequate light levels within the water column.  
 
LEDs are used to emit light at selected wavelength to enhance the growth of the 
phytoplankton algae (Moreno-Ostos et al, 2006) in regions where there is 
patchiness. Patchiness is thought to be formed by some of these mechanisms: 
accumulation of flow regimes interacting with species movement, non-linear 
interaction between the phytoplankton and zooplankton, and external forcing of 
nutrient and lighting changes ( pp. Hillmer et al, 2008). Alternatively maintaining gap 
spacing between the panels could be imposed to allow sunlight penetration, 
although the area specific power density ratio would be reduced.  
 
Another mechanism through which oxygen enters water is through surface 
absorption. As a floating PV device would ÂÅ ȰÓÈÉÅÌÄÉÎÇȱ ÔÈÅ ×ÁÔÅÒ ÆÒÏÍ ÔÈÅ 
atmospheric environment, this would reduce the surface area through which it can 
absorb oxygen. Oxygen is vital in the aquatic eco-system and without it aquatic life 
would suffocate. Hence water quality has to be investigated accordingly and this 
could be done through regular water sampling, beneath and around the prototype 
deployment. 



24 
 

4.5.1 Albedo affect  

Albedo is essentially a measure of the fraction of the solar light which is reflected 
off the surface. Table 6 illustrates a list of surface with the corresponding fraction 
of reflected light. Depending on the zenith angle of the light incident to the water 
surface as much as 100% of the light could be reflected.  
 

Table 6: Reflectivity values of various surfaces (Budikova, 2010)  

 
 

For lacustrine environments, snow and ice deposition would be expected on the 
water surface.  Such surfaces have a high albedo affect and as much as 95% of the 
light would be reflected. Thus in fresh snow conditions 95% more sunlight would 
be available for conversion to electricity from the PV panels, although this 
percentage increase would be in terms of diffuse lighting. 

4.6 Water conditions and properties  

Water conditions vary from one aquatic environment to another, depending on 
climatic conditions, column depths, water productivity, currents etc.  Water 
stratification varies significantly between marine and lacustrine environments 
with seasonal variations.  
 
In the lacustrine environments of North America there are major seasonal 
variations with ice formation on the top water layer. This layer is called the frost 
line; determination of this depth would be an important factor to ensure that the 
device does not get trapped and damaged within an ice layer.   
 

Table 7: Normal i ce thickness for various lakes in North America (CIS, 2004) 

 Normal Ice Thickness  (cm) 

Lake Superior 45 ɀ 85 
Lake Michigan 45 ɀ 75 
Lake Huron & Georgian Bay 45 ɀ 75 
Lake Erie & Lake St. Claire 25 ɀ 45 
Lake Ontario 20 ɀ 60 



25 
 

In lakes6 there is a major shift in the aquatic activity between the summer and 
winter periods, mainly due to the increase in radiation penetrating into the water 
column hence allowing increase in photosynthetic processes. Thus data would 
have to be recorded to ensure that this increase in photosynthetic processes is not 
significantly affected by the photovoltaic panels which would block solar radiation.  

 

Figure 20: Dissolved oxygen levels and water temperature along the water column 
(Simmons, 2006)  

 
The marine environment behaves differently from the lacustrine, mainly due to 
generally deeper bathymetry and also due the expansiveness of its open areas. The 
main seasonal variations occur in the mid latitudes, as the surface waters warm up. 
 

Figure 21: Thermoclines in different latitudes  (EarthGuide, 2008)  

                                                        
6 The temperature at the bottom of the lake is always at a 4°C because water is denser at the 
temperature. 
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4.6.1 Spectral diffusivity  

As the light hits the water surface, a fraction of it as indicated by the albedo affect 
is reflected, thus the remaining fraction is what is absorbed by the water column. 
The attenuation of light intensity varies exponentially with depth, as indicated in 
Figure 22, although light of varying wavelengths is attenuated by different 
proportions.  
 

 

Figure 22: Theoretical s pectral absorption of light wavelengths in sea water  

Figure 22 indicates that shorter wavelengths have a greater exponential decay 
than the longer wavelengths of light. Advantageously photovoltaic cells are quite 
frequency selective and peak in production when they are subjected to light of long 
wavelength (Zhu, 2004).  
 

The quality of the water plays an important role in the light attenuation with the 
more saline water having the greatest light intensity attenuation (Kopec & Pawlak, 
1998). In fresh roily sea water almost 40% less radiation energy is available in the 
light waves at a depth of 0.1m beneath the water surface. This indicates that fully 
submerged PV panels would produce significantly reduced yields. Although semi 
submerged structures might be a viable option depending on the measured 
attenuation coefficient or yield performance for the water in which they would be 
submerged in, testing would have to be conducted to demonstrate the viability for 
this.  
 

Data Source:  (Kopec & Pawlak, 1998) 
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4.7 Effect of electric currents in aquatic environments  

Electricity produced by the offshore PV device would be transmitted to shore via 
underwater cables. This power distribution/ transmission system has the potential 
to interact with aquatic species sensitive to electric and magnetic fields (Gill, 
2005). DC currents produce a constant electric and magnetic field which varies in 
intensity according to the radial distance, R from the cable. While AC currents 
shield their electric current due to the nature of the current, it being alternating 
(Miller & Bolhken, 2006), but does not completely shield the magnetic component 
(Gill, 2005).  Assuming a cable would act as an infinite line and hence the electric 
field would be dependent on 1/R, where R is the radial distance for the cable, as 
opposed to 1/R2 for a point charge. 
 
Electric and magnetic fields have an effect on fish, particularly the elasmobranches, 
ÁÎÄ ÍÁÒÉÎÅ ÍÁÍÍÁÌÓ ×ÈÉÃÈ ÕÓÅ ÔÈÅ %ÁÒÔÈȭÓ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄ ÔÏ ÎÁÖÉÇÁÔÅ (Miller & 
Bolhken, 2006). Elasmobranches are attracted to DC fields in the range of 0.005-
ρʈ6ȾÃÍ ÁÎÄ ÁÖÏÉÄ $# ÆÉÅÌÄÓ ÏÆ ÁppÒÏØÉÍÁÔÅÌÙ ρπʈ6ȾÃÍ ÏÒ ÇÒÅÁÔÅÒ (Gill, 2005).  
According to a research conducted by Valberg (2005), a high level of sensitivity 
was demonstrated for weak AC electric fields, which are steady and slow-moving 
fields.  
 
The effect of the electric field is varied according to species and the strength of the 
field, resulting in congregation or repulsion by the different species, a database for 
some of the species exists in Valberg7 (2005). Valberg expects similar effects for DC 
electric fields, also depending on the species and the strength of the electric field 
according to the radial distance. 
 
With regards to the magnetic fields, it is the magnetosensitive species which are 
ÐÏÔÅÎÔÉÁÌÌÙ ÁÆÆÅÃÔÅÄ ÂÙ ÉÔȟ ÓÉÎÃÅ ÔÈÅÙ ÒÅÌÙ ÏÎ ÅÁÒÔÈȭÓ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄ ÆÏÒ ÎÁÖÉÇÁÔÉÏÎȢ 
4ÈÅ ÎÁÔÕÒÁÌ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄ ÏÆ ÔÈÅ ÅÁÒÔÈ ÉÓ ÅÑÕÁÌ ÔÏ υπʈ4Ȣ !ÎÙ ÅÆÆÅÃÔÓ ÉÔ ÃÁÕÓÅÓ ÃÏÕÌÄ 
be transient, as the organism moves through the area, though it might also be 
attracted or repelled from that zone. The effects from it are not known (Gill, 2005), 
apart for a number of species ɀ also given in Valberg (2005).  
 

4.8 Offshore PV reliability  

! ÓÙÓÔÅÍȭÓ ÒÅÌÉÁÂÉÌÉÔÙ ÉÓ ÇÅÎÅÒÁÌÌÙ ÄÅÔÅÒÍÉÎÅÄ ÂÙ ÔÈÅ ÓÙÓÔÅÍȭÓ ÁÂÉÌÉÔÙ ÔÏ 
accommodate the loads to which it is subjected (Harr, 1987).  Hence the typical 
loads to which offshore floating PVs would be subjected would have to be scoped 
out prior to establishing the reliability of the system. The typical loads would 
include forces resulting from: 
 
¶ wind 
¶ other drag forces 
¶ tidal currents 
¶ waves 
¶ device weight 

                                                        
7 Database included in the appendix. 
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¶ buoyancy 
¶ mooring loads 

 

 

Figure 23: Loading forces diagram of device  

(ÅÎÃÅ ÉÆ ÔÈÅ ÓÙÓÔÅÍȭÓ ÓÔÒÕÃÔÕÒÅ ÉÓ ÁÂÌÅ ÔÏ ×ÉÔÈÓÔÁÎÄ ÔÈÅ ÄÙÎÁÍÉÃ ÌÏÁÄÉÎÇ ÁÐÐÌÉÅÄ ÔÏ 
it, it could be classified as being structurally reliable. Other factors though are 
subjected in an offshore device, which cannot be strictly classified as loads. This 
can be attributed to cycling of conditions and loads, such as the repetitive cycles 
between one wave and another, heating and cooling of the device etc. Four main 
measures for reliaÂÉÌÉÔÙ ÁÒÅ ÔÈÅ ȰÃÏÎÖÅÎÔÉÏÎÁÌ ÆÁÃÔÏÒ ÏÆ ÓÁÆÅÔÙ &3ȟ ÔÈÅ ÃÅÎÔÒÁÌ ÆÁÃÔÏÒ 

of safety CFS, the safety margin S, and the reliability index ‍ ȱ (Harr, 1987).   
 

Table 8: Reliability calculations for different configurations (Thies, Flinn, & Smith, 2009)  

 
 

 
The reliability block diagram (RBD) determines the RBD configuration through 
which the appropriate equation (Table 8) can be selected to assess the reliability of 
ÔÈÅ ÓÙÓÔÅÍȢ 4ÈÅ 2 ÁÎÄ ʇ ÉÎ ÔÈÅ ÅÑÕÁÔÉÏÎÓ of Table 8 indicate the reliability and 
failure rate respectively. Figure 24 shows a RBD for a wave energy converter 
(WEC). A similar RBD would apply for an offshore PV device, though the reliability 
for each factor would vary according to the failure rates for moored PV system 
components. 
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Figure 24: Reliability Block Diagram (RBD) for WECs (Thies, Flinn, & Smith, 2009)  

 The main reliability issues with regards to offshore floating devices are related to 
mooring failures (Thies, Flinn, & Smith, 2009). Structural testing would have to be 
modelled/tested for the proposed device to ensure that it would be able to 
withstand the loads which are applied to it. The greatest variable in the loadings 
would be related to the changing in wave dimensions and corresponding force. The 
analysis would have to take into account the effect of nonlinear diffraction under 
random wave excitation, including randomness in significant wave height and 
period (Winterstein, Jha, & Kumar, 1999).  

4.8.1 Offshore PV reliability potential c ompared with  other offshore 
technologies  

Using the reliability equations given in Table 8 according to failure rates for wave, 
offshore wind and tidal stream technologies the following table was compiled: 

Table 9: Reliabi li ty assessment of various offshore technology systems  

 
The values calculated from failure rates derived for each of the technologies 
demonstrates that the reliability of a solid state system, such as photovoltaic 
technology, may be almost double that of competing offshore technologies. The 
reliabilities for these offshore systems are generally low because the individual 
components which make up the system are connected to each other in series, and 

                                                        
8 Using to the wave derived power transmission failure rate and wind technology specific failure 
rates from Bussel & Zaaijer (2001) and Horanell & Toolan (1996). 
9 According to failure rate data provided by Thies et al (2009). 
10 Values from wind and wave failure rates. 
11 According to the wave derived power transmission failure rate and PV specific failure rates from 
Wohlgemuth (2003). 

 
Mooring Structure Power Take Off Transmission 

  

Reliability 

Offshore Wind
8
 0.994 0.779 0.357 0.625 

  

0.173 

Wave
9
 0.571 0.304 0.089 0.625 

  

0.010 

Tidal (Stream)
10

 0.994 0.607 0.357 0.625 
  

0.135 

Offshore PVs
11

 0.741 0.970 1.000 0.625 
  

0.449 
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hence if there is a failure in one of the components the whole system fails. Through 
connecting the components of a system in parallel the reliability of system stands a 
better survival chance, as indicated by the equations for the parallel configurations 
in Table 8. 
 
Power take off for PV arrays can be connected in parallel, to ensure that a fault in 
one of the modules would not affect the panel and consequently the array, thus the 
reliability for power  take off would be close to 1. Transmission reliability can be 
increased for all offshore technologies, if a dual parallel system, connecting an 
extra transformer and cable line to shore. The same could be applied to the 
mooring connections, through installation of a back up mooring system. 

4.9 Competition for agricultural uses of land vs. PV deployment  

In the case of the Far Niente project, surface water deployment of PV panels was 
chosen over land based because the land resource was important to them ɀ since 
the land was utilised as a vineyard for wine production. Hence in such a case the 
agricultural purpose of the land had greater priority than potential electrical 
energy produced from that land. 
 
Policy makers are aware of the importance of arable land for food production, and 
some restrict the deployment of solar PV in such areas, especially in the case of 
large area applications. As an example, Ontario (OPA, 2010) has restrict ed 
applications to the Feed-in Tariff (FIT), to soil classes which are not suitable for 
farming purposes, as a way of ensuring that the priority for land use is for food 
production rather than electricity from PV.  
 

Cropland and pastures account for ÁÐÐÒÏØÉÍÁÔÅÌÙ τπϷ ÏÆ ÔÈÅ ÌÁÎÄȭÓ ÓÕÒÆÁÃÅ (Foley 
et al, 2005), a figure which has increased by 70% in the last forty years. This 
increase in agricultural land is directly related to population growth (since larger 
populations require more food to sustain them). Hence with the increasing 
population trend (Figure 25) will there be an expected increase in demand for 
agricultural land, which will make land based PV (also required for sustainable 
communities) harder to justify as a legitimate land use over agriculture.   
 

 

Figure 25: World Population Estimates (United Nations, 2004)  
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In the last forty years, agricultural land saw a 70% increase surface (Foley et al, 
2005) and population growth increased by approximately 50% (United Nations, 
2004). This implies that for every 1% growth in population 1.4% increase in 
agricultural land would be required to sustain the population. According to the 
same UN population estimation report, a peak will be reached at 9.6 billion people, 
this would imply an approximate 37% population growth from the current 
population. Hence the corresponding land required for cropland and pastures 
would be approximately 60% of ÔÈÅ %ÁÒÔÈȭÓ ÌÁÎÄȢ 
 
In 1990, when the agricultural land accounted for 32% of the land surface it was 
using 46 to 60% of the land suitable for agricultural purposes (Houghton, 1994). 
With the projected 60% requirement, this would imply that it would require 86 to 
112% of the suitable agricultural land.  This shows that in the future, agricultural 
land will  be at a premium and would not be able to be spared for installation of 
ground mounted PV panels. Hence alternative sites would be required; locating PV 
offshore might be a potential candidate. As well as dealing with food production 
versus fuel concerns, offshore devices could allow alternative electricity 
generation potentials in locations were land use is restricted, eg. high population 
density islands or peninsulas, such as Hong Kong and Malta.  
 

5 Methodology  

5.1 Floating PV Small Scale Design 

The design of the device is an integral part of the research and defines specific 
context for subsequent research as outlined in this proposal. Concept designs will 
be designed, developed and investigated to establish their suitability for lacustrine 
and marine deployment, as well as for their  ÆÌÅØÉÂÉÌÉÔÙ ÔÏ ÉÎÃÒÅÁÓÅ ÔÈÅ ÄÅÖÉÃÅȭÓ 
installed capacity as necessary. The key issues will be: 

i. developing buoyancy 
ii. maximisation of solar exposure  

iii.  sea keeping reliability 
 
The proposed demonstrator project is envisaged to have an installed capacity of 
4kW circa and be able to produce electricity in all weather conditions, provided 
that adequate solar radiation is available.  Prior to the concept design stage, 
available PV technologies will be reviewed, together with a review/revision of 
suitable materials which could be utilised for the structure, glazing etc. Also a 
review of suitable mooring systems has to be undertaken since this could be a 
determining factor on the conceptual designs. 
 
Following on from this, conceptual designs will be put forward  for: 
distribution/transmission, yield, mooring system, system reliability, cost and 
environmental impacts, to determine the most suitable of the designs. Detailed 
designs of the device will be carried out upon the final design concept. The detailed 
design will be developed using CAD/CAM software such as Solidworks or Inventor, 
where the device will be subjected to basic loadings by which apparent faults can 
be determined. The design will be upgraded as necessary.  
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Sea keeping system dynamics will be investigated using Orcaflex for wave states 
produced by SWAN and would be utilised to study how the device behaves in 
different environmental conditions and its integration with the mooring system. 
Different mooring types, for example tension, catenary etc. could be considered to 
specify which would be more suitable. This work is to be conducted in 
collaboration with PRIMaRE, University of Exeter.  

5.2 Extreme temperatures performance  and underwater analysis  

The effects of extreme temperatures are imposed upon the PV panels to verify 
their  performance in accordance with  the temperature coefficient. This testing will 
be conducted by exposing a PV panel to atmospheric condition, in a region which 
experiences temperatures of -40°C. A data logger will be used to record the power 
output from the PV panel and together with the temperature of the panel. 
Simultaneously the radiation falling on the PV panel would need to be recorded, 
using a pyranometer. Through this data the efficiency versus temperature can be 
plotted for the range of temperatures which it is exposed to. Hence the expected 
linearity of this graph will determine the performance of the PV panels in extreme 
cold temperatures. 
 
Another test which will be conducted is that involving the performance of a PV 
panel underwater (at different water depths). This would ensure that significant 
yields could still be extracted from the panels when they are slightly submerged 
underwater. In order to perform this testing a solar simulator will be required to 
output 1000W/m 2 of irradiation at STC. The PV panels at different depth in fresh 
and sea water will be exposed to the solar simulator, and the yield will be recorded 
ÖÅÒÓÕÓ ÔÈÅ ÐÁÎÅÌȭÓ ÄÅÐÔÈȢ  

5.3 Deployment method  

The deployment to be utilised for the installation largely depends upon the device 
design type. The shorter the time, and easier the deployment, the more cost 
effective the whole system would be. Ideally the system should be one which could 
be assembled onshore and simply launched into the waters to be moored as 
required. A design aimed to facilitate deployment and potentially also enable and 
minimise maintenance routines, is that the device could be assembled in its 
entirety onshore and deployed through towing with the water currents. This could 
be ensured by utilising, for example, rolled-up sheets of thin film PV or 
alternatively maintaining a typical buoy like design. Details for the deployment 
would be established as the design and mooring progresses. 

5.4 Maintenance and condition monitoring  
Maintenance for an offshore PV system is envisaged to be minimal, due to its solid 
state system. Data from the device will be monitored to ensure that the system is 
working as expected and in the occurrence where adverse effects result, the device 
would have to be inspected on site. More condition monitoring of the individual 
panels could be investigated in a lab, through subjecting identical panels to long 
term trials in both salt and seawater. The panels would then be tested regularly to 
monitor changes in performance, and also note degradation.  
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5.5 Net yield simulation for an offshore photovoltaic array  

The electrical power output which could be achieved from an offshore PV panel 
depends upon the radiation which is falling on the panel. This radiation would fall 
upon the panel at a varying angle due to the movement of the panel with the wave 
motion. 
 
Hence in order to determine the net radiation which is being subjected to the 
ÐÁÎÅÌȭÓ ÓÕÒÆÁÃÅ ÔÈÅ ÍÏÄÅÌ ÏÆ ÓÏÌÁÒ ÒÁÄÉÁÔÉÏÎ ÆÏÒ Á ÐÁÒÔÉÃÕÌÁÒ ÓÉÔÅ ÎÅÅÄÓ ÔÏ ÂÅ 
integrated with the wave model for that same site. The solar radiation numerical 
model will be upgraded ÔÏ ÉÎÃÌÕÄÅ ÔÈÅ ÖÁÒÉÁÔÉÏÎ ÏÆ ÔÈÅ ÄÅÖÉÃÅ ÄÕÅ ÔÏ ÔÈÅ ×ÁÖÅȭÓ 
motion in order to establish the net yield for an offshore site.  
 
The solar radiation model will be based upon a mathematical formula (Padovan & 
Col, 2010) which includes all the irradiance components on a tilted plane, where 
the tilted plane would be varying in accordance to the wave motion. The 
components are the direct beam radiation, the sky diffuse radiation and the 
radiation reflected from the ground.  
 
Solar radiation mathematical formula on a tilted plane: 
Gɼ = BhRb + DhRd + Ghʍ2r 
 
where  Gɼ = Global solar irradiance at a tilted angle 
 Bh = Direct beam solar irradiance on a horizontal plane 
 Rb = Direct beam transposition factor 
 Dh = Diffuse solar irradiance on a horizontal plane 
 Rd = Diffuse beam transposition factor 
 Gh = Global solar irradiance at a horizontal plane 
 ʍ   Ѐ 2ÅÆÌÅÃÔÁÎÃÅ 
 Rr = Reflected beam transposition factor 
 
R is a ratio between the irradiance at the tilted angle and the horizontal; hence by 
modifying the equation to account for a dynamic tilt in accordance to wave motion, 
the offshore PV yield could be estimated for a particular site.  
 
4ÈÅ ÄÙÎÁÍÉÃ ÔÉÌÔ ÏÆ ÔÈÅ 06 ÓÕÒÆÁÃÅȟ ÉÎ ÁÃÃÏÒÄÁÎÃÅ ÔÏ ÔÈÅ ×ÁÖÅȭÓ ÍÏÔÉÏÎȟ ×ÉÌÌ ÄÅÐÅÎÄ 
to a certain extent upon the design of the array. More bulky designs will have a 
different tilt pattern to a light and small/flexible design. Using the 3D wave 
modelling simulation software, OrcaFlex or SWAN, a time domain hydrodynamic 
simulation could be undertaken to assess the motion of the device. The 
displacement of the device could then be converted into a tilt angle and direction, 
which would be able to be integrated into the solar radiation equation above ɀ 
using the equivalent time dependent solar radiation and reflectance data.   
 
In order to estimate the net yield from the PV panels a factor of efficiency has to be 
subjected to the modelled solar radiation model for the device. This could be done 
by utilising the results, recorded by the solar simulator for the various 
temperature changes, with those modelled for the solar radiation (since PoutЀʂȢ Gɼ) 
for the same time-domain. 
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5.6 Grid integratio n 

Research on grid integration will determine the PV panel connectivity and 
inversion to alternating current to be connected to the onshore electrical grid lines. 
This will initially involve desktop study, for the determination of the optimal 
configuration sequence according to voltage output requirement from the device. 
The connection from the PV array to the underwater sea cable will be within the 
device, within the dry buoy if this is available or in a specially designed section 
within the device laminates. This would ensure that the connections are well 
protected and easily accessible if required.  
 

 

Figure 26: Floating PV array (FPV) potential grid integration  

 
If the current was to be transformed offshore, either as high voltage AC/DC, (this 
would ensure minimal electrical losses though the costs would be higher) an 
underwater transformer would be required. The connections would have to be 
made using a subsea wet-mate cable connector to ensure that the connection is not 
an electrical hazard (Presivic & Polagye, 2006) ɀ during connection the panels 
could be capsized to prevent photon absorption by the PV panels and hence 
electricity generation. The subsea cables which would be used from one 
connection to the other would consist of umbilical cords, which have been utilised 
with success by the offshore oil and gas industries. These cables are equipped with 
water-tight insulation, such as XLPE insulation, and armor protection.  
 

5.7 Data acquisition  
In order to assess the performance and impacts of the photovoltaic device, 
different parameters need to be logged and analysed ɀ when it is in its deployment 
position in the water. The parameters which would have to be logged (over a 
period of a year, at minimum) are as follows.  
 
Performance:  
¶ solar irradiance 
¶ PV panel temperature 
¶ power output 

Impacts: 
¶ temperature 
¶ conductivity  
¶ salinity 
¶ specific conductance 
¶ ORP (oxidation reduction potential)  
¶ TDS (total dissolved solids) 
¶ pH levels 
¶ optical dissolved oxygen 
¶ turbidity  
¶ chlorophyll  
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The water quality parameters could be analysed using a multi-parametric probe. 
While the performance of the photovoltaic array would be analysed by using an 
albedometer (takes readings for the global solar radiation), thermocouple (PV 
temperature) and an electricity output data logger. An optimal installation PV 
system, ground mounted, should be installed nearby and tested for the same 
period as a control. 
 
 

 
Figure 27: Albedometer for global solar radiation readings  

With regards to the water quality assessment, the probes would have to be 
mounted at different depths down the water column (beneath the PV device and in 
a nearby site ɀ for comparison), for which data would be recorded. This could be 
done by mounting the probes on a vertical rod connected to the centre of the 
device. Ideally a preconditioning period should be analysed for both sites (where 
the device will be and the nearby site) to assess the water quality prior to the 
device installation, and to ensure that the two sites are similar to each other.  

5.8 Data analysis 

5.8.1 PV performance  

The primary stage in the data analysis is to compare the simulated net yield output 
of the PV panels with the actual, in order to confirm the estimated predictions. 
Hence resource assessment for large scale deployments could be estimated, by 
upgrading the model area in the simulation. Also the advantages/disadvantages of 
offshore floating PVs rather than ground mounted could be highlighted by direct 
comparison of the power output according to the footprint, when considering large 
scale installations.  

5.8.2 Water  quality impacts  

The preconditioning period is essential in determining that the two sites for which 
data was recorded are similar and the difference in results, obtained during the 
testing period, is due to the installation of the PV device. Ways of mitigating the 
resulting impacts could be then analysed accordingly. Anticipated impacts for a 
large scale installation could also be determined by direct correlation of water 
quality impacts. 
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5.9 Economic resource assessment 

Taking into consideration components requirement for a large scale PV device 
installation a costing of the device could be compiled. Correlations of pricing of 
same technology (tidal, WEC etc.) deployments, in marine and Lacustrine 
environments, will be considered to estimate the cost for the offshore PV panels in 
both environments. 
 
 Using recent offshore deployments as references, other cost assessments such as 
mooring and grid integration could also be estimated. Hence a complete economic 
analysis of the PV offshore technology could be undertaken. By calculating the cost 
per kW of installed capacity, a direct comparison with other offshore technology 
can be undertaken.  
 
The economic assessment could be expanded to more niche applications, for 
floating PVs deployment, such as reservoirs and tailing ponds. Using the data 
analysed, they will be applied to these applications from which figures for return 
on investment, payback periods, internal rates of return (IRR) etc. could be 
estimated. 
 

6 Conclusion  
 
Photovoltaic devices floating on the water is a relatively new concept, which needs 
to be developed further if it is to someday be considered as another offshore 
renewable energy technology.  The primary focus of this research, outlined in the 
proposal is to establish the energy output which could be achieved from such an 
offshore device and consequently estimate the output from a large scale 
deployment of the same concept. Hence the energy output per area/footprint it 
occupies can be estimated and compared to contemporary offshore technologies.  
 
The simulation and evaluation phase is the vital element in this research since 
through it, various sites could then be analysed and their potential energy output 
from such a device estimated. In order for this estimation to be generalised the 
marine and lacustrine environments have to be analysed and a performance 
output for the PV panels indexed against these variables (eg. water temperature, 
occlusion etc.). Thus an estimation method for the offshore solar radiation can so 
be established, and used to establish different sites  
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B Schedule ɀ Gantt Chart  
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E Appendix  
 
Table12 reporting threshold levels and associated effects of electric fields (E-fields) and magnetic effects (B-Fields) fields on marine 
animals from Valberg (2005): 
 

 
 

                                                        
12 Referred to in page 26, under heading 4.7.  
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