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Summary 
 
Key factors in using variable renewable energy to sustain crop growth were investigated 

using the Isle of Lewis as a case study.  Methods investigated sought to exploit plants’ 

abilities to accommodate a variable solar input by supplementing it with variable renewable 

energy. 

 

The extant solar resource on Lewis was characterised.  The mean ratio of 

photosynthetically active radiation (PAR) to solar radiation (SR) (fE) recorded in 2010 was 

0.458.  fE was found to be significantly different between the first and last hour of daylight 

and 12:00 GMT (F, (2, 33) = 7.98, p<0.001) and between winter and summer months (F, 

(1, 10) = 20.86, p<0.001).  This supports the suggestion that fE decreases as the 

atmospheric path length decreases.  Significantly higher mean fE was also identified for the 

cloudiest days (F, (1, 22) = 6.22, p<0.05). 

 

Supplementing sunlight with intermittent, artificial illumination powered using wind 

energy significantly increased the growth of Brassica hirta.  53.26% of the additional dry 

weight produced using fixed diurnal illumination was achieved with 35% of the energy 

using this technique.  The dry weight of B. hirta grown with illumination timed with tidal 

streams was not significantly different from that grown using fixed diurnal patterns.  This 

is potentially important for the use of renewable energy for horticultural illumination.  The 

possibility of using energy to prioritise lighting in well insulated growing structures and the 

compatibility of electricity production and horticultural demand on Lewis were considered. 

 

These findings support the direct use of variable renewable energy to sustain crop growth 

and promote the concept of using plants to store renewable energy.  This is of potential 

benefit for problems of renewable energy intermittency, the predicted need to increase 

world food supply and providing economic opportunities for remote areas with a poor solar 

resource but good supplies of variable renewable energy. 
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Chapter 1:  Introduction 

 

1.1 Background 

E = mc² is probably the world’s most famous equation.  It also informs us of the vast 

amount of energy there is all around.  There is, of course, an important difference between 

the presence of energy and the ability to manipulate and control that energy.  For over a 

century, focus of much of society has been on the use of fossil fuels for this purpose.  This 

focus is changing. 

 

It is ultimately unsustainable to rely on energy captured from an ancient sun and stored for 

millennia before being exploited by mankind.  Debate is ongoing and unresolved as to the 

duration of the remaining supply of fossil fuels (Ediger et al., 2007).  Answering how long 

requires answers to how much resource is there, how efficiently we will use it, how much 

energy will we actually need and what economic price are we prepared to pay to get it.  

The recovery of a diminishing resource will inevitably be influenced by diminishing 

returns on our extraction costs and the development of new technologies to do so.  The 

wisdom of the wholesale oxidisation of carbon captured long ago is also of major concern 

because of its implications for climate change.  The answers to this question are also being 

sought with great effort and endeavour (Intergovernmental Panel on Climate Change, 

2007). 

 

Realisation that we cannot permanently rely on a finite resource to satiate our energy 

hunger has promoted the investigation of alternative energy supplies.  Again, this involves 

not only identifying an energy source but also developing the technology to exploit it.  

Lessons learned from fossil fuels also highlight the desirability that new supplies should be 

sustainable. 

 

Technological developments to harvest alternative renewable energy are now widespread 

and diverse and (in 2011) account for 14% of the total world energy demand (Panwar et al., 
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2011).  The term ‘renewable energy’ is now an accepted term to describe, amongst others, 

energy sourced from wind, water and directly from the sun.  All of these renewable sources 

of energy have a common inherent problem, namely, they are variable.  The wind does not 

always blow; water, whether waves or tides, does not always move and the sun does not 

always shine with sufficient strength for its energy to be captured efficiently.  This is a 

major drawback because we have become used to energy on demand and consumers are 

likely to be intolerant of an intermittent supply.  Today, our intercontinental travel begins 

with the starting of a jet engine not a wait for prevailing winds.  Our computing needs 

cannot be delayed until the tide turns.   

 

Answers to the problems posed by the variable nature of renewable energy are therefore 

important and eagerly sought.  There are currently three major solutions (Mackay, 2009).  

Firstly, to use renewable energy sources over a large geographical area; the ‘it’s always 

windy somewhere’ solution.  Secondly, integrate different technologies ‘the wind might 

still be blowing at high tide’ (or have a conventional power station on standby).  Thirdly, 

store the energy so that it is available on demand.  There is a fourth solution, namely, find a 

suitable use for a variable energy supply at the point of production.  For example, this 

method is exploited in areas with a large solar resource for chemical and smelting 

processes using solar furnaces (Funken and Becker, 2001).  The present work developed 

this concept and sought an alternative use for variable renewable energy supplies at the 

point of production. 

 

It is proposed in this dissertation that the growth of plants is a good candidate for this role 

and evidence will be presented to illustrate that they have evolved to utilise a variable 

energy supply, namely the sun.  The pairing of renewable energy and plant production 

suggests the possibility of producing food in new ways.  The seasonal direct application of 

renewable energy to grow crops could provide a new method of storing that energy, by 

converting it into crops. 

 

The potential aligning of renewable energy and food production poses four questions.  

Firstly, is there a need for such an endeavour?  Secondly, how could it be carried out?  
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Thirdly, where would be a good location to test this?  Fourthly, what would be the 

consequences of doing so? 

 

These points were combined in the research question – what are the key factors in the use 

of variable renewable energy to sustain crop growth using the Isle of Lewis as a case 

study? 

 

1.2 The Growth of Plants 

Most, but not all, of the autotrophs that sustain us are terrestrial green plants.  These plants 

are powered by solar energy.  The complexity of this process forms a discipline in its own 

right, for example, see Garab (1999).  A vastly simplified view would be that green plants 

use solar radiation to convert carbon dioxide, water and minerals into the food that animals 

consume and the oxygen they breathe (Hall and Rao, 1999).  The importance of this 

process to life on Earth cannot be over emphasised but fundamentally it is about energy: 

accessing energy, converting energy, storing energy and making energy accessible to other 

living organisms (Zhu et al., 2008).   

 

Solar radiation is the main energy source used by plants for this process.  This energy 

supply is variable with clouds and clear skies, day and night, summer and winter.  Plants 

have evolved to accommodate this variation.  It may be possible to exploit this adaptation 

and use variable, renewable energy sourced from wind and tides for plant growth. 

 

1.3 The Evolution of Plants to Accommodate a Variable Energy 

Supply 

The very existence of seasonally flowering plants supports the claim that plants have 

evolved to accommodate a variable energy supply.  Fossil evidence suggests that terrestrial 

higher plants (embryophytes) have existed for at least 475 million years (Edwards, 2000), 

but the earliest evidence for flowering plants is from approximately 140 million years ago 

(Moore et al., 2007).  Therefore, today’s seasonally flowering plants have evolved to utilise 
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annual changes in solar radiation and this is demonstrated by such events as seasonal seed 

germination, flowering, end of bud dormancy, and fruiting. 

 

Plants do possess a circadian rhythm (the autonomous mechanism that generates 24 hour 

endogenous rhythms (Hayama and Coupland, 2003), but this rhythm is generally 

independent of environmental fluctuations (Fukuda et al., 2004).  The rate at which plant 

species can react to their environment will also differ and this determines where they can 

live.  A forest floor plant, for example, has a great advantage if it can utilise a transient sun 

patch moving over it (Ackerly, 1997).  Such variations illustrate differences in accessing 

the resource not in the nature of the resource.  The main resource plants are competing for 

is solar light. 

 

The pioneering work by Garner and Allard (1920) demonstrated the importance of the 

relative day length (that is, variation in solar energy input) to the reproduction process of 

some flowering plants.  This work also proposed the term ‘photoperiod’ to describe the 

favourable length of day (and night) for each organism. They also coined ‘photoperiodism’ 

for the response of organisms to relative day and night lengths.  This work also led to the 

use of the terms short and long day plants and day neutral plants (Thomas and Vince-Prue, 

1997).  Short day plants appear to require a short day, a short period of illumination, in 

order to flower, and they generally flower in late summer, autumn or winter.  Long day 

plants generally flower in late spring or early autumn and will not do so without a light 

period longer than a certain critical number of hours.  Spinach (Spinacia oleracea), for 

example, flowers when day light is 14 hours or longer.  Day neutral plants flower when 

they are mature, regardless of day length. 

 

It is in fact night length, that is, the uninterrupted period of darkness, not day length that is 

significant in photoperiodic flowering (Runkle et al., 2012).  Measurements of 

photosynthetically active radiation (PAR) – the portion of solar radiation that can be 

utilised for photosynthesis - illustrate a large variation in received light during the day (see 

Chapter 2). This variation is in contrast to the relatively stable light conditions during the 

night.  Plants use these steady state energy periods of darkness to regulate their life cycles 
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not the variable energy input day light hours.  Short day or long night plants have been 

shown not to flower if the period of darkness is interrupted by even a few minutes of dim 

light (ibid., p.4).  In contrast long day, short night plants have been made to flower by 

interrupting a long night with a period of illumination.  Intermittency of light during the 

day does not affect this pattern (ibid., p.4). 

 

Changing diurnal patterns of energy in the form of solar radiation are therefore recognised 

by higher plants, and this enables them to co-ordinate seasonal flowering (Hayama and 

Coupland, 2003).  The complex process that mediates this interaction between the 

environment and the plant’s circadian clock is beyond the scope of this work, but has been 

reviewed by McWatters and Devlin (2011). 

 

Light is, of course, very important for plant growth as well as for development, and studies 

have shown a linear relationship between biomass production and intercepted radiation 

(Lecoeur and Ney, 2003).  This is even more significant when considering the suggestion 

that agricultural productivity needs to double to keep up with predicted demand for food by 

the end of the century (Zhu et al., 2008).  Terrestrial plants only use approximately 0.1% of 

the solar radiation that reaches the Earth’s surface for photosynthesis (Rascher and Nedbal, 

2006).  Our understanding of photosynthetic mechanisms in fluctuating light conditions 

remains limited despite an increasing depth of knowledge of the processes executed with 

photosynthesis (ibid.).   

 

Light is known to provide plants with the energy to fix carbon, but it also controls growth 

and development in a sophisticated way at all stages of growth (Chang et al., 2008).  Of the 

light energy that plants do use for photosynthesis, C3 plants (for example rice, wheat and 

soya beans) have a growing season conversion efficiency for solar energy to plant of about 

2.4%.  For C4 plants (for example sugar cane and maize) the figure is approximately 3.7% 

(see Section 1.10.1).  One reason for these low efficiency conversion figures is that 

although photosynthesis is directly proportional to sunlight at low levels, as the intensity of 

solar light increases, the gains in biomass diminish.  For example, Chrysanthemum dry 

matter accumulation has been measured to increase linearly with cumulative light exposure 
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within defined limits irrespective of light conditions (Kjaer and Ottosen, 2011).  At about 

half full exposure to sunlight there will often be no further increase in biomass productivity 

(Ort and Long, 2003) and at high light levels energy is used by photoprotective 

mechanisms (Ort, 2001).  Plants can therefore be considered as optimally low-efficiency 

organisms (Losciale et al., 2011). 

 

The ability to overcome the environmental challenges to enable photosynthesis at all is 

possibly more impressive than the efficiency with which it is carried out.  The distinction 

between mean levels of received irradiance and the pattern of exposure were also noted for 

passionfruit (Passiflora edulis) plants by Menzel and Simpson (1989).  The ability to carry 

out photosynthesis in changing environmental conditions requires a process that is both 

robust and flexible (Kramer et al., 2004).   

 

It is possible that the apparent low photosynthetic efficiency of plants results in 

evolutionary advantage and such a system is broadly supported by the observed 

photosynthetic adaptations observed (ibid.).  It would be a waste of resources for a plant to 

be able to process the maximum PAR it receives at one time when such periods are limited 

to the middle of the day.  The inability to process full sunlight therefore results in periods 

of exposure to excess sunlight or excess excitation energy (Müller et al., 2001).  Plants can 

limit light absorption to protect themselves from the energy by leaf reflectance (Adams et 

al., 2004) or through limiting chlorophyll content (Pompelli et al., 2010).  In this way they 

can function in a variable energy environment. 

 

There are many other evolutionary pressures on plants, and like other organisms they have 

evolved to occupy specific niches.  Shade tolerant plants demonstrate an ability to 

photosynthesise optimally in low light conditions (Ruberti et al., 2011).  Here, ability to 

rapidly utilise the energy from a transient speck of sunshine in dappled shade may be 

paramount (Pearcy, 1990).  Under canopies, sunflecks contribute 40-90% of the daily PAR 

(ibid.).  The distribution and duration of sunflecks is very variable (Kirschbaum and 

Pearcy, 1988) and approximately one third of PAR is from sunflecks of less than 10 

seconds’ duration (Pearcy, 1990).  This is of importance to agriculture as sunflecks under 
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canopies occur in crop stands as well as in forests.  In contrast, the ability to rapidly occupy 

a gap in the canopy is of major advantage to a shade avoiding plant (Ruberti et al., 2011).  

Whatever niche they occupy plants continue to access and accommodate the variable 

nature of the sunlight they receive. 

 

The ability to adjust to different levels of PAR can vary with species (Ihnken et al., 2010; 

Mackenzie et al., 2005).  Also the method of adjustment may vary, and so the timescales 

are observed to differ (Ihnken et al., 2010).  Pigment content can respond to diurnal 

changes with acclimatisation periods of hours (Claustre et al., 2002).  Short term 

photosynthetic adjustments can occur in milliseconds (Schansker et al., 2006).  

Photosynthesis enzyme activation changes in response to varying PAR can occur in 

minutes (Portis and Parry, 2007).  Acclimatisation to altered PAR involving gene 

expression can take hours or days (Ihnken et al., 2010). 

 

Kulheim et al., (2002) and Kulheim and Jansson (2005) suggest that under field conditions 

plant fitness can be due more to the ability to tolerate variations in PAR than to tolerate 

high levels of energy.  Mouse ear cress (Arabidopsis thaliana) plants have been found to 

have an evolutionary advantage by being tolerant to fluctuating high light levels (Kulheim 

and Jansson, 2005).  Rascher and Nedbal (2006, p671) argue that “Highly dynamic 

physiological mechanisms have evolved to adapt the photosynthetic apparatus to the ever 

changing stream of photons.” 

 

In summary, PAR levels vary naturally and the literature demonstrates that there is an 

evolutionary advantage to plants that are able to accommodate this change.  It is therefore 

logical that photosynthesis is well adapted to these fluctuations (Rascher and Nedbal, 

2006). 

 

The suggestion that there is variation in plants’ abilities to accommodate variable levels of 

PAR has lead to its investigation from a bio-technological crop production perspective 

(ibid.).  The possibility of further improving a crop’s ability to thrive in varying light 

conditions could have significant implications for food production (Long et al., 2006).  
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Likewise, the exploration of the use of artificial lighting using variable renewable energy 

could also have implications for food production. 

 

1.4 Law of the Minimum 

In order for plants to maximise their use of energy, nothing else must limit the process.  

The concept of limiting factors to plant growth was first propounded by Carl Sprengel 

(Sprengel, 1828).  This is now known as the Sprengel-Liebig Law of the Minimum (Van 

der Ploeg et al., 1999).   

 
 
Plants grow by converting energy from the sun.  The theoretical maximum production from 

a defined area of land is therefore limited by the solar radiation it receives.  The efficiency 

of a system, however, can be modified.  Improvements can be made by adjusting nutrients, 

water, temperature, ventilation, and shelter.  Such improvements can only get the total 

production closer to the theoretical maximum that is limited by solar radiation.  To further 

increase the yield a larger input of energy is required.   

 

It has been calculated that there is a natural limit, or ceiling, to this process.  In 1986 it was 

estimated that about half of the Earth’s photosynthetic capacity was already being used, 

diverted or wasted by humans (Diamond, 2006).  This limit to plant growth, and so to food 

production, could be raised if the energy that plants can access could be extended by 

human intervention.  Controllable energy is, however, a precious resource and it also 

follows that any additional input would need to be sustainable if this is also a requirement 

of the food supply. 

 

1.5 Limitations to Crop Production 

The Sprengel-Liebig Law of the Minimum states that in order to increase food production 

by increasing the energy input, energy has to be the limiting factor.  The large global 

variation in plant life and agricultural productivity is not solely a result of variation in PAR, 

several other factors are involved.  This means that any ambitions to develop new 

horticultural regimes would need to consider more than just energy inputs. 
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1.5.1 Water 

Water is the main constituent of the biomass of plants, although only a small fraction of the 

water taken up by plants is retained by them.  For example, it can take 150 litres of water to 

produce 1 kg of barley, or 3000 litres of water to grow 1 kg of rice (BioMyc International 

Corporation, n.d.).  The remainder is liberated to the atmosphere by transpiration.  

Transpiration is a key factor in photosynthesis and provides a transport mechanism for 

soluble ions and organic molecules into, out of, and around plants.  Transpiration also 

regulates plant temperatures (Raviv and Blom, 2001).  In many parts of the world water is 

the main limiting factor in crop production and increasingly, rainfall cannot be depended 

upon to sustain crop growth, and therefore an increase in population (Mwakalila, 2006).  In 

these situations, increasing irrigation is the prime concern for increasing crop production.  

Irrigation produced approximately half of the increase in world food production witnessed 

during the mid-1960s to the mid-1980s (Hawken et al., 2009).   

 

The use of irrigation is ultimately limited, and its application needs to be sustainable.  This 

is well illustrated by the example of the Aral Sea, where over use of irrigation has resulted 

in ecological disaster (White, 2013).  Irrigated land expanded by 2.5 million hectares 

between 1960 and 1980 and disrupted the prevailing water balance in the Aral basin.  The 

Aral Sea is drying up and the irrigated land is suffering from salinisation, pesticides and 

fertiliser-polluted surface and ground water, the collapse of ecosystems, the loss of 95% of 

the marshes and wetlands, the creation of sand deserts and the total loss of 50 lakes 

covering 60,000 hectares (Aquastat, 1998).  The application of sustainable irrigation 

systems is necessary, but may become increasingly difficult as global fresh water 

distribution changes as a result of global warming. 

 

It is important to note that investments which increase the efficiency with which water and 

other inputs into agriculture and horticulture are used, not only have the potential to 

increase the food supply, but can also reduce the environmental impact as a whole (Khan 

and Hanjra, 2009).  For example, the careful soil preparation used in the ‘biodynamic 

system’ of horticulture is claimed to produce a four-fold increase in crop production 

(Shapiro and Harrisson, 2000).  This could mean that the same production could be 
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obtained from a quarter of the land, so leaving three quarters for more crops or other 

competing uses.  Increased agricultural output has clearly had an environmental cost (Khan 

and Hanjra, 2009), but hopefully an increase in the awareness of sustainability as a concept 

will help to limit these costs at the design stage in future developments. There is clear 

evidence of the need to develop new systems to increase crop yields and carefully manage 

water resources.  This is irrespective of future predictions for population or climate and 

more food needs more water (ibid.). 

 

It is possible that the increased demand for water to satisfy the increased demand for food-

crops may outweigh the water shortages predicted from global warming (Vorosmarty and 

Sahagian, 2000).  Approximately 90% of the fresh water consumed globally in the 

twentieth century was for agriculture (Shiklomanov, 2000).  The inability to rely on rainfall 

means that 40% of the world’s food is produced from irrigated systems (Rockstrom et al., 

2007).  Irrigated agriculture increased by 480% in the last century and is predicted to 

expand by a further 20% by 2030 (Food and Agriculture Organization, 2003).  Several 

countries that depend upon irrigation systems such as China, India and Iran are already 

experiencing difficulties with their agriculture as a result of a shortage of fresh water (Khan 

et al., 2008).  This current unsustainable use of water does not sit well with a predicted 

increased demand for food or concern for the environment (Khan and Hanjra, 2009).  The 

abundant water resources of the case study in this dissertation (the Isle of Lewis) may 

prove to be a powerful horticultural complement to its renewable energy supplies and help 

to compensate for its relatively poor solar resource. 

 

1.5.2 Growing Medium 

The productivity of existing agricultural land is also vulnerable to soil degradation.  The 

International Soil Reference and Information Centre (ISRIC) report that 749 million 

hectares have a light degree of soil degradation, 910 million hectares have a greatly 

reduced productivity and 296 million hectares are strongly degraded (Oldeman et al., 

1999).  The implications of these figures are widely debated (Krossa, 2009) but the 

situation has to be addressed if sustainable, increased productivity is to be achieved.   
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The fertility of the growing medium is also clearly a factor that can limit crop growth.  

Workers such as Mittleider and Nelson (1970) demonstrated the importance of adequate 

plant nutrition to maximised crop yields.  Mittleider and Nelson (ibid.) developed balanced 

fertilisers containing the primary macro-nutrients nitrogen, phosphorous and potassium, the 

secondary macro-nutrients calcium, sulphur and magnesium and the micro-nutrients boron, 

chlorine, manganese, iron, zinc, copper, molybdenum and selenium.  The need to optimise, 

and not over apply fertilisers, has been highlighted by the problem of eutrophication of 

freshwaters (Harper, 1992).  The sustainability of inorganic fertiliser use is also 

questionable (Van Vuuren et al., 2010; Elser, 2012) with the reliance on mining for 

potassium and phosphorous and synthesis from fossil fuels for nitrogen.  The financial cost 

of fertiliser use can also limit its application.  Costa Rica, for example, is predicted to be 

unable to feed its population due to its inability to maximise crop production as a result of 

the prohibitive cost of fertiliser (Hall and Hall, 1993).   

 

It is conceivable that organic methods that have already been developed could sustain some 

degree of population growth., The 2001 global use of synthetic nitrogen fertilisers, for 

example, was 82 million Mg (metric tons), 58 million Mg less than the nitrogen that could 

have been fixed by the use of additional leguminous crops (Badgley et al., 2007).  It is 

therefore possible that fertiliser need not be the limiting factor to plant growth, but that 

alternative solutions may need to be explored.  This could be possible, for instance, by 

revisiting the use of seaweed as fertiliser (see page 39). 

 

1.5.3 Temperature 

Photosynthetically active radiation is not the only solar radiation utilised by plants.  

Infrared radiation with a wavelength longer than 700 nm plays a vital role in heating plants 

and their environments, and so dictates their metabolic rates.  Although approximately 50% 

of solar radiation that reaches the Earth has a wavelength longer than 700 nm (American 

Society for Testing and Materials, 2003) much of this is absorbed by the atmosphere.  

However, visible electromagnetic waves heat surfaces that absorb them, and this energy is 

re-radiated at longer infrared wavelengths. 
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Variations in solar radiation therefore not only alter the energy available for 

photosynthesis, they also influence the environmental temperature and this directly affects 

a plant’s metabolism.  This variation in temperature can be the key limiting factor that 

determines the timing and duration of the growing season.    

 

High temperatures as well as low temperatures determine the environmental limits for plant 

growth.  Heat stress, defined by Wahid et al., (2007, p.200) as “the rise in temperature 

beyond a threshold level for a period of time sufficient to cause irreversible damage to 

plant growth and development” is an agricultural problem affecting yields in many areas of 

the world (ibid.). 

 

1.6 Global Illumination 

Global warming predictions talk of a hotter Earth, not a brighter one.  Plants need visible 

light to grow.  Being hotter does not therefore alter the energy source that drives 

photosynthesis, even if climate changes alter other limiting factors to growth.  A lack of 

light can limit growth if other resources are plentiful, but there are also variable upper 

limits to the gains produced by increasing light (Barber and Andersson, 1992). 

 

Many studies have indicated that the level of solar energy reaching the Earth’s surface has 

not been stable over time (Wild et al., 2007).  Over the past 4500 million years the sun is 

estimated to have increased in brightness by about 30% (Ward, 2009), but there have been 

many fluctuations in this trend.  There are several explanations for this phenomenon, for 

example, Milankovitch theory describes changes that result from the Earth’s precession 

over thousands of years.  Regular variations in sunspot activity over approximate 11 year 

cycles as discovered by Schwabe (Schwabe, 1843) are believed to produce a measureable 

climatic effect in the northern hemisphere (Lean et al., 1995).  Atmospheric aerosols that 

result from anthropogenic air pollution are also considered a contributing factor to global 

dimming (Streets et al., 2006).  Significant reductions in the measured surface solar 

radiation have been recorded during the past 50 years (Stanhill and Cohen, 2001) although 

the effect declined during the 1980s, has reversed, and is currently brightening (Wild et al., 
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2005).  If agriculture is the ‘art of converting solar energy into fuel for consumption by the 

human machine’ (Smith, 1972, p.72) a simple relationship between solar radiation and 

plant productivity might be expected.   This is not observed to be the case. 

 

Different species of plant grow optimally in different intensities of light (Healey et al., 

1998).  Light can restrict plant growth at both upper and lower limits (ibid.).  The type of 

light also influences its efficacy, for example, conditions of increased diffuse solar 

radiation and decreased direct radiation can increase photosynthesis (ibid.).   Evidence that 

light intensity is not always the limiting factor to growth is also demonstrated in 

greenhouses.  Such structures usually improve crop yields, and yet their glazing will reduce 

the light levels reaching the plants.  Blackman and Wilson (1951) found that five of the 

eight crop species they tested in England produced their maximum rate of dry matter 

increase when grown in shade ranging from 70% to 95% of full daylight.  Globally, it is 

predicted that a 10%-20% decrease in surface solar radiation would have only a marginal 

effect on crop yields, provided that such a decline was not accompanied by other climate 

change (Stanhill and Cohen, 2001).  However, the seasonal effects of diminishing light 

levels in the winter months can shorten the duration of growing seasons.  Also, in cold wet 

climates any decrease in solar radiation is likely to produce a decrease in productivity 

(Wang et al., 1994). 

 

Optimising crop yields using light therefore requires a detailed knowledge of all the 

limiting factors involved. A plants’ position on the globe, relative to the sun, will determine 

the solar radiation it can theoretically receive when compared to other plants in other 

positions.  Changing climatic conditions may alter the optimum positions for growth, or the 

amount of solar radiation actually reaching the plant, but geometry determines the resource 

relative to global position. 

 

1.7 Motivation 

An awareness of the requirements to grow plants as crops and their ability to utilise 

variable energy source does not provide a motive for doing so.  The time, effort and 
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expense required developing the concept of pursuing renewable energy and crop 

production needs to be both technologically feasible and demonstrably worthwhile.   

 

1.8 Food and Population 

There are more than seven thousand million people on Earth and the number is growing 

steadily (United States Census Bureau, 2012).  These people need to be fed.  Ninety-six 

percent of our food comes from the land (Eswaran et al., 1999).  Agricultural land is in 

limited supply (Ehrlich et al., 1993). 

 

In 1798 (when the world population was 978 million) the Reverend Thomas Robert 

Malthus considered the situation of population growth in a world of finite resources to be 

perilous.  He published his conclusions in the now famous ‘Essay on the Principle of 

Population’ (Malthus, 1803).  In this essay he presented the hypothesis that the “The power 

of population is infinitely greater than the power of Earth to provide subsidence for men” 

(p.6).  This hypothesis was based on the understanding that while population exhibited 

geometric growth, food and other resource production increased arithmetically.  Without 

intervention, Malthus suggested that the inevitable outcome of this situation would be war, 

famine and disease.     

 

This Malthusian view is challenged by the cornucopian belief that argues limitless benefit 

can be derived from resources as a result of continual advances in technology (Simon, 

1981).  Access to technological advances, as with other resources, is of course not 

universally equal, as demonstrated by a world that already has war, famine and disease.   

 

It is important to note that with either hypothesis, increasing agricultural efficiency is a 

beneficial endeavour.  In the former, it allows time to address the problems of population 

growth and avert or indefinitely delay a Malthusian crash.  In the latter, it is part of a 

cornucopian solution as it attains an increase in utility. 
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A relatively late arrival to this debate is the concept of sustainability.  The American Public 

Health Association defines a sustainable food system as one that 

  “…provides healthy food to meet current food needs while maintaining healthy 

ecosystems that can also provide food for generations to come with minimal negative 

impact on the environment.  A sustainable food system also encourages local production 

and distribution infrastructures and makes nutritious food available, accessible and 

affordable to all.” 
     American Public Health Association, 2007, p1 
  

 
The attainment of such straightforward ambitions requires a number of environmental 

issues to be addressed.  These would include climate change, land use, water scarcity, 

water quality, soil quality, biodiversity loss, ‘super weeds’, human health, food scarcity, 

concern over genetically modified organisms, desertification, pesticides (human health and 

effectiveness), growth hormone residues, bio-fuel competition and sea level rise 

(Notarnicola et al., 2012).  Not only does a sustainable system of agriculture need to 

address these issues but to do so whilst continuing to increase productivity to feed a 

population growing by 75,000 a year (Schaller, 1993).  Notarnicola et al. (2012) suggest 

that the methods used to implement sustainable agricultural practices are currently based on 

four strategies: 

• Stop agricultural land expansion 

• Increase food production without expanding agriculture 

• Minimise resource use without reducing food quality or quantity 

• Change human diets and non-food applications 

 

The bringing together of locally sourced renewable energy and horticulture could 

potentially assist in the first two of these stages by increasing the efficiency of natural 

resource utilization on existing agricultural/horticultural land.  Notarnicola et al. (2012) 

further identify that achieving the aims of sustainable agriculture will require a truly multi-

discipline approach but that such developments are gaining acceptance and support by the 

agri-food industry. 

 

A key problem would seem to be that current food needs are constantly changing and so 

the target of sustainability is always changing with them.  This dynamic situation is not 
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new. Norman Borlaug, one of the founders of the ‘Green Revolution’1 and winner of the 

1970 Nobel Peace Prize for his contribution to the world food supply, highlighted this 

point.  He warned that new, high yielding crop varieties were not a solution, but were 

simply buying time (Famoriyo and Raza, 1982).  This belief was advanced by Brown 

(1975, p.26) who suggested that ‘this time will not be bought so cheaply again’.  The 

agricultural advances of this revolution were certainly flawed as access to the new methods 

and materials were governed by economic and political factors related to scale and wealth. 

 

In India and Pakistan, for example, The Green Revolution arguably resulted in increased 

polarization of rich and poor (Famoriyo and Raza, 1982).  The suitability of monoculture 

and input intensive agriculture for people reliant on subsistence farming has also been 

questioned, as has the environmental costs of soil erosion, surface and groundwater 

contamination, release of greenhouse gases, increased pest resistance and loss of 

biodiversity (Badgley et al., 2007).  Borlaug himself said that his work was ‘a change in 

the right direction, but it has not transferred the world into a Utopia’ (Agbioworld, 2005, 

p.1). Utopia or not, his obituary in The Times, September 14th, 2009, p.1, estimated that his 

work had saved more lives than any individual in history.  

 

The necessary refining of society’s aspirations to not only accommodate food demand but 

to satisfy it in a sustainable way, has added another layer of complexity to agricultural 

practices.  William Rees has articulated this concept with his work on ecological footprint 

analysis (Rees, 1992).  This method compares human demand on the biosphere with 

nature’s ability to regenerate the resources used (not just food).  The results can be 

expressed in the form of the number of “Earths” required to sustain the specific demand.  

In 2006 the total ecological footprint was estimated at 1.4 planet Earths (Halls, 2008).  This 

report also highlighted that the excessive demand on the world’s resources is not equally 

distributed amongst its human population.   

 

                                                 
1 The term ‘Green Revolution’ was coined in 1968 by the US Agency for International Development 
(USAID) administrator William S. Gaud to describe the large increase in post-war agricultural productivity.  
This increase resulted from the scientific development of new high yield crop variations allied with increased 
use and development of fertilisers, pesticides and herbicides. 
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It is possible that the demand for agricultural produce is currently being influenced more by 

changes in consumption patterns than population growth (Zhen et al., 2010).  As 

consumption expectations change and obesity plagues the West it should be remembered 

that our biological food requirements have not changed markedly since the Stone Age at 

about 10 MJ per capita per day (Gerbens-Leenes and Nonhebel, 2002). 

 

Food demand is increasing, whether driven by improvements to nutrition, food quality or 

the sheer number of mouths to feed (Harvey and Pilgrim, 2011; International Assessment 

of Agricultural Knowledge, Science and Technology for Development (IAASTD), 2009).  

The fundamental nature of this requirement means that improving and maintaining social 

welfare is dependent on developing new forms of food production and that consideration of 

energy inputs into this process are vital but must be sustainable (Harvey and Pilgrim, 

2011). 

 

The inequality of food distribution was highlighted at the World Food Summit in 1996.  

Here, international attention was focussed on the concept of food security, i.e. access to 

food supplies that are safe, physically and economically sustainable, and adequate to meet 

the energy and nutrient needs of the population (World Food Summit, 1996).  If 

sustainability is to be achieved using current production methods, fair and equal access to 

food would have to mean much greater moderation in ”First World” consumption patterns, 

as well as an increased food supply to the developing world.  This would certainly be a 

‘hard sell’ for the Western politicians who would have to implement such measures. 

 

A further influence on the global distribution of food is access to new agricultural 

technologies and methods.  Increasingly, these new technologies are being developed by 

the private sector and these companies are looking for a return on their investments.  This 

price is not always easily paid by the people who could benefit most (Spielman, 2007). 

 

It is impossible to be precise in estimating the moving targets of food supply and demand 

but we can endeavour to refine our aim a little.  The population is growing at 

approximately one thousand million people every twelve to thirteen years (United Nations 



18 
 

Population Fund, 1996) and the population has grown more in the last fifty years than in 

the preceding four million years (Hinrichsen, 1997).  Food production has, however, 

outpaced population growth in the last fifty years (International Food Policy Research 

Institute, 1995) and in the last thirty years the food calories available (if not received) per 

person has risen by 13% despite an increase in population (Hawken et al., 2009).  The 

doubling of global population from 25 thousand million to 65 thousand million between 

1950 and 2006 was accompanied by only a 10% increase in cultivated land.  This 

disproportionate rise was again due to increases in agricultural productivity (Harvey and 

Pilgrim, 2011). 

 

There are indications that the previously observed accommodation of increased food 

demand is changing.  For example, the spike in food prices in 2007-2008 has been 

interpreted as an indication of food demand rising faster than supply (Firbank et al., 2013).  

The rate of increase in agricultural productivity is now estimated to be below the rate of 

population growth (Harvey and Pilgrim, 2011).  Thus there is a renewed necessity to raise 

the rate of food production increase to the levels observed during the Green Revolution 

(ibid.).  The target of sustainable intensification with increased yields without 

environmental impact or the cultivation of more land make this even more challenging 

(Firbank et al., 2013). 

 

The rapid increase in food production by the methods of the Green Revolution is arguably 

unsustainable for two reasons.  Firstly, many of the new techniques developed during this 

time, for example synthetic fertilisers and pesticides, have now been well explored and so 

their contribution to the rate of increase in food production is slowing (Ghosh, 2004).  

Secondly, some of these techniques only allowed us to exploit soil fertility and other 

environmental services more quickly, and for long term security we need to help nature to 

refill it (ibid.).  Despite such predictions Firbank et al., (2013) suggest that temperate 

regions are tending to view sustainable agricultural intensification more as a strategy for 

the future than a current requirement.  They did, however, find some evidence of such 

practices on British farms using the definition of increased productivity per unit area 

without deterioration of the measured environmental variables.   
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The Food and Agriculture Organisation of the UN estimate that world food production will 

have to double in order to provide adequate food security for the population of eight 

thousand million projected for 2025 (Food and Agriculture Organization of the United 

Nations, 1996).  This raises the question of the human carrying capacity of the Earth (the 

maximum sustainable exploitation level of production limiting renewable resource 

(Kessler, 1994)).  Despite prolonged debate, consensus cannot be reached on this point.  

The Population Council suggest that we are almost at full carrying capacity and that 

agricultural production is already falling behind (Ehrlich et al., 1993).  Other workers 

predict population estimates of 40 thousand million or more (Mather and Chapman, 1998).  

It is, however, universally agreed that a larger global population will require more food 

than is currently being produced. 

 

1.9 Increasing the Food Supply 

The acknowledgement of a likely increased global demand for food prompts the need to 

examine the available resources to increase the supply.  Increasing the food supply is not a 

new ambition.  Periods of rapid agricultural change have been recorded throughout history, 

notably in the Neolithic era (Allen, 1976) and Tenth (Butzer et al., 1985), Eighteenth 

(Overton, 1996) and Twentieth centuries (Famoriyo and Raza, 1982).  Whether these 

endeavours were the result or cause of population growth does not alter the importance of 

an adequate food supply to support human existence.  Humans can live for a few minutes 

without oxygen, a few days without water and a few weeks without food.  This means that 

where our next meal is coming from is not as important as our next breath but its 

importance to our long term survival is absolute.  The definitions of oxygen and water are 

more precise than the generic term food, but the systems that nutritionally support 

ecosystems are well understood. 

 

All food chains, including our own, originate with autotrophic organisms (Elton, 1927).  

These organisms produce complex organic molecules from simple inorganic chemicals and 

so are labelled as the primary producers.  All other organisms feed directly or indirectly on 

them.  It is estimated that the Earth has in the region of 30,000 species of plants with edible 
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parts.  However, only 15 plant and 8 animal species make up 90% of our food, with just 3 

crops (corn, rice and wheat) accounting for half of the calories consumed globally (Miller, 

2000).  The physical space to grow these crops is finite.  Land degradation, desertification, 

urbanization, industrialisation and climate change are all claimed to be bringing about a 

decline in quality arable land (Oldeman et al., 1999). 

 

Estimates for the per capita arable land requirement to feed an adult vary widely.  Lal 

(1989) talks of 0.5 hectare of cropland while Cai et al., (2002) suggest a range of arable 

land units from 0-10 hectares for developing countries to 0.03 hectares for developed 

countries.  Guo et al., (2008) proposed highly sophisticated, technologically advanced 

growing units small enough and productive enough to fit in space stations! 

 

This suggests that definitive figures are unknown and the maximum utility from a given 

area of land will vary.  This variation will be the result of a combination of the resources 

already present at the location, those that are added, and the knowledge of how to manage 

this productively and sustainably.  This process also requires the political and social will to 

implement new methods and the economic ability to carry them out. 

 

The quest for methods of increasing the food supply for human communities has been 

constant and has produced a range of solutions of varying success and suitability for 

widespread application.  Some suggestions are new, some are innovative applications of 

old practices, and some are combinations of existing techniques. 

 

In 1929, W.F. Gericke coined the term hydroponics for crops grown in liquid nutrient 

solutions rather than soil (Douglas, 1951).  The Mittleider Method suggested growing crops 

in artificial soil fed with exact and optimum nutrients (Nelson, 1970).  In the late 1970s 

Mollison and Holmgren introduced permaculture, a system of agriculture that was based on 

ecological methods of plant management (Mollison and Holmgren, 1978). 

 

The New Alchemy Institute worked on intensive organic gardening techniques based on 

‘bioshelters’ (Barnhart, 2008).  These methods address issues of sustainability, farm 
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efficiency and growth optimisation but not the management of additional energy.  Systems 

have been developed that increase energy inputs but these have tended to be reliant on 

fossil fuels to provide light or heat.  There are, for example, over 1,500 hectares of heated 

greenhouses in the Netherlands producing tomatoes and using natural gas as a fuel 

(Hawken et al., 2009).  These are commercial installations that remain profitable after 

factoring-in the cost of fuel.  This invites a more detailed investigation of energy input into 

agriculture using renewable sources and this was a key aim of the present work. 

 

1.10 The Availability of Land 

The second part of this conundrum is the availability of land.  The Earth has 13,056 million 

hectares of land, or with seven thousand million people, 1.9 hectares per person (Bay and 

David, 2009).  The area currently used for agriculture is estimated at approximately five 

thousand million hectares; of these 1.5 thousand million hectares is arable land (Krossa, 

2009).  There are also large areas of land currently considered to be naturally unsuitable for 

agriculture due to topographic or climatic reasons.  This leaves an estimated one thousand 

million hectares that are considered suitable for cultivation using current techniques 

(Eswaran et al., 1999).  This remaining land also has to shelter the world’s population and 

provide space for forests and other non-food species, and to provide a habitat for all the 

other animals and plants that inhabit the planet. 

 

The necessity of this last point can be argued from either an altruistic perspective or a 

purely selfish one if the advantages of maintaining genetic diversity are considered.  The 

vast majority of all modern crop varieties have been improved by the management of genes 

derived directly from wild varieties.  For example, increased tolerance to drought, heat, 

salinity and water-logging in wheat has been achieved with genes from its wild relative 

Aegilops tauschii.  The US government estimates that a 1% gain in crop productivity 

results in a $1,000 million benefit to its economy (Stolton et al., 2006).  Fundamental to the 

division of land between these differing needs is the sustainability of land use and the 

productivity of agriculture.  More land could and probably will be used for agriculture as 

the demands of an increasing population grow, but this will not be without costs.   A world 
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where all suitable land is used for agriculture would be very different from the existing one, 

and it would certainly be one environmentalists would lobby against, for example, the John 

Muir Trust is dedicated to protecting wild places (John Muir Trust, 2013).  A possible 

solution to this scenario was articulated by Shivaji Pandey, Director of Food and 

Agriculture Organization’s plant production and protection division (in Bay and David, 

2009, p. 1), 

 “The world has no alternative to pursuing sustainable crop production 

intensification to meet the growing food and food demand, to alleviate poverty and to 

protect its natural resources.”  
           

The argument for intensification rather than expansion can also be made on economic 

grounds.  Much of the remaining land with conventional agricultural potential is in 

developing countries and the cost of clearance, drainage and irrigation would currently be 

higher than the value of the food produced (Hawken et al., 2009). 

 

Genetically modified foods are a contentious yet potentially significant method of 

increasing food quality (Uzogara, 2000) and yields in the twenty first century (Dona and 

Arvanitoyannis, 2009).  These methods will require large lead times though, as a result of 

the necessary caution required in their implementation. Pressure groups such as the 

Alliance for Natural Health Europe are calling for the complete ban of genetically modified 

crops (Alliance for Natural Health, 2010).  Such views are tempered a little by the words of 

Norman Borlaug who said “you have to have at least one square meal a day to be an 

environmentalist” (Agbioworld, 2005, p.1). 

 

Debate on population and food supply has now been conducted for at least two hundred 

years and agreement has yet to be reached on the facts.  Science is based on probability not 

absolute certainty (for example, Newtonian physics was highly probable, not absolute 

certainty and this probability was refined by Einstein).  The global human population will 

probably continue to rise, and this rise will result in an increased demand for food.  Current 

methods of supplying this increase do not appear to be adequate or sustainable.  How and 

when the final act of this situation will be played out is still unclear.  What would seem 

clear is that the investigation of different approaches to increase agricultural productivity is 
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most prudent and needs to be explored with some urgency and vigour.  Consideration of 

the direct utilisation of renewable energy at its point of origin in the case study area could 

be part of this quest. 

 

1.11 Economic Influences on Renewable Energy Use for 

Horticulture 

Economics inevitably has an influence on food production and it has been argued that “no 

agriculture is sustainable if it is not first and foremost a profitable agriculture” (Schaller, 

1993, p.92).  A criticism of many agricultural systems is that financial reward is gained by 

maximising output not efficiency (Hawken et al., 2009).  The more you grow, the more 

you can sell and the more money you make.  This is an over-simplification and does not, 

for example, consider the effect on price of the interplay between supply and demand, or 

on the diminishing returns on investment made to maximise production.  Perhaps the more 

frequently observed situation is where profit maximisation is placed ahead of production 

efficiency or sustainability.  This is illustrated by some use of slash and burn agriculture in 

the developing world (Schuck et al., 2002).  Productivity rewards were also a feature of 

EEC policy in the 1980s when farmers were rewarded for growing as much as possible, as 

cheaply as possible (Coghlan, 1988).  Agricultural efficiency, not just financial profit, has 

to be addressed at some stage in agricultural management as land is finite and competition 

with other land use has to be considered.    Britain has witnessed some increase in 

sustainable intensified agriculture in recent years (Firbank et al., 2013).    This has largely 

been driven by financial motives.  Efforts have been made to decrease input costs and thus 

reduce waste and pollution and the exploitation of incentivised environmental schemes 

(ibid.).  Currently this need to incentivise agricultural efficiency as opposed to economic 

efficiency is rarely promoted, although the development of renewable energy systems that 

directly feed into agriculture could be an exception to this (Bardi et al., 2013).  The kinetic 

energy that can be harvested from the wind and sea is, however, fundamentally 

economically different from the fossil fuels currently used in the majority of commercial 

agriculture.  The economics of production, distribution and use can therefore be expected 

to differ as well.  Again, profit maximisation has so far been the main driver for the uptake 
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of renewable energy generation by farmers (Firbank et al., 2013).    Before the economic 

and agricultural efficiency balance can be examined it is necessary to establish the nature 

of their use in horticulture.  Crop plants’ ability to store the energy directly after conversion 

(if established) as opposed to the need for an intermediary store could have a strong 

influence on the economic situation. 

 

The UK government is currently introducing two schemes to promote the use of renewable 

energy.  These proposals aim to help meet the target of 15% of the total UK energy 

production coming from renewable sources by 2020 (the figure was about 2% at the start of 

2010 (Government UK, 2013).  Similar tariffs have been introduced elsewhere in Europe 

(Brownsell, 2010). 

 

The tariffs are for generation systems under 5 MW in capacity, and payments will be 

guaranteed for up to 25 years.  A similar scheme, the Renewable Heat Incentive was 

introduced in April 2011.  Both schemes aim to provide a return on capital investment and 

are tax free (Ownergy, 2010). 

 

These tariffs are potentially very significant for energy intensive agriculture practiced on a 

small scale even though this was not their initial aim.  Such tariffs could provide financial 

incentives for increasing agricultural efficiency, and not just output, if they are used to 

produce energy specifically for this purpose.  An alternative approach may be to divide the 

problem into smaller more manageable pieces.  Many bespoke solutions using local 

resources may help to identify and explore individual opportunities that are not visible 

from a course grained overview.  This concept was articulated by Shapiro and Harrisson 

(2000) who said: 

 

“We all have to find ways to make the food production that’s the basis of our existence 

work.  I still don’t know how to do all of it – none of us does.  But if our piece of it works, 

then that’s a start.”  (Shapiro and Harrisson, 2000, p69). 
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1.12 Location of the Food Resource 

Humans are biologically a very successful species and inhabit all of the continents on 

Earth.  When we were hunter gatherers our immediate environment had to supply our food.  

This is no longer the case, as is exemplified by research stations in Antarctica and other 

regions dependent largely on food imports to sustain habitation e.g. The Maldives.  As 

permanent agriculture became prevalent in the Neolithic period humans initially settled in 

areas that could support them, by farming using the current technology (Parry, 1992).  Over 

millennia we have specialised, traded, industrialised and become less immediately attached 

to our own food production.  This detachment is exemplified in both the skill-set (only 1% 

of Americans grow food for the rest of the country) (Hawken et al., 2009) and by distance 

(now most humans live in ways and areas that cannot directly supply their own food).   

 

Although this detachment may appear perilous or foolhardy, it should be noted that the 

development of civilised societies is reliant on a detachment from the need to spend every 

day hunting and gathering food in order to survive (Tresset and Vigne, 2011).  The current 

situation may, however, need to be modified as food-chains lengthen, and concerns over 

food security grow as locations that we currently rely on to supply food start to struggle to 

do so in a sufficient or sustainable manner (Tscharntke et al., 2012). 

 

There is also a psychological element to this problem in so much as many people seem 

increasingly attracted by the idea of eating local produce.  The environmental benefits 

claimed for local production are not, however, as clear cut as they may initially appear 

(Coley et al., 2009).  The distinction between the security and sustainability of a food 

supply needs to be noted.  Many countries are unlikely to ever attain food or energy 

independence but can still aspire to source sustainable supplies (Harvey and Pilgrim, 2011). 

 

1.12.1 Food Miles 

Food miles are often used as an assessment of the environmental impact of food and 

therefore an indicator of its sustainability.  This term conceived by Andrea Paxton in 1990 

(Iles, 2005) refers to the distance travelled by food from its place of production to its place 
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of consumption.  Moving food across the globe requires energy, and most food 

transportation currently sources that energy from the consumption of fossil fuel. 

 

The last fifty years have seen a large increase in the distance travelled by food from farm to 

plate in the UK and this is attributed to four main reasons.  Firstly, globalisation of the food 

industry; secondly, a consolidation of commercials supplies into fewer, larger 

organisations; thirdly, changing distribution patterns with many goods passing through 

regional distribution centres, and fourthly the dominance of supermarket shopping, with 

weekly trips by car replacing daily pedestrian visits to local shops (Ho and Gala, 2005). 

 

The outcome of this change is that around 25% of all large goods vehicles (LGV) miles 

driven in the UK are for food transportation.  Perhaps more alarming is the increasing trend 

towards air shipment of food.  Although measuring only 1% of the food tonne/miles 

travelled, air freight accounts for 11% of the carbon dioxide emissions and is the fastest 

growing method of transportation (ibid.).  Around 95% of fruit and 50% of vegetables 

eaten in the UK are now imported (Scottish Countryside Alliance, 2006). 

 

The distance food travels clearly has an environmental cost, but this is only one of a 

number of costs associated with the production of food.  Food miles should therefore be 

viewed with caution if examined in isolation.  Heat is another energy form that impacts on 

this debate of the environmental impact of food production (Edwards-Jones et al., 2008).  

The emissions associated with the cold storage of food to enable it to be consumed out of 

season have to be compared with the cost of importing from parts of the globe where it is in 

season.  This situation will alter the longer a food product is stored, and so the 

environmentally favourable option may change food products as the year progresses. 

 

The environmental cost of food may therefore be better tackled by addressing what and 

when we eat, not where it comes from.  The notion of such a change was summed up by 

Tara Garnett of the Food Climate Research Network when she said “less choice, more 

variability of supply, non-availability and a move away from chilled?  Very challenging 

and I can’t see it happening tomorrow.” (Gairdner, 2007, p.2). 
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Food miles are therefore only part of a complex reality in the assessment of food 

sustainability and therefore not appropriate as a single indicator (Smith et al., 2005).  This 

does not detract from the point that the fossil fuels used in food transportation can have a 

negative environmental impact.  If as part of a cost benefit analysis this cost was weighed 

against a localized production based on a renewable energy source, there could be 

potentially a favourable shift in the direction of environmental gain even if the threshold 

for overall benefit would need further analysis. 

 

1.13 Northern Latitudes 

Growing plants for food or fodder is about the storage of energy, to be released at a later 

date.  Plants have specific requirements in order to store this energy, and an individual 

shortage of any one requirement can limit their ability to do so.  The other pre-requisite for 

the process is the energy source itself, and as solar energy is not equally distributed around 

the planet the current research is largely concerned with northern latitudes. 

 

The area over which the solar beam is spread increases moving north from the equator.  For 

example, at 50o north a given quantity of solar radiation will be spread over an area 

approximately 35% larger than at the equator.  Additionally, the larger amount of 

atmosphere it will need to travel through to reach the Earth’s surface absorbs more solar 

radiation (Burgess, 2009).  As well as this variation in intensity, the position of the Earth as 

it orbits the sun creates a variation in the duration of exposure to solar radiation.  The 

autumn and spring equinoxes are key markers in this phenomenon.  In winter, moving 

north decreases the duration of daylight below 12 hours and in summer it increases it above 

12 hours.  For example, daylight in Scotland at approximately 58o north (Stornoway) varies 

from about 6 hours in the middle of winter to about 18 hours in the middle of summer 

(Lydolph, 1985).  This greater variation in energy levels in northern latitudes produces a 

marked seasonal effect.  This seasonal effect directly influences the growth of plants and 

dictates their growing season.   
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There is no single definition of the growing season.  Descriptions used include the period 

between soil thaw in the spring and freeze in the autumn (Smith-Downey et al., 2006); the 

seasonal occurrence of frost (Suckling, 1989); and the period when mean temperature is 

above that which limits vegetative growth (Gloyne, 1973).  The freezing of water results in 

the challenges of dehydration and intracellular ice damage, in addition to a slowing down 

of metabolism (Stitt and Hurry, 2002).  The ability to grow specific crops in given 

locations can therefore be determined in part by their ability to cope with low temperatures.  

Species such as tomatoes and potatoes have a low tolerance of cold temperatures (Larcher, 

2003) whereas spinach, for example, has a high tolerance (Martindale and Leegood, 1997).  

Neild and Greig (1970) applied the concept of growing seasons to agricultural crop 

production.  They looked at the first spring date when temperatures were high enough to 

induce germination and sustain plant growth and then at the date when temperature was 

detrimental to yield or quality due to it being either too high or too low.  In all these 

examples the growing season is determined by ambient temperature not light.  

 

 The temperature range experienced within a growing season is also very significant for 

agricultural production (Gloyne, 1973).  In Alaska, soil temperature is a critical 

environmental factor in the growing season, and low temperatures limit the growth of crops 

(Dinkel, 1978).  The optimum soil temperature for the majority of crops is between 21 ºC 

and 30 ºC Celsius (ibid.).  Cool air can, however, be used to optimize growing temperatures 

and exploit the extra sunlight.  This has been demonstrated in Alaskan greenhouses by 

controlling the internal temperature.  This has resulted in the commercial production of 

high quality produce in greenhouses (ibid.).  In this controlled environment the high yields 

obtained in this location have demonstrated the great photosynthetic potential for certain 

crops in northern latitudes during the summer months (April to September). 

 

In the Arctic region, the summer increase in solar radiation exceeds or is equal to the 

corresponding total solar radiation further south, and growth is limited by temperature 

alone (Gloyne, 1973).  During the darker months, light is a more yield-limiting factor in 

northern latitudes compared to southern ones (Thelen, 2006) and so heating soil or air 

alone would not increase productivity to comparable southern levels.  Daily light levels 
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between October and March have been noted as a limiting factor for heated greenhouse 

crops in the northern half of the United States and Canada.  Here, yields have been 

increased by the use of supplementary lighting in the morning, late afternoon and on 

cloudy days (Runkle, 2007). 

 

Around the equinoxes, the variation in the duration of sunlight is not so marked, and the 

intensity becomes more critical.  The angle of incidence of northern sunlight results in its 

intensity being lower than comparable locations closer to the equator.  However, it has 

been demonstrated that the levels received are well above those required for photosynthesis 

by most plants, provided other resources are not limiting (Dinkel, 1978).  The potential to 

increase production by adding supplementary light also exists. 

 

1.14 Candidate Locations 

The concept of pairing variable renewable energy resources and crop production at the 

place of energy generation could take different forms.  It is, however, logical that different 

geographical locations will vary in their suitability for the application of such technologies.  

It is assumed that locations will be more favourable if they possess the following attributes: 

a suitable, variable, renewable energy supply; horticultural conditions that could be 

improved by an additional energy supply; the capacity to develop new systems of 

horticulture in terms of present land use; additional resources to grow crops such as 

fertilizers and water; a political, economic or social motive to explore the concept.  In view 

of these selection criteria the Isle of Lewis, Scotland, was chosen as a suitable candidate for 

a case study. 

 

1.15 Case Study Area: The Isle of Lewis 

The Isle of Lewis, in the Outer Hebrides is located off the north west coast of Scotland.  

This geographical location endows it with many unique characteristics, yet several of its 

challenges concerning food supply echo common global themes. 
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Lewis has an area of 1,770 km2 (Thompson, 1968) and a resident population (in 2001) of 

18,489 (General Register Office for Scotland, 2008).  Lewis’s proximity to the Atlantic 

Ocean and the North Atlantic Drift results in a cool temperate maritime climate with 

relatively small seasonal variation in temperature (Gloyne, 1973).  On average it enjoys a 

long growing season, as defined by absence of frost, however its low air temperatures, 

combined with a low percentage of received sunshine, results in slow plant growth (Hance, 

1952).  July and August are the only two months to have never experienced frost since 

records began in 1874 (Met Office, 2010).  The Met Office data for 1874-2006 shows a 

mean annual rainfall of 1197 mm (ibid).  Lewis is largely covered in peat and large 

volumes of rain can significantly increase the leaching of plant nutrients from this material 

(Malcolm et al., 1977).  Water-logged soils can also become anaerobic and make field 

operations physically challenging (Gloyne, 1973). 

 

Blown salt can also be very damaging to plant growth and has been shown to decrease crop 

yields (Hussain et al., 1997).  Windblown sea spray is a well recorded problem on Lewis 

(Hance, 1952).  The island has little conventionally good agricultural land as defined by 

The Macaulay Land Use Research Institute (The Macaulay Land Use Research Institute, 

2013) and it imports most of its food, via supermarket chains, from locations all over the 

world.  It does have potential sources of renewable energy.   

 

Around 25% of the UK’s potential marine energy resource is predicted to be located off the 

Outer Hebrides (Gray, 2007).  After consideration of technical, political and commercial 

challenges it is estimated that no more than 20% of the resource will be developed in the 

immediate future.  This still equates to: 

• 960 MW of offshore wave 

• 45 MW of near shore wave 

• 137 MW of tidal stream 

 

(Planning for Sustainability, 2010, p.36) 
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Lewis also possesses a significant wind resource.  Scottish wind speeds are exceptionally 

high in a European context and winds experienced on the west coast of the Outer Hebrides 

are the most favourable for electricity production in Scotland (Planning for Sustainability, 

2010).  Typical mean wind speeds for the Outer Hebrides are 9.5 ms-1 at 75 m for land and 

10.3 ms-1 at 75 m offshore (Planning for Sustainability, 2010, p.28 and p.31).  This could 

potentially produce a significant amount of electricity.  This wind energy is also potentially 

damaging to plants.  Damage can be broadly characterised as gross physical damage, 

morphological, anatomical and physiological change (Gloyne, 1973).  This means that 

wind influences the species that will grow and the form and growth that will result.  Wind 

can therefore be a limiting factor to crop growth unless its influence is controlled (Grace, 

1988). 

 

Lewis currently lacks the infrastructure to export this renewable energy and has little 

market demand for it locally (Wilson, 2010).  The location of the Hebrides therefore 

creates the problem of not being able to export excess electricity across the same stretch of 

sea that it imports food.  It does have an above-average land area per capita, and it does 

claim the political will to increase its own food supply.  Comhairle nan Eilean Siar (the 

Western Isles Islands Council) has as two of its stated sustainability themes to (where 

possible), meet local needs locally and to enable everyone to have access to good and 

affordable food, water, shelter and fuel (Comhairle nan Eilean Siar, 2009).  Despite 

climatic restraints, agriculture has taken place on Lewis for at least 5000 years (Noble, 

2006).  Today, as one of the crofting areas of Scotland, Lewis’s agricultural land is usually 

occupied in small holdings normally under tenancy.  Croft size ranges from less than 0.5 

hectares to more than 50 hectares with an average size of approximately 5 hectares 

(Crofters Commission, 2009).  The Napier Commission of 1884 considered that the 

minimum size of a croft should be 10 acres (4.047 hectares) (Napier, 1884).  Hance (1952) 

considered Lewis crofts to be too small, uneconomical and incapable of supporting the 

population that occupied them.  He further concluded that crofters would always have to 

supplement their living with another occupation.  He also questioned the nutritional 

balance of their produce, claiming that there had always been a shortage of vegetables in 

the diet.  Whether the last point is a result of an inability to grow more vegetables, or a 
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choice to not eat them, is unclear.  The landscape may not be conducive to easy vegetable 

growth, but the majority of inhabitants on the west coast of Scotland surveyed still fall 

short of the World Health Organisation’s recommendations of 400 g of fruit and vegetables 

a day, even with access to shops selling imported produce (Anderson et al., 1994). 

 

The Isle of Lewis is therefore an offshore island, distant from large consumer markets, with 

a cool, wet climate and poor agricultural land.  It has no recent history of being able to 

support the nutritional needs of its population from home produce alone and so has to 

import much of its food.  It does claim the desire to be more self-reliant (Comhairle nan 

Eilean Siar, 2009) and ultimately the production of food is about the conversion of solar 

energy to an edible form.  It is furthermore claimed that Lewis has a significant and largely 

unexplored renewable energy resource in the forms of marine and wind energy and that it 

is in a prime position to exploit them (Snodin, 2001). 

 

Using local energy locally could help to overcome some of the technical and environmental 

problems of energy distribution.  If locally generated energy was used to produce food it 

could also help address the technical, environmental and financial problems of importing 

so much of the island’s food.  This would also support the Committee of Enquiry on 

crofting who set out as one of five key principles the need to “ensure that land in crofting 

tenure is put to productive use” (The Scottish Government, 2009, p.1). Any assessment of 

the plants growing potential of the Isle of Lewis needs to consider all of its potential plant 

growing resources.  This is especially important if concerns over sustainability and food 

security are expressed by the desirability to produce local food using local resources.  It is 

also important in assessing the suitability of Lewis as a location to use renewable energy to 

increase food supply. 

 

1.16 Lewis Land Resource 

Approximately half of the world’s population live in urban areas and this is predicted to 

grow to 60% by 2030 (Su et al., 2011).  This means that almost all the expected increase in 

world population will be concentrated in these locations.  In numerical terms this translates 
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to a predicted urban population increase of 2.7 thousand million people by 2050 (United 

Nations, 2010).  These people will need to be fed, but will not necessarily live in an 

environment that produces food. 

 

The availability of land for development does not automatically mean that it is available for 

horticulture.  A large proportion the Isle of Lewis (on land, inland water and marine sites) 

is nationally designated for nature conservation (Comhairle nan Eilean Siar, 2007a).  For 

example, 18,252.1 ha or 8.54% of Lewis and Harris is designated as sites of Special 

Scientific Interest (SSSI) (Comhairle nan Eilean Siar, 2012a).  This does not preclude its 

use for horticulture.  By comparison the de-vegetation and dramatic modification of land 

use by urbanisation alters habitats more drastically than many other uses (Marzluff and 

Ewing, 2001).  This typically is as a result of the fragmentation of natural environments 

(ibid.). 

 

The availability of the physical space to develop horticulture may therefore be a significant 

resource in developing this industry on the Isle of Lewis.  This may also be of advantage 

economically.  Land values on Lewis are low when compared with more southerly UK 

areas that are sought after for multiple uses.  This is in part due to its geographical location 

and its conventionally poor agricultural worth (Comhairle nan Eilean Siar, 2012b).  The 

low capital cost of land on Lewis may therefore offset the additional expenditure necessary 

to promote productive horticultural systems. 

 

Lewis has a little over 9.5 ha of land per person.  Of this land there are hills and moors that 

are not suited to settlement or agriculture.  There are 80,330 ha of agricultural croft land 

(Stevens, 1925) and the only sizeable town (Stornoway) has a population of approximately 

8,000 (General Register Office for Scotland, 2008).  This means that the crofting townships 

have approximately 7.6 ha of croft land per person.  This figure appears to be very 

favourable when compared to the global average of 2.1 ha per person for all land (Bay and 

David, 2009).  Including Stornoway the figure is still 4.3 ha per person, over twice the 

global figure.   
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1.17 Lewis Fresh Water Resource 

Plants need water because they use it to support their structures, for internal transportation 

and it is the medium in which metabolic reactions occur (Begon et al., 1996).  If soil water 

falls below the threshold at which plants can extract it – known as the ‘permanent wilting 

point’ – they die. 

 

Different species of plant have different water requirements.  The two significant variables 

are when and how much water they get.  In nature these factors are usually linked to 

rainfall.  For example, the blanket bog that is found extensively on Lewis requires a 

minimum of 160 days of precipitation of 1 mm or more under current conditions (Goode 

and Ratcliffe, 1977). 

 

Globally, fresh water is becoming an increasingly scarce resource and it is predicted that 

13% - 20% of the world’s population will be living in water scarce regions by 2050 

(Organisation for Economic Co-operation and Development, 1998).  The volume and 

distribution pattern will be affected to an as yet unknown level by climate change (Every 

and Foley, 2005).  In the second half of the twentieth century there was more than a four-

fold increase in demand for water (Uitto and Schneider, 1997).  This demand is predicted 

to continue in the twenty first century with food production being a major consumer as it 

attempts to increase to feed a growing population (Rockström et al., 2007). 

 

The UK is categorised as mildly water stressed by the World Wide Fund for Nature (Yu et 

al., 2010).  There are, however, marked regional variations to this pattern.  This regional 

variation is demonstrated by comparing the north and south of the country.  Figure 1.1 

shows the monthly average rainfall for Stornoway in the north of the UK and southern 

England in the south of the UK (‘Southern England’ is a Met Office Compilation 

comprising Kent westwards to Wiltshire and Dorset, including Greater London) recorded 

by the Met Office (Met Office, 2010) between 1971 and 2000.  Figure 1.2 shows the 

number of days per month with rainfall greater than 1mm for Stornoway and Southern 

England between 1971 and 2000. 
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Figure 1.1: Monthly average rainfall (mm), 1971-2000, Stornoway and southern England. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Number of days per month with rainfall greater than 1 mm for Stornoway and 
southern England between 1971 and 2000. 
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During the survey period (1971 – 2000) Stornoway had a mean annual rainfall of 1,231.7 

mm that is 450 mm more than southern England’s 781.7 mm.  Importantly, the rain in 

Stornoway fell on average 201.4 days per year compared with Southern England’s 125.3 

days.  Regional temperature differences also affect evaporation rates.  Mean annual 

temperatures for southern England are 11 ºC for Central London and 9 ºC for higher 

ground inland, compared with 8.5 ºC for the Western Isles (Met Office, 2010).  An 

abundant water supply is an important regional asset for crop growth (Yu et al., 2010).  

The relatively high levels of rainfall experienced by Lewis may therefore be significant for 

horticulture in a country classified as mildly water stressed. 

 

1.18 Climate Change 

It is very difficult to predict details of climate change on regional and local scales (Siebold 

and von Tiedemann, 2012).  The precise effects of climate change on potential crop 

production in the Outer Hebrides are therefore as yet unknown.  There is, however, some 

consensus on more generalised trends.  Night time temperatures are expected to increase in 

northern Europe (Rosenzweig et al., 2001).  Changes in precipitation patterns may result in 

wetter winters and summer droughts (Intergovernmental Panel on Climate Change, 2007).  

Changes in cloud development and distribution are, however, the source of most 

uncertainty in climate projections (Karl and Trenberth, 2003).  This means that although 

rainfall is extremely important for predictions about horticulture, it is not possible to 

accurately model local areas at this time.  An increased incidence of extreme weather 

events is also generally predicted (Siebold and von Tiedemann, 2012), as is a pole-ward 

shift in agro-climatic zones (ibid.) and an increase in the growing season in northern 

Europe (Olesen et al., 2011). 

 

It has also been observed that the greater control over resources in intensive farming 

systems may make them more adaptable to climate change and that intensive systems in 

cool climates may benefit from climate warming (Olesen and Bindi, 2002).  The 

differences in predictions for climate change mean that predictions of gains for northern 

European agriculture also vary.  Model outcomes range from considerable agricultural 
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benefit for northern Europe (Olesen and Bindi, 2002) to reduced yields if the higher range 

of temperature predictions come to fruition (Rötter et al., 2011). 

 

Rivington et al., (2013) estimated agro-meteorological metrics from observed and 

modelled projections for 12 sites in Scotland.  They acknowledge large uncertainties in 

future climate projections.  They did predict changes to seasonal rainfall and distribution, 

growing seasons and soil moisture.  This in turn indicates a potential need for substantial 

changes in agricultural systems. 

 

Intensive growing systems, with greater control over the plants’ environment, may 

therefore provide a more robust method of optimising the resources that are available, and 

protecting plants from the excesses of nature. 

 

1.19 Physical Stress 

Although Lewis’s energy resources may have the potential to increase horticultural output, 

it might also reduce it due to physical stress upon the plants.  Such stresses can impair 

physiological functions (Larcher, 2003) or membranes may become disorganised and 

proteins can be de-natured (Krasensky and Jonak, 2012).  Plant species demonstrate a large 

variation in their ability to cope with harsh environments (Munns and Tester, 2008).  Plants 

have evolved two major strategies against environmental stress, namely stress avoidance 

and stress tolerance (Levitt, 1980). 

 

Anthropogenic intervention can also utilise these strategies.  The artificial creation of 

favourable growing environments can ameliorate unfavourable natural conditions and 

assist the creation of new cultivars, or the conditioning of existing ones can assist with 

stress tolerance.  It is likely that the challenge of growing more food on Lewis will need a 

combination of interventions at different levels and in different systems.  The supply of 

energy from renewable resources could form part of this solution but timely, effective 

results will require a holistic, informed approach. 
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1.20 Water Soluble Nutrients 

The water soluble components of plant nutrition are dependent (usually) on the 

composition of the soil (Mankin and Fynn, 1996).  On the Isle of Lewis, soils are relatively 

young, having formed since the end of the glacial epoch, many being derived from glacial 

deposits.  In general, the rock-types of the Isle of Lewis produce soils that are acidic and 

nutrient deficient (Angus, 1997).  Several distinct habitats have been defined on Lewis, 

based on its soil types, and the landscape of Lewis can be roughly divided into five 

categories (Hudson, 1991). 

 

• Machair 

Machair is found mainly localised in bays on the west coast of Lewis.  Prevailing winds 

have blown shell sand with an approximately 40% lime content onto the peaty soils.  This 

has created a soil with approximately pH 7.5-8.0 subsoil and pH 6.5-7.5 topsoil.  These 

soils are fertile and produce a habitat of international ecological importance. 

• Till Covered Plain 

Plains with soils derived from gneisses, sandstone conglomerates and near the Butt of 

Lewis, clay loam. 

• Hummocky Moraines 

Accounting for approximately 10% of the Outer Hebrides, these are hummocky land forms 

composed of glacial drift. 

• Rock Controlled Lowland and Low Hills 

55% of the Outer Hebrides are of this type, with shallow soils in drifts in hollows and 

crevices and surface or near-surface rock. 

• Mountains 

High ground above 300 m, dominated by sub-alpine soils and peaty gleys. 

 

Historically, most agriculture on Lewis has taken place on the coast in shallow peat or 

mineral soil that is almost always acidic (Grant, 1979).  Areas of machair are few and 
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relatively small (ibid.).  High levels of rainfall can also be problematic for agriculture and 

horticulture on Lewis due to the water-logging of soils and nutrient leaching.  High 

correlations between rainfall and nutrient leaching from peat based soils have been 

recorded from numerous sites in Scotland (Malcolm et al., 1977), and peat soils, which are 

typically wet, anaerobic, and easily compacted, have low hydraulic conductivity (Kløve et 

al., 2010). 

 

1.21 The Application of Seaweed to Improve Lewis Soils for 

Agriculture 

An awareness of the potential agricultural benefits from improving the structure and 

nutritional content of Lewis soils is well documented (The James Hutton Institute, 2013).  

Seaweed has a long history of use for this purpose.  The exact origins of the use of seaweed 

as fertiliser on Lewis are not clear.  There is recorded evidence for its use in Scotland from 

the fifteenth century.  A civil court case in 1499-1500 against Thomas Maule concerns 

“stopping the complainants from taking seaweed from the sea, preventing them using it as 

a fertiliser as has been the past custom” (Neilson and Paton, 1918, p. 350).  Historical 

sources record that the Isle of Lewis supported a commercial seaweed-harvesting industry 

(Thompson and Graham, 1978; Thompson, 1983; Kenicer et al., 2000). 

 

Today seaweed is still locally used as a fertiliser in the Hebrides, especially on the machair.  

These herb-rich areas are treated with as much as 40 tonnes of seaweed per hectare (Am 

Pàipear, 2010).  The continuing implementation of this traditional method is being 

encouraged by the Conserving Scottish Machair LIFE+ Project.  This project is a 

partnership led by RSPB (Royal Society for the Protection of Birds) Scotland and 

supported by Scottish Natural Heritage, Comhairle nan Eilean Siar and the Scottish 

Crofting Federation (Conserving Scottish Machair LIFE+, 2010).  Commercial seaweed 

extraction still exists on Lewis in the form of the Hebridean Seaweed Company (The 

Hebridean Seaweed Company, n.d.) and a report commissioned for the Minch Project in 

1994 estimated that 37,000 tonnes of the brown seaweed Ascophylllum (net weight) could 

be sustainably harvested annually in the Western Isles (Comhairle nan Eilean Siar, 1994). 
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In 2010 it was estimated that the Western Isles had a total Ascophyllum biomass of 170,500 

tonnes.  Of this, 26,700 tonnes were on Lewis.  It was estimated that 25% of these totals 

could be sustainably harnessed each year (Burrows et al., 2010). 

 

The beneficial effect on crops of seaweed fertiliser appears to be greater than can be 

accounted for solely by the nutrients they supply, possibly as a result of the growth 

hormones present in the macroalgae (Crouch and Vanstaden, 1991; 1992; 1993).  The 

humus content of composted seaweed also improves the soil structure (Haslam and 

Hopkins, 1996).  An increase in the biomass of vegetables grown in seaweed has been 

recorded repeatedly (Greger et al., 2007). Viewed together, this evidence appears to 

support the view that the naturally poor soils of Lewis can be greatly improved by the 

application of a readily available, sustainable, tried and tested organic resource. 

 

Unfortunately, there is a potential problem with gathering seaweed in large quantities, 

composting it and using the product to grow food.  This concern results from the 

observation that seaweeds have impressively large sorption capacities for a range of heavy 

metal ions (Hashim and Chu, 2004).  This is because heavy metals bind to the 

polysaccharides in the cell walls of algae (Greger et al., 2007).  Red algae in particular can 

concentrate metals by a factor of 104 from seawater (ibid.).   

 

Metals that have been investigated in seaweed include the radionuclide 99Technetium 

(99TC).  99TC is rarely found in nature but is found in bulk quantities in spent nuclear fuel 

rods.  Sellafield, the nuclear processing plant in Cumbria (England), has released 

significant amounts of 99TC into the Irish Sea (550 TBq 1995-1999, 90 TBq annually from 

2000), (Tagami, 2003).  There is some concern over its ultimate destination.  The half-life 

of 99TC is 213,000 years and in the sea it forms the soluble pertechnetate ion TCO4.  This 

means that it is long lived and very mobile in tidal waters (Aarkrog et al., 1988; Bonotto et 

al., 1988).  Technetium from Sellafield has been detected as far north as the Arctic (Oliver 

et al., 2006) and has a high bio-concentration factor in some species of red and brown 

seaweed (Oliver et al., 2006).  There exists the possibility of 99TC entering the human food 
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chain if seaweed that has accumulated this transition metal is gathered and used to fertilise 

crops for human consumption. 

 

The significance of this for human health is still uncertain and the perceived risk may be 

higher than the actual risk (Environment Agency, 2001), but with concentrations of 99TC in 

seaweed being up to 120,000 times greater than those found in sea water, this perhaps 

requires further scrutiny.  Lobsters with levels of 99TC exceeding the EU Council Food 

International level have been identified (ibid.).  Effects on genomic instability rather than 

just estimates of zero cancer risk also need to be considered and generalised derived limits 

may not be adequate for this purpose (Barnaby and Boeker, 1999).  The marketing of foods 

that contain 99TC may be problematic even if they can be shown to be completely safe.  

This could be significant if increased food production on Lewis was concerned with 

economic regeneration and not simply self-sufficiency. 

Arsenic is also found in high concentrations in seaweed (up to 100 mg kg-1 (Riekie et al., 

2006).  In sea water the concentration of arsenic is normally between 1 and 2 µgL-1 

(Farago, 1997).  The primary source of the arsenic is rivers that have eroded and 

transported naturally occurring deposits (Chilvers and Peterson, 1987).  Other sources 

include atmospheric deposition, volcanic eruption, hot springs and geysers (Farago, 1997).  

In addition to these is arsenic present due to anthropogenic activity (Anninou and Cave, 

2009). 

 

Riekie et al., (2006) carried out a study on Westray, Orkney, once a major centre for kelp 

(seaweed ash) production.  They found arsenic levels of 10.7 ± 3.0 mg kg-1 compared with 

a background level of 1.7 ± 0.2 mg kg-1 in soil in the vicinity of the old burning pits.  

Arsenic toxicity depends on the type of arsenic present (Cullen and Reimer, 1989) and 

inorganic forms are more toxic than organic forms such as arsenosugars.  More than 90% 

of the arsenic in the brown seaweeds F. resiculosus and L. digitata is in the form of 

arsenosugars (Tukai et al., 2002; Castlehouse et al., 2003). 

 

Hijiki seaweed Sargassum fusiforme is a traditional Japanese food that is also sold in the 

UK for culinary purposes.  In 2001 a report by the Canadian Food Inspection Agency 
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advised consumers to avoid the product due to its arsenic content (Canadian Food 

Inspection Agency, 2001).  Following this report and further investigation, the British Food 

Standards Agency also issued advice to consumers not to eat hijiki seaweed (Food 

Standards Agency, 2004).  In 2003 the UK Independent Committee on Toxicity of 

Chemicals Foods, Consumer Products and the Environment concluded that exposure to 

arsenic should be ‘as low as reasonably practicable’ (Rose et al., 2007, p.1264).  It is not 

suggested that levels of arsenic in Lewis seaweed are as high as, for example, those that 

caused concerns about dietary exposure from hijiki seaweed, but any possible route for 

arsenic to enter the food chain requires careful scrutiny. 

 

Another heavy metal that has been detected in  in seaweed is cadmium.  This metal is very 

toxic, even in low concentrations and can bio-accumulate in organisms.  It is a human 

carcinogen and exerts toxic effects on the kidneys, skeletal and respiratory system (World 

Health Organization, 2010).  Greger et al., (2007) looked at cadmium levels in compost 

made from beach cast seaweed on the Swedish Island of Őland in the Baltic Sea.  They 

found cadmium levels greater than the allowable limit levels for arable soil and cultivated 

plants.  Further, they found concentrations in lettuce and oats cultivated in the seaweed 

compost to exceed EU limit values.  The scientific Panel on Contaminants in the Food 

Chain recommended to the European Food Safety Authority a tolerable weekly intake of 

2.5 µg/kg of body weight (European Food Safety Authority, 2009).  Greger et al., (2007) 

concluded that growing food crops directly in composted seaweed was not recommended, 

although its use in smaller amounts for non-food crops may be justifiable. 

 

A further health risk that has been associated with rotting seaweed is the production of 

hydrogen sulphide gas.  Hydrogen sulphide is highly toxic to humans and in this respect is 

comparable to hydrogen cyanide.  Personal gas safety detectors are calibrated to go into 

full alarm for hydrogen sulphide at 15 ppm and at concentrations over 1000 ppm death can 

be caused by a single breath (Oxford University, 2005).  The Australian newspaper on 

August 6th 2009 (p.1) reported an incident from Lannion in Brittany, France, where a horse 

was allegedly killed and its rider hospitalised as a result of breathing hydrogen sulphide 

emitted from rotting seaweed (The Australian, 2009).  The weed in question was Ulva 
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lactvea and was reported as being 1m in depth and to have formed a white crust that 

allowed the build-up of the gas.  Concerns over hydrogen sulphide from rotting seaweed 

were also raised in Busselton, West Australia, in 2009, were measurements higher than the 

safe levels set by the World Health Organisation were allegedly recorded (The West 

Australian, 2009, p.1).  Although these cases are unusual they do highlight the need for 

caution when composting seaweed.  Precautions are also required for the potential to 

produce methane gas (CH4) and the possible nuisance factor of smell.  Nevertheless, the 

challenges of composting seaweed have of course been met for centuries and it continues to 

be used locally without apparent incident. 

 

The provision of plant nutrition by the application of marine macroalgae is a very old 

tradition (Milliken and Bridgewater, 2004) on the nutrient poor soils of Lewis.  Its 

utilisation to provide nutrition for new growing systems would therefore be in line with 

current and historical practices; however, these practices possibly require further scrutiny 

and research. 

 

Nevertheless, the macroalgae resource found on Lewis clearly has the potential for 

continuing agricultural and horticultural use.  There are also possibilities to develop new 

ways of utilising this resource, e.g. the use of seaweed ash as a ‘liming’ agent.   

 

The historical kelp industry of Lewis produced seaweed ash that had strongly alkaline 

properties (Rackwitz, 2007).  However, the acidic nature of much of Lewis soil can be 

problematic for crop growth.  These two points pose the question of whether using local 

sustainable resources to improve horticulture on Lewis could include soil pH modification 

by seaweed ash.  Wood ash has been identified as an alternative soil liming agent and 

supplier of nutrients (Ohno and Erich, 1990; Nkana et al., 2002).  Nkana et al., (2002) 

caution that it must be applied at ‘reasonable rates’ to avoid environmental damage from 

solute transportation to surface waters.  The chemical composition of seaweed ash varies 

between species and location but typical values are: potassium chloride 17-25%, sodium 

chloride 14%, potassium sulphate 10-14%, sodium carbonate 4-5%, iodine 1-6% and a 

little magnesium and much insoluble ash (Rackwitz, 2007).  The feasibility of local 
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seaweed use, including the application rates, efficiency and problems of such a proposal 

would require further exploration and research. 

 

Seaweed can also be considered as another potential energy source for horticulture, rather 

than just a nutrient supply.  For example, the BioMara project is exploring the feasibility of 

using marine algae as a biomass fuel source.  The BioMara project is a joint Irish and UK 

project that aims to “demonstrate the feasibility and viability of producing biofuels from 

marine biomass” (BioMara, 2011, p.1). 

 

There are primarily two methods being explored to achieve this; firstly, the anaerobic 

digestion of macroalgae to produce methane (CH4) and secondly, fermentation to produce 

ethanol (C2H5OH) (Park et al., 2013).  The direct use of the heat that results from 

decomposition is another possible way of using seaweed as an energy source for 

horticulture and is one that does not appear to have been explored.  Composting organic 

matter to produce heat for growing plants is a very old technique (Douglass, 2006).  Hot 

beds are constructed by placing soil and glazed frames over composting organic material, 

so using the heat of decomposition to extend the growing season.   “It can be taken for 

granted that such frames are quite as valuable as a heated greenhouse.”  (Dakers, 1934, 

p.27).  More recently the technique has been refined and the concept of using composting 

municipal waste as a low grade heat source has been explored (Klejment and Rosiński, 

2008).  The passive composting of organic matter can reach temperatures in excess of  

70 ºC (Miyatake and Iwabuchi, 2005).  Further advantages for such a system would be that 

the by-product would be compost, a potentially valuable raw material.  Winter storms cast 

large volumes of seaweed on Lewis beaches at a time when heat would be most needed for 

plants, but this is a valuable habitat for many species.  For example, Scottish Natural 

Heritage’s (2006, p.7) advice for the Firth of Lorne Special Area of Conservation said that 

the gathering of cast seaweed can “cause an imbalance of communities and ecosystems”.  

But before such issues are considered at length it needs to be confirmed that beach cast 

seaweed does indeed decompose in the manner outlined above. 
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Seaweed may or may not be a suitable source of plant nutrition for a horticultural industry 

powered by renewable energy.  The importation of fertilisers would not have to invalidate 

any economic horticultural proposals although it may harm ideas of sustainability.  The 

distinction between what is technically feasible and what is economically viable are beyond 

the scope of the current research.  Equally, what is justifiable now and what will be 

necessary for an extra 2.7 thousand million people will change over time.  As a final 

analogy, the North Sea is not the cheapest place to extract oil but the current demand for 

the product makes it worthwhile. 

 

1.22 The Research Question 

The pressures of an increasing demand for sustainable, secure food supplies and the 

opportunities for applying novel techniques to increase the supply of food products for 

human consumption which can be derived from the Isle of Lewis provides a motivation to 

explore the concept further.  Bardi et al., (2013) highlight the evidence that modern 

agriculture is dependent on energy supply and identify (in addition to the sun) fossil fuels 

as the major source of this energy.  They articulated this process by suggesting that 

agriculture turns fossil fuels into food. 

 

With the premise that fossil fuels are finite and that the climate change debate is 

encouraging a reduction in their use, they discuss how renewable energy technologies 

could be used in place of fossil fuels.  Target areas they identify are the production of 

nitrogen based fertilisers, powering of irrigation, farm machinery and transportation and 

the production of certain pesticides.  They also identify that this transition process will 

require an adaption of current agricultural methods. 

 

An agricultural future is hypothesised where locally sourced renewable energy is the prime 

energy input and a reduced use of grid electricity is offset by activities such as 

reforestation.  They further conclude that such activities will provide a strong stimulus for 

the development of renewable energy systems. 
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The present work advances this concept by investigating the novel use of renewable energy 

to power the biological processes of crop production.  Such activities would be part of the 

development of renewable energy systems discussed and an adaptation of current practices.  

The use of variable renewable energy supplies for this purpose requires further 

investigation. 

 

Kjaer et al., (2012) considered the use of variable supplementary illumination on the 

growth of Campanula portenschlagiana and Campanula cochleaifolia, two commercially 

grown campanula species.  Motive for the use of variable lighting was a reduction in 

energy costs in commercial installations.  The proposed potential for economic advantage 

arises from the variable cost of grid electricity and a variable forecast of solar irradiance.  

The targeting of periods of low cost electricity and the avoidance of periods of high cost 

electricity resulted in an irregular and variable pattern of illumination on their test plants. 

 

A linear relationship between dry matter accumulation and the cumulative light integral 

continued to be observed despite differences in the distribution and number of light 

periods.  Thus the potential for economic advantage was suggested. 

 

The present work investigates a similar scenario but with variation in illumination due to 

the natural variation in renewable energy electricity production as opposed to electricity 

cost.  Dry matter accumulation was again considered as an indication of growth rates.  The 

present work used an edible crop to reflect the production of food, and importantly the 

pattern of illumination differed due to the different origin of its source. 

 

These themes can also be viewed from the context of multifunctional agriculture (MFA) 

originally introduced at the Rio Earth summit of 1992 (United Nations Conference on 

Environment and Development, 1992).  The MFA concept suggests that agriculture has 

other functions than food production including management of natural resources, landscape 

and a contribution to the socio-economic viability of rural areas (Renting et al., 2009).  The 

use of renewable energy in the landscape where it is converted to produce crops with an 

economic and social value would feed directly into this debate.  This is in addition to 
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discussions regarding the complexity of food supply and demand.  Spiertz (2012) identifies 

the need for changes in water management to improve crop productivity and resource use 

efficiencies and identifies the role of tailor made solutions on a local or regional scale in 

achieving this.  He also concludes that progress needs to be made in yield security, the 

development of systems that can adapt to climate change and the identification of 

opportunities to increase the productivity and sustainability (ibid.).  The direct use of 

variable renewable energy in horticulture may have the potential to assist in these aims. 

 

Lewis possesses a variable renewable energy supply and plants do utilise a variable energy 

supply.  The compatibility of these factors offers opportunities for further investigation. 

 

Chapter 2 aims to characterise the solar resource on Lewis.  This is important because it 

reveals the amount of energy that is naturally available to grow plants.  Additionally, the 

amounts of energy required to enhance sunlight, or the need for additional lighting at all, 

will be explored.  Of equal importance is an analysis of the variability of the solar resource 

because it is being proposed that plants may be able to accommodate variable renewable 

energy sources as a result of their adaptation to a variable solar resource.  This variability is 

investigated by the measurement of solar radiation and photosynthetically active radiation 

(PAR).  Consideration is given to long and short term fluctuations and additionally to 

variation in the proportion of PAR present in solar radiation. 

 

Having established the extant solar resource, Chapter 3 describes the development of a 

method to test the effects of different renewable energy inputs on a crop plant in a robust, 

reliable, measurable, and repeatable manner.  This method is then employed to investigate 

the effects of variable wind pattern additional lighting on the growth of mustard (Brassica 

hirta) in Chapter 4. 

 

Chapter 5 uses the projected outputs from an actual community owned wind turbine on the 

west coast of Lewis (the Horshader Project).  This case study aims to ally the predicted 

energy requirements for plant growth with the energy output of an actual turbine.  This is 
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done with the objective of illustrating the relationship between the achievable supply of 

renewable energy and a predicted horticultural demand for a specific level of production. 

 

Wind is not the only source of renewable energy currently being investigated on Lewis.  

Chapter 6 considers the potential for horticulture using Lewis tidal streams.  An 

investigation of the effects on the growth of mustard (B. hirta) using light synchronised  

with tidal flows compared with a diurnal pattern are carried out to address the ability of 

crop plants be able to directly utilise variable renewable energy inputs.   

 

Crops are reliant on the sun for PAR.  There could be the possibility of manipulating this 

formerly unalterable variable if the use of renewable energy was adopted.  Some possible 

implications of being able to control whether energy is used to heat or light growing 

systems, and how and when energy is conserved, are examined in Chapter 7.  The results 

and implications of these investigations are then described in Chapter 8.   

 

To reiterate, the main research question is what are the key factors in the use of variable 

renewable energy to sustain crop growth using the Isle of Lewis as a case study.   
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Chapter 2: The Solar Radiation Resource of the Isle of 
Lewis 

 
 

2.1 Energy Supply 

The Isle of Lewis has been identified as a candidate location to explore the use of variable 

renewable energy to sustain crop growth (section 1.14).  The additional resources required 

to support this activity have also been considered (sections 1.16 and 1.21). A low solar 

energy resource will potentially have a significant impact on the horticultural output of 

Lewis, so the precise nature of this resource needs to be explored. Once the available 

amount of this resource is established, the requirements needed to supplement or replace 

the existing energy supply can be investigated.   

 

The sun’s surface emits approximately 63,000,000 watts per square meter (Pidwirny, 

2010).  By the time solar radiation reaches the Earth, the total solar irradiance, defined as 

the radiation at the mean sun-Earth distance received at the top of the terrestrial atmosphere 

and integrated over all wavelengths, is of  the order of 1366  ± 1.3 Wm-2 (de Toma et al., 

2004) or 1367 ± 4 Wm-2 (Mendoza, 2005).  This radiation is then attenuated by a further 

60% on average, on its path through the atmosphere (Chu and Liu, 2009).  Gamma rays, x-

rays and ultraviolet radiation less than 200 nm are absorbed by oxygen and nitrogen and 

converted into heat.  Ultraviolet radiation between 200 nm and 300 nm is largely absorbed 

by carbon dioxide, ozone and water.  Approximately 30% of the visible light spectrum 

between 400 nm and 700 nm is reflected.  This reflectance, or albedo, is from both the 

atmosphere and the Earth’s surface and can vary greatly.  For example, fresh snow can 

reflect up to 95% of the insolation that reaches it, grass type vegetation 15% to 25% 

(Pidwirny, 2010).  Solar radiation (SR) at sea level is composed of wavelengths between 

300 nm and 2,800 nm (Jacovides et al., 1996).   Electromagnetic radiation in the 400 nm-

700 nm range is particularly significant as this is the energy source for photosynthesis 

(Tsubo and Walker, 2005).  The solar radiation irradiance on any given part of the Earth’s 

surface is a function of the transmissivity of the atmosphere, the solar angle determined by 
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the rotation of the Earth, the tilt of the Earth’s axis and the path of its orbit around the sun 

(Sinclair and Gardner, 1998).   

 

2.2 Plants and Light 

The scientific importance of solar radiation to the Earth is demonstrated in part by the 

multi-disciplinary interest in it.  Plant biologists typically consider the number of photons 

in the photosynthetically active range of the electromagnetic spectrum (Janjai and Wattan, 

2011).  This measurement of discrete units of quantum flux is commonly recorded in units 

of micromoles per square meter per second (µmolm
-2

s
-1) where 1 mole = 6.022 x 1023 

photons.    Photosynthetic active radiation is a specific spectral range of electromagnetic 

radiation and this is referred to as the photosynthetic photon flux density (PPFD).  This 

research is more concerned with the energy requirements for plants growth, rather than the 

number of photons or quanta used by plants.  All wavelengths of light do not contain the 

same amount of energy.  As the wavelength gets shorter (frequency increases) the energy 

level increases, so for example, a quantum of red light has less energy than a quantum of 

blue light (McCree, 1981).  This means that for individual wavelengths of light, a direct 

conversion can be made between energy levels and the number of quanta, but for groups of 

different wavelengths such as those found in PAR, the calculations can become complex.  

Formulae for approximate conversions have, however, been calculated.  McCree (1981) 

suggests that to convert from µmolm
-2

s
-1 to Wm-2 for daylight it is necessary to divide by a 

factor of 4.6.  It is therefore possible to estimate the energy in daylight from knowledge of 

the quanta present.  However, this figure for irradiance is only one of four factors that need 

to be considered in an investigation of the light energy required by plants.  The others are 

the quality, the timing and the duration of light.  The quality is determined by the 

wavelengths present, the timing by the occurrence in the diurnal cycle and the duration by 

the length of exposure (Geiger, 1994). 

 

Most species of higher plants will grow effectively with an average daily irradiance of  

300 µmolm
-2

s
-1for 24 hours or 600 µmolm

-2
s

-1for 12 hours (Tibbitts, 1994).  Using 

McCree’s conversion this equates to 24 hours of sunlight at 65.2 Wm-2 or 12 hours at  
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130.4 Wm-2.  Solar energy levels are therefore, measured in watts, and when integrated 

over time, joules (one watt equals one joule per second). 

 

For the inter-disciplinary requirements of this project Wm-² were used whenever possible 

when looking at the instantaneous energy flux.  This unit allows for direct comparison 

between PAR energy and solar radiation.  It also allows for comparisons between PAR and 

electricity production and supply.  The consideration of time and area, that is, the rate of 

application over a given area of land is also useful for application rates in horticulture.  A 

fossil fuel power station and a wind farm may produce equivalent amounts of electricity, 

but the output over the time of that production may be very different.  The consideration of 

time and the rate of application of energy as opposed to the total amount of energy also 

allows for comparisons between months of unequal length.  This is important in 

considering horticulture as months and seasons can vary significantly.  It was therefore 

necessary to measure solar radiation (SR) and photosynthetically active radiation (PAR) in 

Wm-2 in Stornoway, Isle of Lewis, Scotland, for twelve months during 2010. 

 

2.2.1 Method  

Two light sensors2 were deployed in Stornoway, Isle of Lewis, from late 2009 to 2011 with 

data collection covering the twelve months of 2010.  The first sensor was a Skye 

Instruments SKS1110 pyranometer.  This sensor is described as being “suitable for 

measuring solar energy and can be favourably compared with thermopile sensors, but has 

the advantages of greater outputs and better temperature stability” (see Appendix 4). 

 

The instrument comprised a silicon photocell detector within a sensor with a Cosine 

corrected head (a small raised translucent dish designed to capture radiation at low angles 

which might otherwise be reflected and result in low readings).  It was calibrated against 

Kipp and Zonen (see Appendix 3) reference standard pyranometers in natural light 

conditions.  The absolute calibration error is typically less than 3% with a maximum of 5%.  

The working range was 0-5000 Watts per square meter.   

                                                 
2 Skye Instruments Ltd, Llandrindod Wells, UK 
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The second sensor was a Skye Instruments SKE 510 Energy Sensor.  This sensor is 

described as being suitable for measuring PAR between 400 nm -700 nm (see Appendix 4).  

This instrument comprised a blue enhanced planar diffused silicon detector within a sensor 

with a cosine corrected head.  It was calibrated against a National Physical Laboratory UK 

reference standard lamp.  The absolute calibration error is typically less than 3% with a 

maximum of 5%.  The working range is 0-5000 Watts per square meter (for detailed 

technical specifications and calibration certificates see Appendices 3 and 4).  The outputs 

from the two sensors were recorded on a Skye Instruments Data Hog 2 data logger.  The 

sensors were mounted level and 400 mm apart on a custom made bracket 2.3 metres from 

the ground.  Their location was 58º12’50.33” N 6º23’53.40” W at an altitude of 30 m 

above sea level (source: “Stornoway” 58º 12’ 50.33” N 6º 23’ 53.40” W, Google Earth, 

June 9th, 2012). 

 

 

 

 

 

 

 

 

 
Plate 2.1: The mounted Skye sensors, as seen from SE. 
 
Measurements were taken and recorded every ten minutes for the duration of the sensors’ 

deployment.  This frequency of collection produced a data set of considerable size (52,560 

readings per sensor for the 12 month period).  Despite this detail, the data only represented 

one year and any anomalies in 2010 would not necessarily be identified.  This distinction 
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between weather (that is, daily conditions) and climate (that is, long term weather patterns) 

(Cunningham and Cunningham, 2005) requires further consideration. 

 

In order to appraise the effects of weather and other variable influences on the readings 

taken during 2010 it is necessary to view them in the context of the climate of the Isle of 

Lewis as a whole.  This was achieved by comparing the mean solar radiation recorded in 

Stornoway 2010 with the standard deviation of mean solar radiation recorded by the Met 

Office and compiled by the British Atmospheric Data Centre (BADC) at 10 minute 

intervals at Stornoway Airport between 1983 and 2001 (British Atmospheric Data Centre, 

2012). 

 

2.2.2 Results  

The mean and standard deviation monthly levels of instantaneous solar radiation  

(Wm-2) calculated from 10 minute interval readings for 2010 are shown in Figure 2.3 (and 

Table Appendix1.15).  Table 2.1 below compares the upper and lower standard deviation 

of 10 minute samples of BADC monthly solar radiation (Wm-2) for Stornoway Airport, 

1983-2001, with the mean 2010 monthly solar radiation (Wm-2) recorded at Lews Castle 

College, Stornoway. 
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Figure 2.3: The mean and standard deviation monthly levels of solar radiation calculated 

from 10 minute interval readings for 2010. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Error bars indicate standard deviation of 10 minute averages 
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Month Mean 2010 monthly 

solar radiation  

(Wm
-2

) recorded at 

Lews Castle 

College, Stornoway 

The standard deviation of 10 minute 

samples of BADC monthly solar 

radiation (Wm
-2

) for Stornoway Airport, 

1983-2001 

  Lower Upper 

January 15.93 12.52 18.38 

February 36.70 32.10 43.60 

March 80.56 70.06 88.1 

April 127.11 124.38 152.36 

May 187.40 178.02 220.20 

June 187.08 172.91 213.09 

July 157.55 153.64 186.96 

August 132.36 121.93 159.23 

September 93 89.23 110.59 

October 51.42 46.23 54.97 

November 20.33 18.12 22.26 

December 9.57 8.53 11.07 

 

 

Table 2.1: The mean 2010 monthly solar radiation (Wm-2) recorded at Lews Castle 

College, Stornoway and the standard deviation of 10 minute samples of BADC 

monthly solar radiation (Wm-2) for Stornoway Airport, 1983-2001. 

 

The frequency of occurrence of solar radiation intensities were also calculated for 2010 and 

are illustrated in Figure 2.4 (for monthly frequencies see Appendix 6). 
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Figure 2.4: The frequency of 10 minute measurements (> 1 Wm-2) of solar radiation for 

Stornoway, 2010. 
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The diurnal variation in both SR and PAR over 24 hours from 10 minute readings taken 

during 2010 is illustrated in Figure 2.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: The mean daily SR and PAR calculated from 10 minute readings taken during 

2010. 

 

2.2.3 Discussion 

The graph in Figure 2.3 illustrates the seasonal variation in solar radiation but also shows 

the large standard deviation present.  At precisely 13:00 on 28th June 2010 the pyranometer 

recorded 1, 228 Wm-² of solar radiation.  This was the highest reading measured in the 

twelve month period recorded yet the mean level for the month was 187 Wm-².  At the 

other extreme December’s highest reading was 206 Wm-².  As night lengths get longer the 

overall variation is less because the duration of the variable solar radiation is less as the 
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constant darkness increases.  The significance of night length for plant growth has already 

been in discussed (section 1.3).  Additionally, the variation will decrease towards mid-

winter because the sun is lower in the sky.  Variation in solar radiation is not solely a 

product of seasonal changes in its duration and intensity, as meteorological conditions 

produce the greatest short term (high frequency) fluctuations in the solar radiation flux 

reaching the Earth’s surface.  None the less, the mean annual measured solar radiation 

figure of 92.33 Wm-2 is considerably higher than some calculated estimates.  For example, 

46 W/m2 is used by the Islands’ regional case study (Lewis) for the SUSPLAN Report 

(Planning for Sustainability, 2010, p.37). 

 

The SUSPLAN Report estimated mean irradiance using recorded sunshine hours.  The 

measured data of the present study demonstrates a more complex reality with cloud cover 

diminishing, but not excluding, solar radiation by a variable amount.  The significance of 

cloud cover to surface solar radiation may increase if climate change produces long term 

changes in weather, including cloud cover, and so alters the photosynthetic potential on the 

ground. 

 

Table 2.1 shows that the measured 2010 data lies within the standard deviation of the 

BADC 1983-2001 data for all months.  The standard deviation of the monthly mean 

Airport solar radiation between 1983-2001 is relatively small when compared with the 

standard deviation of the daily solar radiation measurements that the mean is derived from 

for the 2010 data.  This indicates that although on a sub-hourly and daily basis the solar 

radiation can be very variable the monthly mean solar radiation is relatively constant.  

These results also serve to help validate the sampling method used and allow more 

confident further analysis. 

 

The frequency of different solar radiation intensities was also investigated for 2010.  Figure 

2.4 shows this data and demonstrates the variation in intensity.  The pattern that emerges, 

again illustrates the nature of the variable resource that plants currently use to grow and 

produce food on the Isle of Lewis. 
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Figure 2.4 also reveals the scarcity of the highest exposures of SR.  This aids in an 

understanding of why it would be inefficient for plants to have the capacity to fully utilise 

the highest levels of PAR they are exposed to. A further source of variation in solar 

radiation is diurnal variation due to the Earth’s rotation.  Figure 2.5 shows the mean SR and 

PAR over 24 hours calculated from 10 minute readings taken during 2010.   

 

The sine wave that is produced by plotting the data reflects the rising and setting of the sun.  

It also serves to again illustrate the difference in the energy level that would be required to 

artificially provide PAR illumination as opposed to replicating solar radiation.  This 

information provides an insight into the amounts of energy required to reproduce different 

periods of the growing season.  The results demonstrate that plants that grow on the Isle of 

Lewis accommodate a large variation in solar energy input.  This variation is present on 

different scales as they utilise constantly changing daylight conditions within a more 

predictable diurnal and annual cycle.  This may be important when enhancing or replacing 

the energy source with other renewable forms that are also variable within predictable 

longer term boundaries, and will be discussed later. 

 
 

2.3 Photosynthetically Active Radiation 

2.3.1 Introduction 

The solar radiation (SR) that reaches the surface of the Isle of Lewis is dependent upon 

astronomical, physical, meteorological and geographical influences.  The electromagnetic 

wavelengths that make up solar radiation that reach the ground surface are dependent on 

the sun’s varying output, zenith angle, the altitude of the surface, aerosol size, content and 

composition of the atmosphere, the absorbing gases (ozone, water vapour and carbon 

dioxide), the cloudiness and the surface albedo (Kvifte et al., 1983).  All of the 

wavelengths that reach the surface are not, however, used by plants for photosynthesis.  

The band of solar radiation wavelengths that are considered important for photosynthesis 

are known as photosynthetically active radiation (PAR) and are generally considered to be 

between 400 nm and 700 nm (McCree, 1972).  Consideration of PAR is very important in 

studies of horticulture and agriculture because crop yield is approximately proportional to 
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PAR (Kvifte et al., 1983).  The ratio of PAR to SR (denoted as fE) has become the most 

commonly studied characteristic of PAR (Ge et al., 2011). 

 

Historically the PAR/SR ratio has been considered as constant (Williams 1976; Udo and 

Aro, 1999).  Moon (1940) examined results from multiple locations and calculated the ratio 

as 0.44 at sea level, while Szeicz (1974) and Stanhill and Fuchs (1977), working in south 

west England recommended the use of 0.50 as the ratio.  Howell et al. (1983) working in 

California, USA, and Meek et al. (1984) working in western USA estimated fE at 0.45. 

 

It was noted that the assumption that fE does not vary could produce errors in plant growth 

models (Pinker and Laszlo, 1992).  Increasingly, evidence has suggested that fE is not 

constant (Tsubo and Walker, 2005).  Worldwide investigations have suggested that the 

ratio is spatially and temporally variable, falls between a mean ratio of 0.45 and 0.50 and is 

region-dependent (ibid.).  Agreement that fE is variable has initiated investigations into the 

pattern and cause of this variation (Udo and Aro, 1999).  The main parameters that have 

been considered are geographical location, cloudiness, day length and diurnal pattern 

(ibid.). 

 

The relationship between PAR and SR has been measured to be similar in both north and 

south hemispheres (Tsubo and Walker, 2005).  fE has been observed to decrease with 

increased daily SR (Britton and Dodd, 1976) but has shown little or no variation associated 

with day length (Udo and Aro, 1999).  However, Li et al., (2010) found changes in diurnal 

fE patterns between winter and summer in northern Tibet, and Aguiar et al. (2009) also 

found seasonal variation in fE in South America.  Udo and Aro (1999) concluded that on 

cloudy days the proportion of PAR in SR increases.  Tsubo and Walker (2005) also found 

that the ratio of PAR increased under cloudy sky conditions.  A similar relationship 

between cloudiness and fE has been observed in the Tropics (Stitger and Musabilha, 1982). 

 

The variation in reported fE values has led several workers to recommend the desirability 

of locally calculating fE to account for climate and geographical differences (Udo and Aro, 
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1999; Jacovides et al., 2004).  Despite this acknowledged need for locally determining fE 

no such evidence is available for the Hebrides and so this was addressed. 

 

2.3.2 Method  

Levels of PAR and SR were measured during 2010 as described (section 2.2.1) and fE was 

investigated.  Calculations of fE over periods of time were made for daylight (defined here 

as having SR and PAR levels greater than 1 Wm-2).  The mean of fE for each hour of the 

day, greater than 1 Wm-2 for Stornoway, 2010, based on 10 minute measurements was 

calculated. 

 

For each month of the year fE was calculated for the first and last complete hour of 

daylight within that month and also for 12:00 GMT. The results were then compared. 

 

The mean values of fE for the six sunniest and six cloudiest days for each month of 2010 

were calculated and compared using measured 10 minute readings for days identified by 

Point Weather Station data (Hebrides Weather, 2010).  This independent weather station3 

kindly authorised the use of their data gathered in Flesherin, Isle of Lewis (58º14’54.45”N 

6º11’07.56”W elevation 16 m) approximately 7 miles east of Stornoway.  This station uses 

a Vantage Pro 2 Plus weather station4.  Because this weather data is of unknown accuracy 

and not an official Met Office Record, it was used only to identify relative differences in 

sunshine, as opposed to absolute figures for sunshine.   In this way the transposing of errors 

in their data should be minimised. 

 

The cumulative mean monthly fE that is the result of the day light readings taken at 10 

minute intervals during 2010 was also calculated and recorded. 

 

 

 

 

                                                 
3 http://www.hebwx.co.uk 
4 Davis Instruments Corporation, California, USA 



62 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

06
:0

0

07
:0

0

08
:0

0

09
:0

0

10
:0

0

11
:0

0

12
:0

0

13
:0

0

14
:0

0

15
:0

0

16
:0

0

17
:0

0

18
:0

0

19
:0

0

20
:0

0

21
:0

0

22
:0

0

Hours of the day

M
ea

n
 f

E

2.3.3 Results 

Figure 2.6 below and (Table Appendix 1.15) show the fE between 06:00 and 22:00 during 

2010. 

 

 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: The mean fE for hours of the day (≥1 Wm-2) for Stornoway, 2010. 

 

Figure 2.7 (and Table Appendix 1.16) show fE for 12:00 GMT and the first and last hour of 

day light for each month of 2010 at Stornoway. 

 

 

 

 

 

 

 

Error bars indicate standard deviation of hourly means 
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Figure 2.7:  fE for the first and last hour of day light and 12:00, Stornoway, 2010. 

 

A one-way randomised Analysis of Variance (ANOVA) was carried out in order to 

compare the mean values calculated and to identify if there is a significant difference 

between them.  This test, developed by Sir Ronald Fisher allows for a whole set of means 

to be compared simultaneously (Snodgrass, 1977).  This test assumes homogeneity of 

variance and population distribution scores that are normal.  It is a one-way test because of 

its single independent variable (time of day).  Having identified a significant result a post 

hoc Tukey Honestly Significantly Difference (HSD) test was carried out to identify which 

pairs were significantly different.  This is the most widely used test for this purpose (ibid.). 

 

A one-way randomised Analysis of Variance showed a significant difference between the 

fE calculated (F (2, 33) = 7.98, p<0.05).  Post hoc Tukey HSD tests showed that fE was 

significantly different between the first hour of daylight and 12:00 but not between the first 

and last hours of day light or between the last hour of day light and 12:00 (p<0.05). 

Error bars indicate standard deviation 
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Figure 2.8 (and Table Appendix 1.17) illustrate the mean fE for the six sunniest and six 

cloudiest days for each month of 2010, calculated using measured 10 minute readings for 

days identified using Point Weather Station data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: The mean monthly fE for the six sunniest and six cloudiest days for each month 

of 2010, calculated using measured 10 minute readings for days identified using Point 

Weather Station data. 

 

A one-way randomised Analysis of Variance was then used to compare the results and 

showed a significant difference in fE between the sunniest and cloudiest days (F (1, 22) = 

6.217, p<0.05).   
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2.3.4 Seasonal Variation in fE 

The cumulative mean monthly fE values that are the result of the day light readings taken at 

10 minute intervals during 2010 are reported in Figure 2.9 (and Table Appendix 1.18). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: The mean monthly fE for Stornoway, Isle of Lewis, 2010, calculated from 

measured 10 minute values of PAR and SR. 

 

A one-way randomised Analysis of Variance was used to compare the summer months’ fE 

(March to August) with the winter months’ fE (September to February).   The results 

showed a significant difference (F (1, 10) = 20.862, p< 0.001) between fE for summer and 

winter. 

 

Error bars indicate standard deviation of fE from measurements 
taken at 10 minute intervals 
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2.4 Discussion of the Ratio between Solar Radiation and 

Photosynthetically Active Radiation in Stornoway, Isle of Lewis, 

2010. 

The mean proportion of solar radiation that contained photosynthetically active radiation 

(fE) measured in Stornoway, Isle of Lewis during 2010 was 0.458, standard deviation 

0.012, based on 10 minute values.  This result places it within the range of 0.45 to 0.50 

reported by Tsubo and Walker (2005) and the other references previously quoted.  The 

nature of the variability was then investigated. 

 

The mean results reported in Figure 2.6 suggest the possibility that fE was decreasing as SR 

was increasing, that is, moving towards the middle of the day when the sun was higher.  In 

order to investigate this possibility further and to clarify any influence of seasonal changes 

at the start and end of the day, a further method was explored. 

 

For each month of the year fE was calculated for the first and last complete hour of 

daylight within that month and also for 12:00.  fE for midday, the first and last hour of 

daylight for the year were then compared.  The finding that fE was significantly different 

between the first hour of daylight and 12:00 supports the findings of Britten and Dodd 

(1976) that fE decreases with increased daily SR and the associated decrease in path length 

through the atmosphere.  However, the difference between fE of the last hour of daylight 

and 12:00 was not statistically significant (p>0.05). 

 

2.5 Cloud Cover and fE 

The cloudiest days were also found to have significantly higher fE ratios than the sunniest 

days for 2010.  This supports the findings of other workers (Stitger and Musabilha, 1982; 

Udo and Aro, 1999; Tsubo and Walker, 2005) who have reported similar increases on 

cloudy days. 

 

This phenomenon is probably due to clouds absorbing more radiation in the infrared 

waveband than in the PAR waveband (Tapakis and Charalambides, 2013).  The hypothesis 
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that fE increases on cloudy days could be significant in the context of climate change.  This 

is because the Earth – Sun geometry is relatively predictable and so, it can be expected, are 

changes in fE due to the time of day or year.  Climate change would alter weather patterns, 

including cloud cover and so by contrast alter fE in an unpredictable way, in turn influence 

primary productivity in an unknown manner. 

 

2.6 Seasonal Variation in fE 

The summer months were found to have significantly lower values for fE than the winter 

months.  This suggests that the long path length of the sun’s rays resulting from the low 

winter sun, and more winter cloud increases the fE ratio. 

 

PAR is important for primary production (Li et al., 2010) and is a key variable in the 

productivity of agricultural crops (Aguiar et al., 2011).  PAR estimation from SR is subject 

to geographical and temporal variation and therefore generalised conversion formulae do 

not produce accurate answers (Ge et al., 2011).   Research-derived estimates of PAR are 

critical for the development of realistic estimates (and actual production) of plant 

productivity and significant errors in estimates of plant growth can occur by not measuring 

it (Pinker et al., 2010: Aguiar et al., 2011).  A 1% change in PAR can produce a 0.7% 

change in primary productivity (Liu et al., 2010).  This investigation therefore strengthens 

the argument for localised measurement of PAR for studies of the energy supply available 

for photosynthesis.  It also specifically addresses the need for information about the 

variability of fE in plant productivity identified by Aguiar et al., (2011). 

 

2.7 The Energy Requirement for Supplemental Lighting 

Experimental evidence suggests that 100 Wm-2 of PAR is optimal for growing mustard 

(Brassica hirta) (sections 3.6.5).  Supplemental lighting therefore should only need to 

enhance natural lighting up to a maximum of this level.  The amount of additional energy 

required to achieve this will vary as PAR naturally varies during the day and season.  The 

duration of illumination as well as its intensity has been identified as important for plant 

growth.  This means that for short winter days the day length as well as the intensity of 
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light needs to be enhanced by supplemental lighting to ensure optimum plant production.  

Figure 2.10 shows the additional energy that would be required at different times of the day 

to enhance daylight to the levels found naturally during June, up to a maximum of  

100 Wm-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: The supplemental energy required to equal the natural PAR of June 2010 up to 

a maximum of 100 Wm-2 (as this is the optimal amount of energy that mustard needs 

for growth). 

 

Two further points that are significant in assessing the energy requirement for supplemental 

lighting are; firstly;, not as much energy is needed to extend the growing season as there 

would be required to grow year-round crops.  This is because decrease in PAR from the 

sun is gradual and therefore the increase in the amount of supplemental energy required 

will also be gradual.  Relatively small amounts of energy are needed to enhance the 

marginal limits of the growing season.  This figure increases with time, but there is a range 
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of energy inputs that could increase crop production without the need to extend the 

growing season to a full 12 months. 

 

Secondly, plants grow and as they do so they take up more space.  It takes time for them to 

grow, but eventually they will need greater space and therefore a greater light energy to 

provide light of equal intensity over the greater area.  For example, supplementing energy 

of 100 Wm-2 could illuminate 1 m2 of seedlings in the dark of winter or 2 m2 of larger 

plants on a dull spring day with 50 Wm-2 of natural light and so on.  Such a method could 

be very useful in using limited supplemental energy to achieve an early start (or an 

extended continuity) for the growing season. 
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Chapter 3: Methodological Development 

 

Chapter one identified a predicted need to increase global food supply and promoted the 

use of novel means, including variable renewable energy, to do so.  The Isle of Lewis was 

identified as a suitable location for a case study and the current, solar, energy supply was 

characterised in Chapter 2.  A suitable method to explore the use of variable renewable 

energy was then developed. 

 

3.1 Plant selection 

A robust, uniform, repeatable method was needed to investigate experimentally the effect 

of different lighting conditions on plant growth.  The first task in this endeavour was to 

identify a suitable test species. 

 

As stated on page 19 there are estimated to be over 30,000 plants with edible parts (Miller, 

2000).  The selection of a species for experimental investigation is therefore subject to a 

certain amount of subjectivity and growth performance assumptions.  However, improved 

production of a single crop with variable renewable energy could help to validate the 

concept. 

 

The plant selected for experimentation needed to be a commercially grown food variety in 

order to reflect the potential for increasing the food supply.  Biomass gained, as opposed to 

fruit or seed production, was considered a more reliable way of producing comparable data 

in the time-scale available.  The experimental results from multiple samples were required 

for statistical analysis in order to reduce experimental errors.  For the same reason, and 

because of the time constraints on the project, it was preferable to produce multiple crops 

in months as opposed to single, annual harvests.  Less demanding species were considered 

favourably over traditionally hard to grow plant species.  Spatial constraints also 

necessitated the use of a crop that could be grown in the laboratory. 
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3.2 Brassica hirta 

Brassica hirta and Sinapis alba are synonyms for the same Brassica species commonly 

known as White mustard (UniProt Consortium, 2012).  White mustard (B. hirta) was 

selected as the crop plant for all the experimental growing trials.  This choice enabled 

multiple crops to be harvested within the time constraints of the project.  Week old plants 

are produced and sold commercially as a salad crop (Food and Agriculture Organization of 

the United Nations, 2007) and so the experimental time scales used can be related to 

existing horticultural practices. 

 

The Food and Agriculture Organization of the United Nations (2007) describe Sinapis alba 

as a tall (30 cm -100 cm) erect annual with yellow flowers and a thin tap root.  It is a native 

of the Mediterranean and western Asia.  It grows optimally at temperatures between 10 ºC 

and 25 ºC with a maximum range of 5 ºC to 30 ºC.  This species is grown worldwide in 

areas with a moderate climate (GMO Compass, 2011) and this includes northern Europe 

(Dorsainvil et al., 2005).  Brassica hirta is a long day (>14 hours) photoperiod plant and so 

requires long days and short nights to flower (Heintzen et al., 1994).  Kinet (1972) 

demonstrated that flowering can be induced in this species by exposure to a single long day 

and that the extent of flower induction was proportional to photoperiod length with a 

maximum response after 18 hours and no flowering in photoperiods shorter than 10 hours. 

 

In addition to its harvest as a salad crop, the mature plant has a number of uses, including 

the prevention of soil erosion, the suppression of weeds and pests, the alleviation of soil 

compaction and the scavenging of nutrients (Clark, 2007).  It is used both for human food 

and animal fodder and can be a forage plant for sheep (Newton, 2011). 

 

The beneficial effects of Brassicas, including mustard grown as cover crops to suppress 

weeds, is well documented and they can provide more than 80% soil coverage (Haramoto 

and Gallandt, 2004).  Its use as a green manure has also been noted (Alcántara et al., 2011).  

Winter-kill and fast decomposition results in seed beds that are easy to work (Clark, 2007).  

A further use of mustard that has been reported is its preventative effects against 

nematodes, fungi and insects (Auger and Thibout, 2004) and bacteria (Clark, 2007).  Pest 
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suppression is thought to be the result of thiocyanates that are produced by glucosinolate 

degradation when plant cells are ruptured (Gardiner et al., 1999; Petersen et al., 2001). 

 

If allowed to flower, mustard is a good food plant for honey bees (Food and Agriculture 

Organization of the United Nations, 2007) and the resulting seeds have numerous uses 

including as a spice and medicinal applications (ibid.).  Approximately 661,000 tonnes of 

mustard seed were produced worldwide in 2009 (GMO Compass, 2011).  The importance 

of mustard (B. hirta) as a crop may also increase due to its possible use as a commercial 

source of erucic acid (Yaniv et al., 1994).  All of the seeds used in the experiments were 

supplied by Suttons seeds (Paignton, England, product code 172068) and described as 

mustard white Brassica hirta. 

 

3.3 Irrigation 

It was considered desirable to develop a method that would allow individual trials to run 

for the duration of experiments without further intervention.  It was intended that such a 

method would be repeatable, need minimal intervention and minimise experimental error.  

To this end, a simple, passive wick irrigation system was investigated. 

 

Wick irrigation systems have been used successfully for terrestrial plants (Mari Gowda, 

1974) and their use in controlled growing systems was reviewed by Son et al., (2006).  The 

aim, therefore, was to identify a material that could transport water upwards from a water 

trough to growing trays suspended above them.  Other workers had experienced difficulty 

with biodegradation of natural materials (Bainbridge, 2002) so it was decided to investigate 

suitable synthetic wick materials. 
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3.3.1 Method 

Five different types of synthetic rope were selected.  These were: 

1. 8 mm Blue 16-plait matt polyester 

2. 10 mm White 3-strand nylon 

3. 10 mm White staple spun rope 

4. 10 mm White 8-plait pre-stretched polyester 

5. 10 mm Brown 35-strand polyester 

 

Dry 450 mm lengths of each rope were individually suspended vertically with their lower 

ends submerged in beakers.  Each beaker contained 500 ml of water at 19 °C.  The time was 

noted and the test begun.  Progress of water up the rope was recorded with a thermal 

imaging camera5.  This technique was after Nowicki, (2004). 

 

3.3.2 Results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Plate 3.2: Thermographic image of water passage up wick samples after 5 minutes. 

 

 

 

                                                 
5 Flir B620, Flir Systems, Sweden 
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Plate 3.3: Thermographic image of water passage up wick samples after 1 hour and 5 

minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate 3.4: Thermographic image of water passage up wick samples after 4 hours. 
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The method was repeated with no deviation of results, that is, the order of wicking 

performance was the same with 10 mm white 8 plait pre-stretched polyester out performing 

all other ropes tested. 

 

3.3.3 Discussion 

The results supported the feasibility of using wicks to irrigate growing trials.  They also 

highlighted the need to carefully select an appropriate material for use as a wick.  There 

was considerable variation between the ropes tested.  10 mm white staple spun rope (third 

from left) showed no signs of ‘wicking’ after 20 hours.  In contrast to this, 10 mm white 8-

plait pre-stretched polyester (fourth from left) transported water further and faster than all 

others tested.  It was therefore decided to use this method to transport water for all of the 

future growing trials undertaken for this project. 

 

3.4 The Germination of Mustard (B. hirta) seed 

Initial trials with the selected seeds produced germination rates of less than 60%.  A simple 

investigation was conducted to compare five different germination environments to 

establish if this could be increased. 

 

3.4.1 Method 

Twenty 150 mm diameter plastic growing trays were supported above water troughs.  Each 

tray had a central hole through which 850 mm of 10 mm pre-stretched 8-pleat polyester 

was passed to form an irrigation wick.  The upper end of each wick was coiled in one of the 

growing trays.  Groups of four growing trays were exposed to one of five different 

environments as follows: 

1. Trays lined with three layers of absorbent paper.  Seeds in the dark for 48 hours. 

2. Trays lined with a single layer of absorbent paper.  Trays covered with polythene 

film.  Seeds in the dark for 48 hours. 
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3. Trays lined with a single layer of absorbent paper.  Seeds soaked in water for 1 hour 

before being placed in trays.  Seeds in the dark for 48 hours. 

4. Trays lined with three layers of absorbent paper.  Trays covered with polythene 

film.  Seeds soaked for 1 hour before being placed in trays.  Seeds in the dark for 48 

hours. 

5. Trays lined with a single layer of absorbent paper. 

 

100 seeds were placed in each of the trays and the number of seeds that had germinated 

was counted after 48 hours. 

 

3.4.2 Results 

The results of the germination trial can be seen in Table 3.2. 

 

 

 

 

 

 

 

 

Table 3.2: The germination of mustard seeds (B. hirta) under different conditions. 

 

A one-way randomised Analysis of Variance showed a significant difference between the 

percentages of germination of mustard (B. hirta) under the conditions tested (F (4, 15) = 

298.24, p<0.001).  Post-hoc Tukey HSD tests showed that all 5 conditions tested were 

significantly different from each other (p<0.005 in all cases). 

 

 

 

 

 

Condition % Germination Mean% Standard deviation 

1 61, 61, 63, 62 61.75 0.96 

2 92, 94, 92, 96 93.50 1.91 

3 83, 88, 87, 86 86.00 2.16 

4 100, 100, 98, 96 98.50 1.91 

5 57, 59, 51, 54 55.25 3.50 
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ANOVA 

VAR00002  

  
Sum of 
Squares df 

Mean 
Square F Sig. 

Between 
Groups 

6004.500 4 1501.125 298.237 .001 

Within Groups 75.500 15 5.033     
Total 6080.000 19       

 

Table 3.3: Statistical analysis of mustard seed (B. hirta) germination. 

 

3.4.3 Discussion 

With the aim of maximising the number of germinating seeds used in the growing trials it 

was concluded that the seeds should be placed on three layers of absorbent paper, covered 

in polythene film, pre-soaked in water for 1 hour and placed in the dark for 48 hours prior 

to the start of each growing trial.  This technique produced a mean germination rate of 

98.5% and was therefore used in all future experiments. 

 

3.5 The Measurement of Plant Growth 

The use of dry weight to measure the growth of plants has a long history and was 

developed by De Saussure (1804).  The method distinguishes between the amount of plant 

material present and water uptake (Buerkert et al., 2001).  In the latter example, dry weight 

was used as a measurement of plant growth using different phosphorus application 

strategies.  Likewise, dry weight was used in a comparative study including a mustard 

Brassica juncea species by Pavlista et al., (2012).  The suitability of using dry weight 

measurements in experiments examining variable solar inputs has been demonstrated by, 

for example, Hughes and Keatinge (1983) and Taye et al., (2013).  Monteith (1977) 

concluded that “Total production of dry matter by barley, potatoes, sugar beet and apples 

is strongly correlated with intercepted radiation” (p.277).  Nelson et al., (2005) also use 

this method when using artificial light to investigate crop yields in a closed ecological 

system.  The present study used a variation of the dry weight method used by Popp et al., 
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(1996).  The novel aspect of this method is the use of microwaves to remove water from 

the plant resulting in faster processing times. 

 

3.5.1 Dry Weight Method 

One tray at a time, the growing trays had their pre-weighed paper and mustard plants 

removed and placed in an Igenix 800 W microwave oven6.  In order to prevent the mustard 

from charring, a plastic beaker containing 0.35 ml of water was also placed in the 

microwave oven.  The microwave oven was then switched on at 800 W for 20 minutes.  

After this time the paper and mustard were weighed and replaced in the microwave oven 

for a further 60 seconds.  The contents were again weighed.  This process was repeated 

until consecutive weighing gave the same result, with the assumption that all water had 

been evaporated.  The sample was then allowed to rest for 60 seconds before a final 

reading was taken and recorded.  This process was repeated for all the trial samples.  

Between each sample the water in the beaker was topped up and excess water removed 

from inside the microwave oven with absorbent paper. 

 

3.6 The Growth of Mustard (B. hirta) Using Artificial Illumination 

3.6.1 Solar Radiation and Horticulture 

Specific wavelengths of electromagnetic radiation are required for plant growth.  In nature 

these are a component of solar radiation, but ultimately it is energy, whether from the sun 

or supplemented with light produced from electricity, that is essential for plant growth.  

Only a small portion of natural light is used by plants for growth (Fattori et al., 2008).  The 

spectrum utilised, stimulates plant growth, regulates flowering, balances growth and 

development, and therefore determines the quality of food plants (Helsinki University of 

Technology, 2008).    The extreme fluctuations in light levels experienced in countries 

further from the equator can therefore promote a marked seasonal effect.  Attempts are 

made to extend growing seasons for various plants, for example, by breeding new varieties 

and by spacing plants further apart, but these methods can not compensate for lower winter 

                                                 
6 Igenix, Ipswich, UK 



79 
 

light levels (Jensen, 1995).  In Canada, greenhouse crop production can be limited by the 

quantity of light received from October to March (Runkle, 2007). 

 

A similar critical shortfall of natural illumination has been reported between October and 

March in the Netherlands, with solar radiation between November and January being 9% of 

the June/July figure (Jensen, 1995).  An obvious solution to the problem of seasonably low 

levels of natural light is the use of supplementary lighting.  Although used for many years, 

supplementary lighting has been associated with problems of cost, overheating and shading 

of natural light and inefficiency (Austin and Edrich, 1974).  Recent developments in light 

emitting diodes suggest that this technology might provide an effective and efficient 

solution (Fattori et al., 2008). 

 

3.6.2 Light Emitting Diodes 

The first use of the term ‘light emitting diode’ (LED) was by Wolfe et al., in 1955 

(Williams and Hall, 1978).  The term is used to describe a type of semiconductor diode that 

produces electroluminescence when electrons are passed one way through a p-n junction of 

certain solid materials.  n-type semiconductors are electron donors and p-type 

semiconductors are electron receptors.  The wavelength of the emitted light depends on the 

composition of the semiconductor material (Bula et al., 1994).  Among other 

characteristics Williams and Hall (1978) suggested the following desirable features of 

LEDs: long life, small size and weight, ruggedness, good temperature stability, low levels 

of heat production and the ability to adjust the wavelength of light emission.  

 

LED technology has developed considerably since its introduction and rapidly so since the 

mid 1980s.  Their potential as a light source for agriculture has been realised for a long 

time (Yeh and Chung, 2009) due partly to their spectrally specific emission characteristics 

(Pinho et al., 2005) that can be selected for use by plants. 

 

PAR is in the wavelength region between 400 nm and 700 nm (Commission Internationale 

de L’Eclairage, 1993).  Chlorophyll does not absorb equally within this range however and 

has two absorption peaks.  One is in the red region from 625 nm – 675 nm and the other is 
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in the blue region from 425 nm – 475 nm.  There are also two smaller peaks in the near U-

V range of 300 nm – 400 nm and in the far red region at 700 nm – 800 nm (Pinho, 2008). 

 

Tamulaitis et al., (2005) suggest that photosynthesis primarily needs light at the absorption 

peaks of chlorophyll a at 662 nm and chlorophyll b at 642 nm.  Phototropic and essential 

biochemical reactions require light at a wavelength of 400 nm – 500 nm and that processes 

such as shooting, pigment synthesis and healthy development require a wavelength of  

730 nm – 735 nm. 

 

Knowledge of plants’ spectral requirements, allied with the spectral specificity of LEDs, 

allows for the potential to select components that produce light that maximises crop 

productivity and also uses electricity efficiently by not emitting unwanted wavelengths 

(Pinho et al., 2005).  For example, wheat can complete its life cycle under red light alone, 

but larger plants and greater amounts of seed are produced if this is supplemented with blue 

light (Goins et al., 1997).  The first viable high-brightness blue LED was developed in 

1993 (Nakamura and Fasol, 1997) and this enabled complete LED light sources for plant 

growth (Takita et al., 1996). 

 

In the same year that blue LEDs were developed, lettuce was grown using only red and 

blue LEDs at the ratio of 67% - 33% blue (Okamoto et al., 1996).  It was soon established 

that the optimum yield for other plant species was achieved with the use of supplemental 

blue radiation (Brown et al., 1995).  Although an acceptable growth of lettuce can be 

achieved using red and blue light alone, crops such as radish and spinach can be maximised 

using further refined wavelengths (Pinho, 2008).  LEDs are now available in the entire 

spectral range (Tamulaitis et al., 2005) and so provide the potential to artificially 

manipulate plant photoperiodism, phototropism, photomorphogenesis and photosynthesis 

(Pinho, 2008).  Lighting periods also need to be considered to maximise growth as 

discussed elsewhere.  Laboratory demonstrations of the ability of LEDs’ to grow and 

manipulate plant growth have led to their consideration for commercial use (ibid.). 
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The electrical efficiency of LEDs offers further advantages for their use in agriculture in 

addition to their spectral specificity.  They produce light greater than two times more 

efficiently than incandescent lamps (Pinho et al., 2005) with commercially available red 

and blue LEDs having an efficiency (percentage of electrical energy converted to light) of 

around 30% at 25 ºC (Pinho, 2008).  At this level LEDs are economically viable for 

supplementary plant growth in northern latitudes (Dorais and Gosselin, 2002) and are an 

important determinant of plant quality as well as cost (Tamulaitis et al., 2005).  This 

technology is still being explored and LEDs of 50% efficiency have already been 

demonstrated, suggesting the possibility of further significant reductions in their 

consumption of electricity (ibid.).  The role of supplementary lighting as opposed to being 

the sole source suggests further savings if growing seasons can be extended by ‘topping up’ 

natural light. 

 

Therefore, there exists the potential to exploit the efficiency of LEDS to make use of the 

potential sources of low density energy (wind and tides) available on the Isle of Lewis.  

This may enable localised energy harvesting and conversion to increase crop productivity 

in ways that would not be possible without this technology. 

 

3.6.3 Experimental Trials 

The use of alternative energy supplies to illuminate growing trials necessitated energy 

conversion to light.  Commercially available LED lights were selected for this purpose.  A 

series of experiments were conducted to establish the effects of different intensities of 

illumination on the production of mustard (B. hirta). 

 

3.6.4. Method 

Four growing areas each of 300 mm x 200 mm were prepared and shielded from each other 

using aluminium foil.  In each of the growing areas 150 mm diameter plastic trays were 

placed.  For the first run of the experiment, one was placed in each area.  For the three 

subsequent runs, three were placed in each area.  Each tray had a central hole through 

which 850 mm of 10 mm diameter pre-stretched 8-pleat polyester was passed to form an 



82 
 

irrigation wick.  The upper end of each wick was coiled beneath 3 pre-weighed layers of 

absorbent paper.  The lower end of each wick was placed in a beaker containing 300 ml of 

water.  Evenly distributed on the paper on each tray were 8.5 g of white mustard seed (B. 

hirta).  The seed had been weighed, soaked for 1 hour in water, placed in the trays and 

covered with polythene film then kept in the dark for 48 hours prior to the start of each 

experiment. 

 

One of the growing areas was left un-illuminated; the others each had a 50 LED grow light7 

positioned above them.  These lights were rated at 50 watts and each unit contained 45 red 

LEDs that emitted light at 620 nm – 630 nm and 5 blue LEDs that emitted light at 460 nm 

– 470 nm.  The height above the growing trays was adjusted so that 50 Wm-2, 100 Wm-2 

and 150 Wm-2 were measured at the growing trays on a PAR energy sensor and display 

meter8.  The lights were electronically switched to come on at 06:00 and to go off at 24:00, 

that is, 18 hours of illumination per day.  On the seventh day after the start of the 

experiment the plants were harvested and their dry weights measured as described above.  

The experiments were conducted between 12-01-2011 and 16-02-2011 and 10 samples of 

each condition (40 samples) were produced. 

 

3.6.5. Results 

The mean dry weights of mustard (B. hirta) grown under four lighting regimes are shown 

in Figure 3.11 (and Table Appendix 1.19). 

 

 

 

 

 

 

 

 

                                                 
7 Eco LED Lights, Berkshire, UK 
8 Sky Instruments, Powys, UK 
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Figure 3.11: The mean dry weight of mustard (B. hirta) grown under four different lighting 

intensities. 

 

A one-way randomised Analysis of Variance showed a significant difference between the 

dry weights of mustard produced (F (3, 36) = 11.63, p<0.001).  Post-hoc Tukey HSD tests 

showed that the 0 Wm-2 and 50 Wm-2 lighting regimes produced significantly less than the 

100 Wm-2  and 150 Wm-2  lighting regimes, but that there was no significant difference 

between 0 Wm-2  and 50 Wm-2 and 100 Wm-2and 150 Wm-2  (p<0.05). 

 

3.6.6. Discussion 

The maximum increase in dry weight of mustard (B. hirta) was produced by using either 

100 Wm-2 or 150 Wm-2 of artificial light.  One of these two intensities was therefore 

indicated as suitable for future experimental work.  Any future aspirations to apply the 

Error bars show the standard deviation of 10 samples. 
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concept of using renewable energy for lighting plant-growth systems would also need to 

use energy efficiently.  This is because most renewable energy is diffuse (Mackay, 2009) 

and converting it is expensive (ibid.).  100 Wm-2 was therefore selected as the experimental 

light intensity for future work as it was the lowest power rating that gave the maximum 

gain in dry weight.  The result that no significant increase in dry weight was recorded by 

using 50 Wm-2 of illumination or by increasing 100 Wm-2 by 50 Wm-2 illustrates that 

energy can be wasted by using it outside of a defined range. 

 

The range will vary with species and acclimatisation but low light intensity can inhibit 

plant growth (Hou et al., 2010), although photosynthesis has been recorded at light levels 

as low as 4.36 Wm-2 (Chapman and Carter, 1976).  Alternatively, photosynthesis is 

inhibited when light energy exceeds the photosynthetic capacity (Essemine et al., 2012). 

 

The light intensity of 100 Wm-2  for 18 hours  per day is roughly in line with Tibbitts’s 

(1994) suggestion that an irradiance of 26 mo/m² day-1 will grow most species of higher 

plant (this is approximately 18 hours of day light at 86 Wm-2). 

 

It is also worth noting that the experimental plants were grown with 100% artificial light.  

In future experiments it would be possible to use artificial light in combination with 

sunlight during the day.  The experimental methods developed were observed to produce 

reliable, repeatable results that were sensitive to input variation and could be used for 

further experimental investigations.  The impact, if any, of the variability of lighting as a 

result of the variability in renewable energy supply was considered next, having established 

the intensity of artificial light required to grow mustard (B. hirta). 
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Chapter 4: The Variability of Wind and its Application for 
Plant Growth 

 

4.1 Wind 

As the Earth rotates, solar radiation disproportionately heats up the air over the tropics.  

This air moves north or south, eventually being replaced by cold polar air.  This circulation, 

influenced by the Coriolis Effect, creates the basic wind patterns on Earth (Hill et al., 

1995).  This movement of air is variable both in the short-term as well as seasonally, and 

cannot be predicted with the same accuracy as tides.  The energy within wind is determined 

by its velocity, with power over a certain area increasing relative to the cube of the wind 

speed.  

 

Power (Watts) = ½ ρAU3 

 

Where ρ is the air density, A is the cross-sectional area of wind flow (m2) and U is the wind 

speed (ms-1).  This means that doubling the wind speed increases the power available eight-

fold (Gipe, 1995). 

 

The energy available globally is variable both spatially and temporally, but some areas are 

distinctly windier than others.  The Isle of Lewis is exposed to comparatively more wind 

energy per annum than many other land areas in the northern hemisphere (Met Office, 

2010).   There is therefore significant potential to harvest this wind energy.  

Historically, wind speeds in the Outer Hebrides of Scotland have been viewed as 

problematic for growing crops (Hance, 1952).  Current agricultural activity on the island is 

largely confined to the rearing of sheep (Osgathorpe et al., 2011).  The possibility of 

harnessing locally captured wind-generated energy to diversify agricultural activities needs 

a more detailed understanding of both the energy conversion possibilities and the local 

energy demands.  The most widely used commercial method of converting wind into 

electricity is currently the horizontal axis wind turbine (American Wind Energy 

Association, 2009).  The scale, land requirement, energy production and reliability of these 



86 
 

devices need to be assessed if primary production of crops per unit area is to be 

investigated. 

 

Two factors used in determining the output of individual turbines are the mechanical 

efficiencies and the capacity factor.  The mechanical efficiency of most modern turbine 

generators is very good and can be as high as 94% (Alxion, 2001).   Betz’s law, however, 

tells us that no more than 59.3% of the kinetic energy of the wind can be captured by a 

conventional wind turbine’s blades to produce this turning force (Betz, 1926).  Due to the 

variable nature of wind speed, individual turbines will not produce their maximum output 

all of the time.  The ratio of the actual energy produced over a given period of time to the 

theoretical maximum (that is, running for all that period at full power), is known as the 

capacity factor (Renewable Energy Research Laboratory, n.d.).  The capacity factor for 

wind turbines in the Hebrides is normally in the region of 35% (Econnect Consulting, 

2008).  It is also important to know the area of land required for individual turbines when 

the energy production per unit area of land is being investigated.  This will naturally vary 

with different turbines but would generally be around 12-14 m2 (DP Energy Ireland Ltd., 

n.d.). 

 

Critics of wind power cite the highly variable nature of the wind as a major obstacle in its 

use.  Halkema (2008) claims that no more than 10% of installed generating capacity can be 

relied upon and that therefore 90% has to be backed up by conventional power plants.  This 

view is challenged by the UK Energy Research Centre (2006) who suggested that 

intermittency need not be a significant problem if wind energy forms part of a package of 

energy supplies, particularly if power generation is networked.  

 

Nevertheless, the wind is a variable force of nature and turbines viewed in isolation will not 

produce a uniform supply of electricity.  It is useful to note the difference between 

intermittent and variable.  Intermittent suggests a supply that is on or off whereas the wind 

is variable so the electrical output from a wind turbine varies with it.  This will be from 

zero (that is, off) but also scaled at all levels up to its full capacity.  As stated, the capacity 

factor of a wind turbine does not mean that it only produces 35% of its rated capacity, but 
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that this is the average output.  This will normally be produced for about 80% of the time in 

the UK (UK Energy Research Centre, 2006).The amount of electricity produced per unit of 

land area also needs to be considered when potential agricultural productivity is the desired 

result. This is because the portion of land required for the hardware to convert wind energy 

and the level of the predicted supply are key parameters when a defined site is being 

considered for crop production and wind energy harvesting. 

 

This is an additional consideration to turbine efficiency.  The attainment of extra utility 

from an area of land by harvesting renewable energy from the same area that is used to 

grow crops will impact on the individual performance of both, but the overall benefit (if 

any) remains to be identified. 

 

Currently, the layout of wind farms by commercial organisations is primarily driven by 

profit maximisation.  Developments are subject to planning constraints, but within these 

boundaries, designs are a function of cost and the return from the electricity produced 

(Kusiak and Song, 2010; Mustakerov and Borissova, 2010; Gonzalez et al., 2011).  This 

situation may change as agreeing suitable wind farm sites becomes a limiting factor. This is 

already being observed, for example in Japan (Kogaki et al., 2002) and Thailand (Bennui et 

al., 2007). This mirrors the situation with North Sea oil: as resources diminish, continuing 

demand results in continuing extraction, despite the rising costs (Favero and Pesaran, 

1994).  With increasing demand on land resources (Food and Agriculture Organization of 

the United Nations, 1999), wind farm planners who have identified theoretically suitable 

sites must frequently face competition with other users.  For example, the pressure group 

the John Muir Trust (2011) actively campaigns against wind farms in Scotland’s wild (and 

windy) places.  These factors promote the need to use permissible sites efficiently and not 

just cheaply. 

 

It has been suggested that tall towers with small blades may allow for optimum turbine 

spacing and the advantages of higher wind speeds (currently turbines with larger blades 

tend to be taller, enabling them to reach the greater wind speeds encountered at higher 

altitudes) (Mackay, 2009).  Such a farm of ‘sunflower’ turbines would be very different in 
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appearance from today’s designs.  The question of whether turbines should be gathered in 

wind farms, feeding detached areas for growing crops, or whether both turbines and 

growing systems should be dispersed in the landscape is not therefore clear, but beyond the 

scope of this study.   

 

The reality is that wind energy is a relatively low density energy source however efficiently 

it is gathered.  Its defuse nature may indicate advantages for a demand such as horticulture 

that is also spread across the landscape.  It is estimated that an average of 2 Wm-2 is a 

generous estimate for wind energy sites considered suitable for turbines in the UK 

(Mackay, 2009).  At first this figure does not look promising when compared with a mean 

midsummer figure of approximately 200 Wm-2 for solar irradiance in Stornoway (section 

2.2.2). 

 

4.2 Variable Energy and Plant Growth 

As recorded in Chapter 2, solar radiation is also subject to change, with winter and 

summer, day and night, cloudy days and clear days.  Plants have evolved to be able to cope 

with such variation as evidenced in Chapter 1.  This suggests the possibility that they could 

also utilise efficiently some of the temporal variations of wind energy if converted into 

light energy. 

 

Investigations into the use of artificial light to grow plants are not new.  Siemens (1880) 

and Deherain (1881) demonstrated the advantages for plant growth by supplementing 

winter daylight with artificial light.  By 1983 the QP Corporation in Japan were selling 

commercial growing systems that utilised artificial light (Kozai et al., 1999).    Meanwhile, 

the specific requirements of individual crops have been well examined.  For example, 

Cornell University, USA, has conducted 10 years of research into the intensive growing of 

butterhead lettuce (Lactuca sativa) and developed very precise protocols to do so 

optimally, including the careful attention to temperature and light (Both, 2003).   
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A number of projects have established the areas that need considering when supplementing 

solar radiation with artificial light. Yields can be lost from insufficient lighting, but equally 

too much lighting can also be a bad thing (Seginer et al., 2006).  This can be as a result of 

physical damage such as leaf tip burn (ibid.) or more subtle effects such as the deleterious 

effect on tomato growth of continuous light (Schwabe, 1956) or potatoes (Wheeler and 

Tibbitts, 1986).  If, however, natural light levels are suboptimal, supplemental lighting can 

produce profoundly beneficial effects on growth yield and quality (Hao and Papadopoulos, 

1999).  The increase in fresh weight of plants can be proportional to the amount of 

supplementary radiation given (Austin and Edrich, 1974).  Such gains are dependent on 

knowledge of the interaction between lighting period, wavelength and intensity.  During 

winter months a shortage of light is a limiting factor for plants in greenhouses in northern 

countries, but for Pelargoniums, for example, supplementing light for 20 hours is more 

productive than for 16 hours or 24 hours (Gislerod et al., 1989).  The benefits of 

supplementary lighting are also not equal throughout the year.  Hao and Papadopoulos 

(1999) used supplementary lighting to increase the yield of cucumbers by 25% in winter 

months but this gain fell to 7% in the lighter spring. 

 

If the benefits of supplementary lighting are recognised to be greater in areas of low natural 

light, then the potential benefits in northern latitudes will be greater than more southerly 

locations, especially during the darker months.  Climatic conditions other than light often 

dictate the need to grow crops under cover in northern latitudes.  Horticultural cover 

materials (e.g. plastic tunnels) on average reduce light levels by 10% (Hurd, 1983).  This 

unavoidable loss has the potential to further increase the gains of supplementary lighting in 

northern latitudes. 

 

Artificially increasing the input of energy into growing systems can be achieved both by 

increasing the intensity and duration of light.  Pioneering work that investigated the 

anthropogenic manipulation of energy inputs to plants growing in northern latitudes was 

carried out by Pohjakallio.  He found the dry matter yield of herbage plants in Finland was 

increased both by increasing the diurnal period beyond 10 hours and/or by increasing the 

supplementary lighting intensity (Pohjakallio, 1951).  Pohjakallio also noted the longer day 
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length in northern Finland only just compensated for the weaker intensity of light found 

there when compared to southern Finland, and that the maintenance of temperature is 

closely associated with the benefits of supplementary lighting and can indeed be the 

limiting factor (ibid., p.89).  Other early work by Tukey and Ketellapper (1963) 

demonstrated that the need to establish an appropriate lighting regime becomes even more 

critical at sub-optimal temperatures because its effect becomes proportionately greater. 

 

Today, our knowledge of the relationship between heat, light and plant growth is 

understood in more detail but remains incomplete.  For example, Li and Kubota (2009) 

observe that the effects of light quality are complex and are often reported with ‘mixed 

results’.  There is still no unifying hypothesis to account for all of the effects of continuous 

light on plants (Velez-Ramirez et al., 2011).  Some plants show increased productivity with 

continuous light, while others show lower photosynthetic capacity at saturated light levels, 

lower yield or ‘severe injury’ (ibid.).  It is, however, accepted that both the quality and 

quantity of light are important for plant growth (Hertel et al., 2011).  Knowledge of the 

required wavelengths of light as well as their intensity allows for the use of supplemental 

lights in greenhouses in northern countries to “enhance plant growth and to obtain all year 

round high production and good quality” (Paradiso et al., 2011, p. 548). 

 

There are, however, other, more subtle, effects of manipulating the energy input into plants 

that need to be considered.  For example, low temperature tolerance in plants may require a 

period of high photosynthetic rate at low temperatures (Hoglind et al., 2011).  Roses grown 

for a week in high light and low temperature were found to strongly increase the starch 

content of their leaves and this may be a feedback mechanism to inhibit photosynthesis 

(Dieleman and Meinen, 2007).  It is possible that similar manipulations could alter the 

calorific value of food crops.  The nutritional value of lettuce can be enhanced by the 

selection of light wavelengths (Li and Kubota, 2009) and reconfiguring the application of 

heat and light has been shown to produce morphological changes with potential economic 

benefits in cucumbers (Cucumis sativos) (Xiong et al., 2011). 
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The potential for using supplementary lights during the darker months in northern latitudes 

is not reliant on an ability to subtly manipulate the life cycle of plants.  In most cases, low 

light levels are not sufficient to grow most commercial crops, even if greenhouse protection 

can maintain sufficient temperature (Both, 2000).  So for production to happen at all, light 

levels need to be topped up beyond a certain threshold.  ‘Topping up’ does, however, 

require a knowledge of the intensity, duration and spectral range of the illumination applied 

(Goto, 2003).  This effect can be optimised but will depend on the species/cultivator, light 

intensity/duration and temperature.  Winter shortage of light is, therefore, a major reason 

for reduced crop production and artificial light can help to compensate for this. 

 

4.3 Nature Grows Sub-Optimal Plants 

The concept of non-optimal human intervention in many ways echoes the reality in the 

natural world where plants grow in inconsistent weather conditions and seldom attain their 

full genetic potential (Albright, 2008).  The possibility of providing wind dependent 

illumination rather than strict diurnal lighting regimes may or may not impact on growth 

rates.  Optimal growth rates are an aim, however, not a pre-requisite for crops grown 

commercially in varying light conditions.  New agricultural methods could additionally 

seek to extend the natural geographic range of crops especially if there is a need to develop 

systems that allow us to grow plants in new geographical areas (Kozai et al., 1999).   

 

These systems would need to be efficient, especially if using low energy renewable 

resources.  Spectral range selection offers other possibilities for enhanced efficiency.  

Photosynthetically active radiation (PAR) peaks at 620 nm and 440 nm (McCree, 1972) 

and so natural light is only partially utilised.  The light sources used in early investigations 

nearly always differed considerably from the composition of natural daylight (Schwabe, 

1956) and did not necessarily replicate the desired wavelengths.  Recent developments, 

particularly in light emitting diodes (LEDs) have enabled researchers and horticulturists to 

control the spectral quality of artificial light by selecting sources that emit in carefully 

selected wavelengths (Goto, 2003).  This allows for both the optimisation of the production 

of PAR and the efficient use of the electricity used to produce it. 
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The efficient use of resources is also important from the perspective of cost if this 

technology is going to be applied (Both, 2000).  The use of LEDs could increase the use of 

artificial light for plant growth and they are currently becoming economical to use with 

electricity produced using fossil fuels (Fattori et al., 2008).  Off grid plant illumination 

powered directly by the wind would also have economic advantages.  It would not need 

grid connections or batteries.  It could allow crop production in remote locations.  Once 

established, it would also be a net consumer of carbon dioxide.  It would potentially allow 

food production in northern areas such as the Isle of Lewis that would not otherwise take 

place at the same scale. 

 

 
The following investigation was carried out to address the question; does the variable wind 

resource of the Isle of Lewis have the potential to increase the growth of mustard B. hirta 

without having to store the energy? 

 

4.3.1 Method and Materials 

Three 750 m2 growing areas were prepared in a glass glazed greenhouse.  The sides of each 

area were shielded from its neighbour with aluminium foil.  Each area was illuminated 

subject to one of three lighting regimes.  The experiment was repeated three times and the 

positions of the growing areas changed on each occasion.  The three lighting regimes were: 

1.  Natural light. 

2.  Natural light and 18 hours of supplemental light between 06:00 and 24:00. 

3. Natural light and 18 hours of variable wind dependent supplemental light between 06:00 

and 24:00. 
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Figure 4.12: Schematic diagram of experimental lighting regimes. 

 

The supplemental lighting was provided by commercial light emitting diode (LED) grow 

lights9 rated at 120 watts per unit and positioned to provide 100 Wm-2.  The component 

LEDs emitted red light at 630 nm and 660 nm and blue light at 460 nm.  The relay 

switched on the wind operated lights when a Rutland 910 wind turbine10 at a height of 6m 

was exposed to winds above 2.6 meters per second (the turbine’s cut-in speed, that is, the 

lowest wind speed at which the turbine starts producing electricity). 

 

In each of the growing areas four 150 mm diameter plastic growing trays containing seed 

were supported above a water trough using the method described in section 3.6.4.  Each of 

the three experiments were run for 8 days and during this time a data logger recorded when 

the wind operated lights switched on and off.  After 8 days the plants were removed and 

dried using a microwave oven (after Popp et al., 1996) and their dry weights were 

                                                 
9 ECO LED lights, Berkshire, England 
10 Marlec, Corby, England 



94 
 

measured as detailed in section 3.5.1.  The dry weights of the plants produced were then 

compared.  The experiments were conducted between 2nd February 2011 and 10th March 

2011.  

 

4.3.2 Results 

The mean exposure to the set diurnal pattern additional LED lighting was 121 hours, 1.5 

minutes.  The mean exposure to the variable wind pattern additional LED lighting was 42 

hours, 24 minutes.  The mean duration of individual exposure to variable wind pattern 

additional LED lighting was 8 minutes, 44 seconds.  The dry weights of mustard from each 

of the lighting conditions are shown in Table 4.4. 

 

 

 

Table 4.4: The mean dry weights of mustard (B. hirta) crops after 8 days using natural, 

diurnal artificial and wind pattern artificial illumination. 

 

A one-way randomised Analysis of Variance showed a significant difference between the 

dry weights of mustard produced (F (2, 33) = 47.07, p< 0.001).  Post-hoc Tukey HSD tests 

showed that all three lighting regimes produced dry weights of mustard that were 

significantly different from each other (p< 0.05 in all cases). 

 

4.3.3 Discussion 

The dry weight of mustard (B. hirta) grown using a combination of natural light and 

artificial light dependent on the wind over 8 days was 5.69% greater than the dry weight of 

mustard grown solely using natural light.  This supports the idea that the variable wind 

resource if the Isle of Lewis has the potential to increase the growth of mustard B. hirta 

 95% confidence limits 

 Sample 
number 

Mean (g) Standard 
deviation (g) 

Lower (g) Upper (g) 

Natural light 12 7.78 .18 7.67 7.90 

Set diurnal light 12 8.61 .26 8.45 8.78 

Variable wind light 12 8.23 .18 8.11 8.34 
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without the need to store the energy.  Mustard B. hirta is a commercial salad crop so it can 

also be tentatively claimed that the horticultural production on the Isle of Lewis, Outer 

Hebrides, Scotland can be increased by the direct utilisation of wind generated electricity 

without having to store energy.  This finding may be of significance regarding questions 

about the usefulness of wind power due to its variability and intermittency. 

 

The dry weight of mustard grown using natural light and a set 18 hour pattern of artificial 

light was 10.7% greater than the dry weight of mustard grown using only natural light.  

Interestingly, the wind pattern lights were on for 35% of the time the set pattern lights were 

but yielded 53.26% of the gains produced using set pattern lights. 

 

It is possible that this is because the set pattern illumination provided more light energy 

than the plants could utilise, but that sun light alone was sub-optimal.  It is also possible 

that this observation is associated with a similar observation for algae grown in 

photobioreactors (Kim et al., 2006).  Here the efficiency of photosynthesis can be increased 

by the use of flashing lights.  Kim et al., (2006) noted that a precise flash time was not 

necessary and that dramatically enhanced productivity was possible but that the overall 

productivity never exceeded that of steady light of the same intensity. 

 

Increasing the duration of wind powered illumination would require an increase in 

generating capacity as well as a means of storing the additional electricity which would be 

subject to associated efficiency losses.  The implications of such a development would 

have to be weighed carefully against the potential gains.  For the observed results, growing 

twice the amount of plants under direct wind powered light would be more productive than 

the three fold increase in generating capacity required to produce the required steady 18 

hour diurnal pattern. 

 

The significance of supplemental lighting will vary throughout the year as levels of natural 

light alter with the seasons.  Supplemental lighting can of course be used to increase the 

concentration of light as well as its duration and both can be of significance in northern 
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latitudes (Runkle, 2007).  It is interesting to note that the darkest months of the year are the 

windiest in the Outer Hebrides (Met Office, 2010). 

 

The decision to grow crops on the Isle of Lewis is not always made because it is the best 

possible place to grow them, but rather because they still produce worthwhile yields.  The 

potential to harvest energy at these same locations and feed it directly into crop production 

may influence this decision-making process (Bradley et al., 2011). 
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Chapter 5: The Horshader Alternative – A Case Study 

 

5.1 Introduction 

 

The experiment described in Chapter 4 demonstrated that the growth of mustard B. hirta 

can be enhanced on the Isle of Lewis by the application of light energy directly converted 

from its variable wind resource.  This could potentially be relevant to the production of 

other food crops.  The relationship between the scale of variable electricity available from 

the wind and the level of horticulture it could support were not investigated.  The 

theoretical energy supply-and-demand for horticulture are now considered by analysing the 

predicted output from a community owned wind turbine on the west coast of Lewis. 

 

Horshader Community Development (HCD) is a local community organisation that 

represents the townships of South Shawbost, Dalmore and Dalbeg on the west coast of the 

Isle of Lewis, Scotland.  These townships have a combined population of approximately 

220 people. 

 

HCD was created in 2004 with the aim of constructing and operating a community owned 

wind farm in order to produce income to reinvest into the community.  The value to the 

community is intended to be in the form of revenue from electricity sold and fed into the 

National Grid.  The processes involved in achieving this aim have been long and complex 

(and finally completed in October 2012).  The Western Isles Council has observed that 

“The Horshader Community Development Board has shown commendable maturity and 

resilience in pursuing their objectives in the face of many setbacks” (Sustainable 

Development Committee, 2010, p.2).  The majority of the ‘setbacks’ were in relation to 

connecting to the local electricity grid which was already at full capacity.  The problematic 

grid connection has seen the original three-turbine, 3.9 MW wind farm design down-sized 

to a single 900 KW wind turbine. 
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Horshader Community Development Ltd has planning consent and a grid connection 

agreement for a single Enercon E-44 900KW wind turbine (which is now in operation).  

Twelve months of detailed wind data was gathered for the proposed turbine site as part of 

the application for planning consent.  Horshader Community Development Ltd kindly gave 

permission for this valuable data set to be used in connection with the current research 

project.  This case study examines the possibility of using some or all of the electricity 

produced by HCD at the point of production, rather than exporting it off-island. 

 

The concept of using electricity at the point of production has been developed in countries 

such as Iceland where the electricity hungry industry of aluminium smelting has moved its 

operations to the renewable geothermal electricity supply, rather than creating long 

transmission lines (The Economist, 2008).  This echoes the industrial past of Great Britain 

where industry grew up close to the energy needed to feed it, (e.g. water mills or coal-

fields).  The local use of electricity produced by the Horshader Group could continue this 

established practice.  Before detailed estimates for the use of the electricity produced can 

be proposed, the potential supply needs to be considered. 

 

5.3 Method 

The proposed site for the Horshader wind project is close to the township of South 

Shawbost on the west coast of the Isle of Lewis, Scotland at OS grid reference NB 244 

448.  This location is on moorland approximately two kilometres from the sea at an 

elevation of 56 m above sea level. 
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                             Source: Google Earth maps, 58º 18’49.93” N 6º 42’30.80” W elev. 42 m, imagery date: 25-03-10. 
 
Plate 5.5:  The location of the Horshader site on the west coast of the Isle of Lewis, Scotland. 
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In order to collect wind measurements a 50 m mast was erected.  The mast chosen was a 

guyed steel mast manufactured by Chillwind11 and supplied with anemometers, 

thermometers and wind vanes.  The data was recorded on a Campbell Scientific data 

logger12 with remote download facility.  The system was powered by a rechargeable battery 

pack connected to a solar panel.  The manufacturer calibrated anemometers were 

positioned on the mast at 30 m, 40 m and 50 m above the ground.  Measurements were 

taken every 10 minutes between February 8th 2008 and February 8th 2009.  This 12 month 

collection period was complete with two exceptions.  Six hours of data were lost on 

February 15th 2008 and the 50 m anemometer failed with the loss of 15% of the data at that 

height.  For this research 12 months of data recorded at 40 m were analysed. 

 

The height of 40 m was measured because of the aspiration to build a wind turbine on the 

site.  Meteorological measurements are more usually taken at 10 m.  To compare the 

Horshader data with Met Office meteorological data it was necessary to calculate estimated 

figures for 10 m.  Wind speed increases logarithmically not linearly with height and 

depends on atmosphere stability and surface roughness. 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
11 Chillwind Company, Ross-shire, Scotland, UK 
12 Campbell Scientific Ltd, Loughborough, Leicestershire, UK 
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Mean wind speed up to approximately 100 m above an aerodynamically rough surface can 

be estimated using the following equation: 

 

ū (z) = u*   In  (Z-d)   

            k    Zo 

 

ū = mean wind speed (ms-1) 

Z = height (up to 100 m) 

u* = friction velocity 

k = Von Karman constant (0.4) 

Zo = surface roughness 

d = zero-plane displacement 

Source: University of Reading (n.d.) 

  

This calculation was carried out for the mean 40m Horshader measurement of  

9.27 ms-1 assuming a surface of “open agricultural area without fences and hedgerows and 

very scattered buildings, only softly rounded hills” using the Danish Wind Industry 

Association wind speed calculator.  (Danish Wind Industry Association, n.d., p.1).   

 

The long term relevance of the one year sample was then investigated by comparing it with 

ERA-interim data from the European Centre for Median-Range Weather Forecasts 

(ECMWF) for the years 1980-2010. 

 

The hourly mean wind speed over 24 hours for the twelve months of 10 month readings 

was also calculated at 40 m. 

 

5.3.1 Results  

The mean monthly wind speeds recorded at an elevation of 40 m at the proposed Horshader 

wind turbine site are shown in Figure 5.13 (and Table Appendix 1.20). 
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Figure 5.13: The mean monthly wind speed at 40 m recorded at the proposed Horshader 

site 2008-2009. 

 
 

The annual mean 40 m wind speed at the Horshader site during 2008 – 2009 was 9.27 ms-1, 

standard deviation 4.52 ms-1.  The peak gust during this period was 44.2 ms-1 recorded on 

December 21st 2008.  The estimated mean wind speed at 10 m for February 2008 to 

February 2009 was 7.48 ms-1.  The estimated long term wind speed for the Horshader site 

calculated with the aid of ERA – interim data from the European Centre for Medium Range 

Weather Forecasts is shown in Figure 5.14 (and Table Appendix 1.21). 

 

 

 

 
 
 
 

 

Error bars indicate standard deviation of 10 minute means 
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ECMWF data used in this study have been obtained from the ECMWF Data Server. 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

Figure 5.14: Estimated mean monthly wind speed (ms-1) at 10 m for the Horshader site. 

 

The estimated long-term mean winter (October – March) wind speed for the Horshader site 

was 10.06 ms-1 with a monthly standard deviation of 0.46 ms-1.  The mean summer months’ 

(April – September) wind speed for this period is 6.81 ms-1 with a monthly standard 

deviation of 1.17 ms-1.  A one-way randomised Analysis of Variance showed a significant 

difference between the mean winter and summer wind speeds (F (1, 10) = 39.822, p 

≤0.001).  The hourly mean wind speed over 24 hours for the 12 months of 10 minute 

readings at 40 m is shown in Figure 5.15 (and Table Appendix 1.22). 
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Figure 5.15: Hourly mean wind speed at 40 m over 24 hours, 2008 – 2009, calculated from 

10 minute readings. 

 

5.3.2. Discussion 

The annual mean 40 m wind speed at the Horshader site during 2008 – 2009 was 9.27 ms-1.  

The estimated long term wind speed at 10 m at this site was 8.44 ms-1.  The UK as a whole 

experiences mean wind speeds of less than 6 ms-1 at 10 m (Mackay, 2009).  Therefore, 

from a wind energy perspective, the Horshader site appears to be very promising.  This 

further supports the selection of the Isle of Lewis for this investigation. 

 

It is potentially important from a horticultural perspective that the darkest half of the year 

has significantly more wind and therefore the largest potential to generate electricity to 

provide supplemental lighting.  These results show that mean wind speeds at the Horshader 

site are 45% greater in winter, this shows a greater seasonality than the 33% figure 

calculated for Scotland as a whole (Planning for Sustainability, 2010, p.28). 

Error bars indicate standard deviation of hourly means 
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The diurnal distribution of mean wind speeds was observed to peak in the early afternoon.  

This is consistent with the observations of other workers (for example, Dai and Deser, 

1999) who have identified a similar pattern associated with higher daytime surface 

temperatures, peaking in the early afternoon.  Suggested mechanisms for this observation 

are that the increased temperature difference increases turbulent mixing and the generation 

of spatial gradients in surface pressure fields (ibid.). 

 

The potential to use this peak wind to increase plant illumination at a time of day with 

natural illumination may appear unhelpful.  It should be noted, however, that in the darker 

months the mean natural PAR is always sub-optimal for photosynthesis on Lewis (see 

section 2.2.2).  Having defined the wind resource at Horshader the potential to convert it 

into electricity is considered. 

 

5.4 The Production of Electricity at Horshader 

The total amount of electricity produced, as well as its pattern of production, is significant 

in any estimates of the ability to supplement energy inputs to horticulture.  This will vary 

with turbine selection as well as wind resource available.  The amended Horshader 

planning application was for an Enercon E44-900 turbine.  For the specification of this 

turbine see Appendix 5.  The Horshader group commissioned Anderson Consultants, Perth, 

UK, to produce estimates of the energy yield of this device in this location.  They reported 

a potential 3129 MWh annual yield with a capacity factor (the ratio of actual energy 

production to the hypothetical maximum) of 39.7%.  They also suggested that the weak 

grid at this location may reduce the capacity factor to 33.8% which would reduce the 

annual yield to 2669 MWh (Anderson, 2009, p.3). 

 

The electricity (potentially) produced by the Horshader project could be generated at the 

same location as its use for horticulture, rather than being exported.  Estimates of the 

feasibility and productivity of such a scheme are now considered. 
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5.5 Electricity and Horticulture 

Tibbitts (1994) suggests that an average irradiance of 26 mol m² day -1 will encourage most 

species of higher plants to grow.  This equates to approximately 16 hours at 100 Wm-2 of 

PAR.  Well-designed LED lighting has an efficiency of approximately 80% (LightComp 

LED Corp, 2007).  That is, 80% of the electricity used is turned into light; the remaining 

20% is turned to heat.  The estimated size of growing area that could be illuminated to this 

level using the electricity production predicted for the Horshader was 2, 857.3 m² (see 

Table 5.5). 

 

 

Table 5.5: The horticultural area that could be illuminated by Horshader electricity. 

 

These calculations are based on mean levels of electricity production.  The proposed 100 

Wm-2 of illumination for 16 hours a day is a target that cannot in reality be realised.  

Increased winter winds during the dark months could help fulfil this aim, but periods of 

low level wind would impact on the illumination achieved.  The suggestion that the total 

energy received is more important than the variability of supply will have an upper 

threshold.  If photosynthesis is at its maximum rate, the provision of more light will not 

compensate for periods of low light. 

 

The wind pattern experiment (see Chapter 4) provides an example of the impact this 

variability could produce in reality.  The total estimates for electricity production may be 

accurate but its variability means that it cannot be used optimally for photosynthesis all the 

time.  This means that the growing area may be theoretically correct, but that it cannot be 

maximally illuminated at all times, just as in nature sun light does not always provide 

perfect conditions for photosynthesis.  The results obtained in Chapter 4 demonstrated that 

Proposed Horshader turbine estimated production 3,129 MW hours per year 

Proposed illumination (16 hours per day) 100 Wm-2 

Estimated Horshader energy after conversion to light  
(-20% LED efficiency loss) 

2,503 MW hours 

Square meters that could be supported with 100 Wm-2 for 24 hours per 
day, 365 days per year (8760 hours)  
(24 hours not 16 hours as no storage capacity). 

25,030,000 / 8760 

Area that could be illuminated = 2,857.3 m² 
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between February 2nd and March 10th a 10.7% gain in crop weight could be attained in 8 

days by using a mains supplemental diurnal pattern of illumination compared with a 5.69% 

gain from illumination with a variable wind pattern. 

 

Light energy provided by the sun means there will be times when less electricity is needed 

for the provision of artificial light.  The area illuminated cannot be larger, however, 

because periods when 100% wind energy will be used create a maximum capacity.  At 

times when there is an input from the sun, the excess of wind-produced electricity might be 

used for other purposes, such as the production of heat, or alternatively sold and fed into 

the grid.  The energy input from solar PAR and the resulting excess of wind produced 

electricity were estimated using the PAR data reported in Chapter 2 and reported in Table 

5.6. 

 

 

Table 5.6: Solar energy inputs to the proposed Horshader horticultural area. 

 

Therefore, the proposed Horshader wind turbine could theoretically illuminate an estimated 

2,857.3 m² of growing area and produce approximately 788.75 Mw/hours of surplus 

electricity.  These figures are based on the mean measurements recorded by the current 

research.  Evidence is provided (see Chapter 1) that suggests plants can accommodate the 

variable nature of the wind-powered supplementary illumination as they do the solar 

resource.  Down time due to maintenance or breakdown would have implications for these 

The contribution from sunlight between 06:00 and 
22:00 (16 hours per day) less than or equal to 100 
Wm-2 

= 108,784.5 W hours 

The number of hours of solar radiation greater than 
100W (the target illumination figures) 

= 1,120.5 

Assuming uptake of 100 Wm-2 = 112,050 W hours 

12 months solar PAR between 06:00 and 22:00 = 108,784.5 
+ 112050.0 
= 220,834.5 Watt hours per square metre 

Estimated growing area = 2,857.3 m² 

Therefore solar PAR available  = 220,834.5 x 2857.3 
= 630,990,416.9 W hours 
= 631 M/w hours  
+ conversion losses 
= 788.75 Mw/hours 
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results.  Likewise, these figures only consider theoretical energy uses and do not attempt to 

analyse the economic realities of commissioning and running such a facility. 

 

The only known commercial use of supplementary illumination currently on Lewis is by 

Donald Hope of ‘The Polycroft’ (Dell, Isle of Lewis).  Here, tomato seeds are sown under 

cover in mid-January each year.  Air temperature is regulated between 17 ºC and 27 ºC and 

the plants are exposed to supplementary lighting of 30 Wm-2 PAR for 14 hours a day.  

Success is judged by the internodal length of the plants, with a target of 65-75 mm.  

Without supplementary lighting, internodal lengths of 120-130 mm are typically produced.  

The plants are subject to this regime from January until April when they are transplanted to 

a naturally illuminated polytunnel.  The young plants occupy approximately 10% of the 

area used to grow the plants to maturity.  The produce is sold locally and has the 

commercial advantage of being available before that of other producers. 

 

In theory, by following this protocol (as opposed to the one in the previous section) and 

still using the estimated electricity produced by the Horshader group, 0.95 ha of crop could 

be illuminated between January and April.  This nursery area could supply young plants for 

9.5 ha of greenhouses.  In addition to providing supplementary lighting, 2, 528.9 Megawatt 

hours of production would remain.  Of this, 428.6 Megawatt hours would be available for 

heating if required between January and April (see Table 5.7). 
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Table 5.7: Electricity and growing area estimates for the Horshader site if the Polycroft 

protocol was adopted. 

 

The potential for large errors in these figures (Table 5.7) is high, because the final growing 

area is assumed to be an order of magnitude larger than the illuminated seedling growing 

area.  Therefore, any variation in the size of area or quality of illumination will be 

magnified ten times in the final crop.  If such a scheme were undertaken it would therefore 

be prudent to include an as yet un-established ‘safety margin’.  This would reduce the area 

of cultivation. 

 

A contemporary example of the successful commercial use of seasonal supplementary 

lighting, being used elsewhere, is for the production of vegetables in Alberta, Canada.  

Here, supplementary lighting is used seasonally for between 4 to 7 weeks, dependent on the 

crop.  Alberta is at 50º latitude and has commercial year-round greenhouse production 

despite winter temperatures as low as -30 ºC to -40 ºC (Alberta Agriculture, Food and 

Rural Development, 2002). 

 

Estimated annual Horshader output = 3,129 MW.h 
= 3,129,000,000 W.h/year 
= 8,572,602.71 W.h/day 
= 357,191.78 W.h/hour 
 

-20% conversion losses = 285,753.4 W.h/hour 

/30 (target illumination = 30 Wm-2) = 9,525.1m² @ 30W.h/hour 
= .95ha 

Final growing area 10 times larger than 
illumination area 

= 9.5ha 

Electricity used = 120 days x 14 hours/day 
= 1,680 hours @ 357,191.78 W.h/hour 
= 600.1 MW.h 

Electricity not used = 3,129 – 600.1 
= 2,528.9 MW.h 

Energy available during illumination 
period (in addition to illumination energy) 

= 10 hours per day @ 357,191 W.h/hour 
   120 days 
= 428.6 MW.h 
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5.6 Variability of Electricity Generation at Horshader 

Some approximate lighting targets have therefore been identified for horticulture at the 

Horshader site.  It is now necessary to examine the estimated variability of the wind 

resource available to achieve them. 

 

Figure 5.16 shows the percentage of time the wind was recorded at different speeds at the 

Horshader site (Anderson, 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: Wind speed occurrence at the Horshader site. 

 

The Horshader Enercon turbine produces electricity at wind speeds between 3 ms-1 and  

28 ms-1 (Enercon, 2011).  This means that an amount of electricity would be produced for 

approximately 96% of the time.  This production would vary and so would generate a 

variable production of heat and light.  Just as sunlight produces the highest intensity of 

light on only a few occasions, the maximum wind speed and so ability to produce the most 

artificial light, is a comparatively rare event.  There would be considerable cost and 

efficiency losses if electricity was stored to buffer this variation and so allow constant plant 
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illumination.  Alternatively, the experimental growth of mustard described in Chapter 4 

provides some evidence for the possibility of crop plants accommodating this variation; 

just as in nature they accommodate the varying solar radiation.  In this scenario the 

question is not whether crop plants can grow successfully without the need to store energy 

but rather, can crop plants be the method of storage for variable energy sources.  One 

caveat to this scenario would be the need to maintain temperatures above freezing during 

very cold, still periods in winter.  Provision of an energy source for these occasions would 

be necessary but could be provided by a number of sources including, for example, the 

many varieties of thermal storage, the production of heat from fossil fuels or the utilisation 

of stored hydrogen. 

 

The protocol followed by the ‘Polycroft’ is for the production of tomatoes.  Tomatoes are 

an internationally significant horticultural product and, globally, are the most commonly 

produced greenhouse fruit or vegetable crop (Oregon State University, 2002).  In the 

United States per capita consumption of tomatoes is only exceeded (among fresh vegetable 

products) by lettuce and potatoes (Pena, 2011). 

 

The estimated (if optimistic) 9.53 hectares that could be supported by the technique 

currently employed by ‘The Polycroft’ could be a significant producer of tomatoes.  The 

example below (see Table 5.8) assumes one crop per year and an area of 0.46 m² per plant.  

Estimates of plant space requirement for commercial production vary from 0.13 m² per 

plant (Pena, 2011) to 0.46 m² per plant (Oregon State University, 2002).  The use of 0.46 

m² is therefore a conservative selection.  Estimates for tomato production per plant vary 

from 23 kg per year (Pena, 2011) to 9.1-11.4 kg (ibid.). 
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Table 5.8: Estimated tomato production at the Horshader site using the Polycroft protocol. 

 

The World Health Organisation recommends a daily intake of 400 g of fruit and vegetables 

per person per day (Capacci and Mazzocchi, 2011).  In the UK this has been interpreted as 

5 portions of fruit and vegetables per person per day (ibid.).  If it is assumed that one of 

these five per day (80 g) is tomato, the Horshader site could produce enough portions-per-

person for 64,564 people.  

 

1,885,274.3 / 0.08 = 23,565,928 

23,565,928 / 365 days = 64,564 

 

A major problem with this scenario is the seasonality of the crop.  Tomatoes are not 

produced evenly throughout the year, but rather, normally, in one late summer/early 

autumn crop.   

 

The mean consumption of fruit and vegetables in the Western Isles is below the 

recommended level at 3.4 portions per day (The Scottish Health Survey, 2003).  In every 

socio-demographic group the majority of the west of Scotland population eat less than the 

World Health Organisation recommends for fruit and vegetables (Anderson et al., 1994).  

Increasing supply would not necessarily alter demand. 

 

Trade would be one obvious solution to this problem, as for any regionally produced crop, 

the harvest could be sold and the income used to purchase fresh food from other suppliers 

for the rest of the year.  Another solution could be to preserve the crop.  This echoes the 

traditional solution to seasonal crops, but could take on a number of forms.  The 

preservation or processing of foods requires energy, but this investment can increase the 

Production area supported using Polycroft 
protocol by Horshader turbine 

= 9.53 hectares 

Number of plants in 9.53 hectares = 95,300 m² / 0.46 m² 
= 207,173 

Annual tomato production = 207,173 x 9.1 
= 1,885, 274.3 kg 
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value of foods.  The end of the growing season would also mark the end of one energy 

demand, and the post-harvest surplus of energy could be invested in preserving the crop.  

This could be through drying, cooking, bottling, freezing or canning or any combination of 

suitable processes.  This could allow Island produce to be consumed for longer periods or 

provide an increased income from the now enhanced-value crops.   

 

The drive and/or ability to be successful horticulturists is not universal.  The land area and 

energy available on Lewis would, however, suggest the potential for the development of 

horticulture on some of its 3608 crofts (Comhairle nan Eilean Siar, 2007b). 

 

An example of the output from a 4.25 m unheated and un-illuminated UK polytunnel is 

given below (Smith, 2004). 

 

Winter 2002   Summer 2003 

25 endive   54 kg tomatoes 
15 garlic bulbs   50 green peppers 
2.2 kg pears   1 kg ocra 
4.5 kg broad beans    
    
A combination of home consumption and surplus sale could also exist.  Once again, 

organisation could allow for multiple small suppliers from individual crofts to be marketed 

as a significant Hebridean supply. 

 

It is also worth noting that the choice of a 900 KW Enercon turbine was made due to grid 

connection problems and that the site was originally surveyed with a view to installing 

three turbines with a total capacity of 3.9 megawatts.  The potential horticultural output 

from such an input would have been considerably larger. 

 

The significance of using artificial illumination can also be viewed from a global 

perspective.  In the introduction, the suggestion was presented that the supply of 

agricultural land may become a limiting factor for food production.  However, the 

productivity of a given area of land can also be limited by the length of the growing season.  

Therefore, in more northerly (and southerly in the southern hemisphere) latitudes more 
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land is required to produce the same output as in lower latitudes.  Light intensity is directly 

related to the number of days to yield (Oregon State University, 2002).  Increasing the 

available light and so growing season can increase productivity and therefore could reduce 

the demand for horticultural land. Such a proposal would also support the Soil Association, 

which recommends an increasing use of renewable energy in crop production (Soil 

Association, 2011).   

 

The political desire for such undertakings may be influenced by the policy debates on 

climate change, food supply, food miles and food security that have already been discussed 

(Chapter 1).  The UK is currently approximately 60% self-sufficient in vegetables and 10% 

in fresh fruit (Department for Environment, Food and Rural Affairs, 2011).  The 

combination of greenhouses/polytunnels that use alternative energy sources to expand 

production, could increase crop production and improve self-sufficiency.  

 

5.7 Crofting Possibilities 

Lewis has 3608 registered crofts, the Western Isles as a whole have 6022 (Comhairle nan 

Eilean Siar, 2007b).  Traditionally, these crofts have helped to sustain the people of the 

Hebrides; electricity production from these crofts could continue this tradition.  The croft-

based production of electricity could support horticulture and additionally supply the 

domestic needs of the island.  The issues of variability of domestic supply would have to be 

accommodated through storage or by a ‘give and take’ agreement via the National Grid. 

 

The average domestic consumption of electricity in the Western Isles is 5,051 kWh per 

household per annum and there are 18,200 grid connected households (Department of 

Energy and Climate Change, 2010).  This figure is higher than the national average of 

4,800 kWh per household (Home Energy Sources, 2009).  This means that the total annual 

domestic demand for electricity in the Western Isles is 91,928.2 MWh.  If each of the 6022 

crofts had a turbine with the equivalent output to the Horshader predictions (3129 MWh) 

the electricity production for the Western Isles would be 18,843 GWh or enough to supply 

all the households and illuminate a growing area of 2,140.5 h at 100 Wm-2 (see Table 5.9). 
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Table 5.9: Idealised croft based electricity production and domestic and horticultural use. 

 

This is obviously an idealised scenario.  Not all crofts would be suitable sites for wind 

turbines and not all tenants of suitable sites would want them.  It is, however, interesting to 

note that an estimate of 18,843 GWh electricity production is very conservative compared 

to a previous report (Planning for Sustainability, 2010) which cited 82, 800 GWh as the 

theoretical maximum output from land based wind turbines on Lewis.  This figure was 

calculated on an assumption of 3, 2.5 Mw turbines, per km2.  Although beyond the scope of 

this research, a more detailed investigation of the possible combination of suitable sites and 

willing tenants may provide an insight into one model for a sustainable, robust Hebridean 

future. 

 

In UK terms, the concept of directly using renewable energy for horticulture is novel.  The 

Horshader example suggests that there is potentially a productive relationship between the 

scale of energy production that is achievable, and the supplementary energy requirements 

for horticulture. 

 
  

6,022 crofts 

3,129 MW.h per croft 

= 18,842,838 MW.h per year 

- 91,928.2 MW.h domestic demand 

= 18,750,909.8 MW.h per year 

876,000 W.h/year per m² (100 Wm-2) 

= 0.876 MWm-²/year 

18,750,909.8 MW.h 

0.876 MW.h 

= 21,405,148.17 m² 

= 2,140.5 ha 
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Chapter 6: The Potential for Horticulture Powered by 
Lewis Tidal Streams 

 

6.1 Introduction 

The quest to harness renewable forms of energy on Lewis has not solely focused on the 

wind.  Tidal energy is amongst the other sources that have been investigated (Baxter et al., 

2011).  Once again this has been from the perspective of electricity and not food 

production.  It is not known from existing academic literature if the variable electricity 

produced from tidal patterns can be directly utilised by terrestrial crop plants, so this 

concept was investigated further. 

 

The National Aeronautics and Space Administration (NASA) state on their web site that 

“The ultimate source of energy for the Earth is really nothing else but the sun.  Without the 

sun life on Earth would not exist.” (National Aeronautics and Space Administration, 2007 

p.1).  Certainly, it enables plants to photosynthesise and is unquestionably a vital and 

primary energy source for the planet.  However, in 1977 an abundant, deep sea biological 

community was found at a depth of 2.5 km in the Galapagos volcanic rift off the coast of 

Ecuador.  This has led to the discovery of numerous other deep sea vents supporting 

biological communities in the Atlantic and Pacific oceans.  The environmental conditions 

in these hydrothermal vents are extreme, with pressures up to 425 bar, rapid temperature 

changes from 2 ºC to 400 ºC, toxic chemicals and a complete absence of light (Minic et al., 

2006).  These ecosystems are fundamentally different from those normally encountered on 

the surface of Earth.  With no light and therefore no photosynthesis, the food-chain is based 

on the primary production carried out by chimiolithoautotrophic bacteria, as these 

thermophilic and hyperthermophilic organisms are reliant on geothermal energy for their 

existence and not solely on solar radiation (ibid.).  Even here, however, solar radiation 

cannot be totally excluded because the boundaries of this niche environment meet with 

sun-warmed seas and the nutrients descending into it will have resulted from solar-reliant 

life-cycles.   

 



117 
 

The observation that communities can thrive on energy sourced locally, and not entirely 

from the sun, raises the possibility of enhancing the energy supply for crop plants in other 

ways.  Tidal energy has been identified as a significant renewable energy resource around 

the Isle of Lewis (Department of Trade and Industry, 2004). 

 

Tides are produced by the gravitational forces of the sun and moon and the Earth, in 

combination with the centrifugal forces that result from the rotation of the Earth about an 

Earth-moon centre of mass.  This is the equilibrium tidal theory.  It is suggested that this 

model is a simplification and that a full understanding of tides should include dynamic tidal 

theory to take account of land configurations, which alter water depth, channels flow, and 

as a consequence produces variations in the range and timing of tides (Kvale, 2006).  The 

moon exerts more than twice the force on tides than the sun due to its closer proximity 

(Gorlov, 2001).  Food could be produced using the knock-on effects of lunar gravity, not 

solely solar radiation, if tidal energy can be harnessed and converted into a form that plants 

can utilise. 

 

There are currently two main scenarios for producing electricity from tides.  Either the tidal 

range in a bay is exploited, or strong tidal currents in a channel are harnessed.  Power is a 

product of water elevation and pressure (head) and flow rate in both cases (Garrett and 

Cummins, 2008).  The kinetic energy of tidal movements is usually considered too slow for 

use as an energy source unless amplified by coastal topography (Learning Company, 

1997).  This is also the case when the greater density of seawater, compared with fresh 

water, is considered. Sea water is typically 3.5% heavier than freshwater (ibid.) so moving 

salt water will have more kinetic energy than the same volume of fresh water.  The 

available energy is often significantly more concentrated than renewable energy sources 

successfully utilised on land (Ponta and Jacovkis, 2008).  Scotland’s tidal energy potential 

is claimed to be unrivalled in Europe with an estimated 25% of Europe’s total resource 

(Block, 2008).  Garrard Hassan and Partners Ltd. (Snodin, 2002) identified five sites with 

the potential for commercial development of tidal energy around the Western Isles, and 

acknowledged the possibility of there being other locations.  These results were identified 

by selecting locations with mean spring peak tidal velocities in excess of 2 m/s.  They 



118 
 

further commented on the problems of transmitting the electricity produced but stated that 

the energy use may be attractive in a ‘local context’ (ibid., p 118). 

 

The extraction of energy from tidal streams is not a new concept.  The Romans constructed 

undershot tidal mills on the Danube (Charlier, 2003).  There is a renewed interest in tidal 

devices as part of the climate change debate as they are not considered to contribute to 

greenhouse gas emissions once constructed (Garrett and Cummins, 2004).  However, it 

would be incorrect to state that they have zero impact on the environment as the extraction 

of energy normally decreases the tidal flow and this can potentially affect sedimentation as 

well as other geological and biological processes (Hastings, 2005).  The diverse range of 

hydrokinetic conversion systems currently being explored has been reviewed by Khan et 

al., (2009) and Verdant Power (2006).  These papers identify a range of different 

approaches to the extraction of energy from moving water.  These vary from novel 

solutions such as piezo electric and vortex induced vibration devices to variations on 

conventional vertical and horizontal axis turbines.  Different locations (bottom, near 

surface and floating) are also considered.  These observations lead Khan et al. (2009, p. 

1833) to conclude that “hydrokinetic energy technologies are emerging as a viable solution 

for renewable power generation”.  Ponta and Jacovkis (2008) identify the ocean as a 

significant source of gravitational energy.  They also suggest that many of the engineering 

difficulties associated with working in the marine environment have been addressed as a 

result of the extraction of hydrocarbons (ibid.).   

 

Devices that are operated in inshore locations may have the additional problems of 

optimum performance in water depth that varies greatly.  In this environment, buoyant 

tethered systems are often more favourable than fixed sea bed apparatus (Charlier, 2003).  

The advantages claimed for floating devices include minimum impact on the natural 

environment, the use of existing technologies and therefore lower cost and development 

time, a minimal need for civil engineering works, and the ease of accommodating changes 

in tidal flow direction.   
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A further advantage to these tidal systems is the predictability of the resource.  The timing 

of the energy supply from a tidal source will, however, be very different from the energy 

supplied by solar radiation.  Energy can be stored, but this can be inefficient, expensive, 

complex and environmentally damaging (Robertson et al., 1997; Ibrahim et al., 2008; 

Krajačić et al., 2011).  For multiple small scale applications where cost and complexity are 

issues, the direct use of tidal energy may have distinct advantages. 

 

The significance for crop growth of using energy supplies synchronised with tidal patterns, 

rather than the sun, in horticulture is not clear.  It is known that plants, like other living 

things, demonstrate circadian rhythms corresponding to approximately 24-hour cycles 

(Thines and Harmon, 2010) and that these rhythms time life processes to specific parts of 

the day.  This allows the plant to adapt to predictable environmental change and so regulate 

their biological processes relative to available resources.  Feedback mechanisms also allow 

for seasonal adjustment and this facilitates the plant with a strong survival advantage.  

Fitness and adaption are increased when endogenous circadian timing matches 

environmental cycles (Dodd et al., 2005).   

 

The influence of circadian rhythms affects the whole life cycle, from events like 

germination to flowering and seed development (Penfield and Hall, 2009).  The influence 

of circadian rhythms, as opposed to more immediate cause-and-effect environmental 

responses, can be detected by their persistence even when plants are exposed to continuous 

light or a wide range of temperatures.  However, the precise timing of the biological 

processes within the 24 hour cycle is influenced by environmental cues, e.g. changes in 

temperature and light at dawn and dusk are particularly significant (de Montaigu et al., 

2010).  This allows the 24-hour cycle to adapt to seasonal changes.  The ability to adapt 

relatively rapidly to environmental conditions gives plants a major survival advantage 

(Ouyang et al., 1998).  For example, metabolic processes that are stimulated by the dark 

are also able to respond rapidly to the approaching dawn and allow for a near-immediate 

response to light when the sun rises (Nozue et al., 2007).  Nozue et al., (2007) also state 

that circadian dysfunction can reduce fitness in plants.   
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Plants require energy, but the timing of the application of that energy may also be 

significant for its utilisation for plant growth.  Dring and Lüning (1994) recorded a two-

weekly cycle of total daily irradiation underwater in the North Sea, with peaks when low 

tide occurred at around midday and troughs when high tide was around midnight.  

Seaweeds have adapted their energy gathering to coincide with these tidal patterns (Connan 

et al., 2007), but the suitability of such energy supply patterns for traditionally land based 

crops requires further investigation.  Tidal patterns vary in number, timing, and intensity.  

It cannot be assumed that energy fed into growing systems which mirror this variation will 

produce the same results as energy applications that follow diurnal patterns. 

 

As in the historical past with the herring fisheries (Macleod, 2012) the sea could again 

fulfil a role in local food self-subsistence if methods of increasing food production 

requiring the addition of energy can be implemented effectively.  Areas with tidal flow 

may be even more productive for electricity generation than similar areas of land if other 

limiting factors could be accommodated, as an area of tidal water has more energy moving 

through a similar spatial area because of the mass of the water contained.  Tidal stream 

farms situated in tidal currents of approximately 1 ms-1 - 1.5 ms-1 could be expected to 

produce approximately 6 Wm-2 as opposed to 2 Wm-2 - 3 Wm-2 for a UK wind farm 

(Mackay, 2009).   

 

Methods that could provide efficient, secure, stand-alone food production may therefore be 

considered as possible additional uses of natural resources in a Hebridean setting.  The 

understanding of how tidal energy could be effectively used at the time of production, as 

opposed to being stored for future use, could be fundamental in assessing its total potential.   

 

This concept was investigated further by exploring the question of how the growth of 

mustard (B. hirta) expressed as dry matter compares when grown using tidal pattern and 

diurnal pattern illumination. 
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6.1.1 Method 

Two 600 mm x 900 mm growing areas were prepared in a darkroom and each growing area 

was shielded from its neighbour with aluminium foil.  A 410 mm x 300 mm x 60 mm water 

trough was placed in each growing area.  Above each trough a wooden frame supported 

four 150 mm diameter growing trays.  Each tray had a central hole through which 850 mm 

of 10 mm pre-stretched 8 plait polyester rope was passed to form an irrigation wick.  The 

upper end of each wick was coiled beneath 3 pre-weighed layers of absorbent paper.  

Evenly distributed on the top layer of each tray were 8.5 g of white mustard (B. hirta) seed.   

 

All seed was weighed, soaked for one hour in water, placed in the tray, then covered with 

polythene film and kept in the dark for 48 hours prior to the start of each experiment.  Each 

growing area was subject to one of two lighting regimes.  The first was a 16-hour diurnal 

pattern with illumination present for 16 hours per day between 08:00 and 24:00 controlled 

by a Time Guard 24 hour time switch13.  The second was a regime of lighting for 

approximately 16 hours per day, synchronised with a Lewis tidal pattern (see Figure 6.19). 

 

Lewis has semi-diurnal tides.  One tidal cycle from high to low water takes an average of 

12.4 hours although the movement of water within that cycle is complex.  Ocean tides are 

generated because of the gravitational forces of the sun and moon on the Earth’s waters; 

these result in two bulges in the oceans, one closest to the moon, the other furthest from the 

moon.  These bulges create the two high and two low tides.  The Earth is tilted at 23.5º to 

the moon’s orbit and so, except when the gravitational pull of the moon is directly over the 

equator, these bulges are not of the same magnitude.  The difference creates the diurnal or 

declinational inequality and this is repeated on a 14 day cycle.  The range of the tides also 

varies from the largest high and low/spring tides, to relatively small differences between 

high and low water (neap tides).  This cycle occurs every 14/15 days and is the result of the 

sun and moon’s relative positions to the Earth, spring tides occurring when the sun and 

moon are aligned.  The ratio of springs to neaps can be as much as 2:1.  In addition to these 

major influences there are more than a hundred harmonic cyclic components of the tide, 

each with a different cycle time (Tidal Principles, n.d.).  The result of all these influences is 

                                                 
13 Time Guard, London, UK 
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that tides only repeat themselves every 18.6 years (ibid., p.122).  Individual tidal cycles are 

also affected by local weather (Liang et al., 2008). 

 

This variation in tides affects both the timing of energy production from tidal devices and 

the amount of energy available.  For the purpose of this experiment the tidal pattern from 

02/02/11 to 08/02/11 was selected for all three trials.   

 

Electrical energy cannot be generated at all states of the tide, and the flow of water can be 

generalised by the ‘rule of twelfths’ (Tidal Principles, n.d.). 

 

Rule of Twelfths 

• First hour after low water, 1 twelfth of the total water flows 

• Second hour after low water, 2 twelfths of the total water flows 

• Third hour after low water, 3 twelfths of the total water flows 

• Fourth hour after low water, 3 twelfths of the total water flows 

• Fifth hour after low water, 2 twelfths of the total water flows 

• Six hour after low water, 1 twelfth of the total water flows 

 

For this experiment it was assumed that electrical energy was not available for the hour 

before and the hour after both high and low water.   

 

This resulted in the illumination pattern shown in Table 6.10. 
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Total illumination = 112 hours 29 minutes, mean = 16 hours 4 minutes per day 

 

 

Table 6.10: Seven day tidal lighting regime based on Stornoway tides from 02/02/11 to 08/02/11 assuming no generation for the 

hour before and after high and low water. 

 

DAY OFF LW ON OFF HW ON OFF LW ON OFF HW ON Daily Total Illumination 

1 23:30 00:30 01:30 05:27 06:27 07:27 11:58 12:58 13:58 17:53 18:53 19:53 16 hours 27 minutes 

2 00:07 01:07 02:07 06:00 07:00 08:00 12:32 13:32 14:32 18:23 19:23 20:23 16 hours 00 minutes 

3 00:40 01:40 02:40 06:30 07:30 08:30 13:04 14:04 15:04 18:50 19:50 20:50 16 hours 00 minutes 

4 01:12 02:12 03:12 06:59 07:59 08:59 13:34 14:34 15:34 19:17 20:17 21:17 16 hours 04 minutes 

5 01:43 02:43 03:43 07:28 08:28 09:28 14:04 15:04 16:04 19:44 20:44 21:44 16 hours 00 minutes 

6 02:14 03:14 04:14 07:58 08:58 09:58 14:35 15:35 16:35 20:12 21:12 22:12 16 hours 00 minutes 

7 02:45 03:45 04:45 08:30 09:30 10:30 15:06 16:06 17:06 20:45 21:45 22:45 15 hours 58 minutes 
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This pattern required 56 different switching times for the seven day duration of each 

run of the experiment.  This was achieved with the use of a 56 channel programme 

timer14.  

 

 

 

 

Figure 6.17: Schematic diagram of tidal illumination versus diurnal illumination 

experiment. 

 
 

The illumination for both regimes was provided by commercial light emitting diode 

(LED) grow lights15 rated at 120 Watts per unit and positioned to provide PAR at 100 

                                                 
14 Cematic Electric BV, Netherlands 
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24 hour  
timer 

56 channel 
timer 

Grow light Grow light 

Plants  Plants 
 

Irrigation 

trough 

Irrigation 

trough 

Irrigation wicks 

Aluminium foil 



125 
 

Wm-2 to the plants.  The correct elevation of the lights was established by measuring 

the PAR at plant level with a Skye Instruments SKE 510 PAR energy sensor16.  This 

instrument has an absolute calibration error of typically less than 3% with a maximum 

of 5%.  For full technical specifications see Appendix 4.  The component LEDs emitted 

red light at 630 nm and 660 nm and blue light at 460 nm. 

 

Each of the three experimental runs was timed for seven days.  After each run the dry 

weights of the plants were measured (after Popp et al., 1996) as described in section 

3.5.1. 

 

The position of the two illumination patterns were alternated for each experimental run.  

The dry weights of all the plants produced were then compared using a one-way 

randomised Analysis of Variance.  The experiments were carried out between April 

18th 2011 and June 1st 2011. 

 

6.1.2 Results 

The mean and standard deviation dry weights of mustard (B. hirta) grown during the 

three experiments are shown in Table 6.11. 

 

 

Table 6.11: The mean and standard deviation dry weight (grams) of mustard (B. hirta) 

grown using diurnal and tidal pattern lights. 

 

                                                                                                                                              
15 Eco LED Lights, Berkshire, England 
16 Skye Instruments Ltd., Powys, UK 

 Number Mean Std. 

Deviation 

Std. Error 95% confidence interval for 

Mean 

Lower bound Upper bound 

Diurnal 12 7.2725 .53740 .15513 6.9311 7.6139 

Tidal 12 7.2083 .40154 .11591 6.9532 7.4635 

Total 24 7.2404 .46509 .09494 7.0440 7.4368 
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A one-way randomised Analysis of Variance showed no significant difference between 

the dry weights of mustard grown using two lighting regimes (F (1, 22) = 0.110, 

p>0.05). 

 

6.1.3 Discussion 

Comparison of the two methods of illumination produced results that showed no 

significant difference between the dry weight of mustard grown using tidal and diurnal 

pattern illumination.  This suggests that the growth of mustard B. hirta expressed as dry 

weight need not be significantly different between samples grown using lights with a 

diurnal pattern and lights synchronised with a Lewis tidal stream. 

 

This experiment measured the growth of mustard B. hirta and did not include life-cycle 

stages such as flowering, or the production of seed.  As has been discussed, such 

processes can require fixed periods of darkness.  It should be noted, however, that not 

all commercial crops (including salad mustard) require to flower or fruit and so not all 

crops necessarily require a period of darkness.  The growth of crops that do need a 

fixed period of darkness may still be suitable for a system directly illuminated by tidal 

powered means, but this remains to be tested, e.g. the lighting system could simply not 

be switched on during the required dark period.  The ever changing times of the tides 

would mean that this would result in a loss of some illumination time.  In this case, the 

loss of illumination if the tidal lights maintained the same period of darkness as the 

diurnal lights is shown in Table 6.12. 
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Day Loss of illumination time 

1 4 hours 30 minutes 

2 4 hours 00 minutes 

3 4 hours 30 minutes 

4 4 hours 59 minutes 

5 5 hours 28 minutes 

6 5 hours 58 minutes 

7 6 hours 00 minutes 

Total = 35 hours 25 minutes 

Table 6.12: The daily loss of illumination time if a period of darkness was maintained 

between 00:00 and 08:00. 

 

 

The total time of 35 hours 25 minutes represents a 31.25% reduction in illumination but 

not necessarily a 31.25% reduction of energy input.  During the dark period, the energy 

not used for illumination could be used to heat the system.  Alternatively, some form of 

electricity storage could be adopted.  Such a storage facility could be smaller than in a 

conventional system because it would only need to store enough energy to compensate 

for the 31.25% loss.  This would have implications for the cost, complexity and 

efficiency of the system.  It could also be argued that this would detract from the 

concept of using the plants themselves as the energy store and using their natural 

aptitudes to buffer variable energy supplies.   

 

The switching on or off of the tidal pattern lights suggests that tidal power is 

intermittent; this is only partially true.  Tidal power, like wind energy and sunlight, is 

variable.  Unlike wind energy the power available from tides is largely predictable, 

although weather conditions will have some additional effect (National Oceanic and 

Atmospheric Administration, 2008).  Ultimately, lights are either switched on or off, 

but the number and brightness of those lights could vary.  The balance between tidal-

generating capacity and the required demand might always be a compromise.  If 

generators are engineered to produce the maximum required supply of electricity at the 
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lowest tidal flows there will be over-production at peak tidal flows.  This would be 

inefficient in terms of energy generation and use.  Alternatively, it would be possible to 

have a multiple-lights system, with more lights coming on as the tidal flow, and 

therefore electricity generation, increased – but such a system is beyond the scope of 

this current research.  Although the duration of illumination might vary as a result of an 

engineering compromise, the tidal patterns used in this experiment reflect the realities 

of nature. 

 

It is worth noting that some plants demonstrate particularly good adaption to 

illumination synchronised with tidal patterns.  Inter-tidal seaweeds are adapted to short-

term environmental variations over 12 hour tide patterns (Lüning, 1990).  They 

accommodate the cycles of day and night, and emersion/immersion, that dictate the 

quality and quantity of light they receive (Connan et al., 2007).  Work is already taking 

place to identify the genes in marine algae that express this environmental adaptation 

(Kostamo et al., 2011).  This suggests the theoretical possibility of either genetically 

modifying seaweeds to make use of additional tidal illumination, or to transfer the 

genes that code for tidal illumination tolerance into other commercial plant species. 

 

There are, however, disadvantages to using tidal power.  There are only limited sites 

where it could be used for horticultural applications (Snodin, 2002), it only provides 

power for a variable and limited period over 24 hours (Ferreira and Estefen, 2009) and 

it is often in environmentally sensitive areas (Voke et al., 2013).  There are also 

advantages, as tidal power is a renewable resource, it produces no greenhouse gases or 

other waste, it is predictable and the energy density is higher than in wind (Burrows et 

al., 2009).   

 

It was also noted (section 5.3.1) that the darkest months, when supplemental 

illumination was most needed, were also the windiest and so had a greater potential to 

supply energy.  A similar relationship is potentially true of tidal power as a result of 

seasonal variations in sea temperature.  This is because the physical properties of water 

dictate that its density increases as temperature falls and so the kinetic energy in a cold 
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tidal stream will be greater than that of a warm tidal stream if all other variables are 

equal. 

 

The average annual sea temperature measured at Stornoway, Isle of Lewis, is 9.2 ºC 

(Baxter et al., 2011).  There is, however, a marked seasonal variation in the recorded 

temperatures with winter temperatures going down to 7 ºC and summer temperatures 

up to 15 ºC (ibid.).  This change in density will potentially produce more electricity in 

the darker months when demand for horticulture is highest.  

 

There are, potentially, energy advantages for horticulture from the close proximity of 

an aquatic environment besides its associated kinetic energy and the electricity it can 

produce.  Importantly, the water in and around Lewis also possess energy in the form of 

heat.  Some of this energy could, in theory, be used for horticulture.  The heating of 

greenhouses is a very significant horticultural cost in colder climates (McKenney et al., 

2011) and heat, rather than light, is often used to define northern growing seasons.  A 

typical example would be the number of consecutive days with temperatures above 0 

ºC (European Environment Agency, 2008).  It is further possible that thermal energy 

stored by the sea could be used in a similar way.  The long term minimum sea 

temperature recorded in the northern Hebrides is 7 ºC (Sea Temperature, 2011), due to 

the effects of the North Atlantic drift.  Water this temperature could enable a year round 

growing season according to the definition of the European Environment Agency.  If 

higher temperatures are desired, heat pump systems are considered as viable for 

greenhouse based horticulture (Aye et al., 2010).  The thermal properties of water have 

been investigated for its use as solar thermal storage in horticulture.  Mavrogianopoulos 

and Kyritsis (1993) considered that although greenhouses were good acceptors of solar 

radiation, they were poor at storing heat.  Placing water in ‘solar sleeves’ inside 

greenhouses stored heat from the day and released it at night.  They also observed that 

as much water as possible should be used.  Gupta and Tiwari (2002) observed that 

water could be used in greenhouses to absorb solar energy in times of excess and 

release it during cooler periods.  The possibility of heat pumps driven by electricity 
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produced using tidal energy and the sea’s heat reserve could be a suggestion for future 

work. 

 

Excessive and damaging summer solar radiation could also be potentially moderated by 

using water as a buffer.  The design and construction of commercial scale floating 

greenhouses is being carried out in the Netherlands (Bakker et al., 2004).  At the 

forefront of this initiative is Frits Schoute, formerly of Delft University (Netherlands) 

who suggests “With more and more people living in metropolises, there is a lack of 

space, a lack of energy and a scarcity of water.  The mirror image of this is an area at 

sea where there’s lots of space, lots of water and lots of energy.”   (Burkeman, 2005, 

p.1). 

 

The possibility that the temperature in floating agricultural units could be moderated by 

the water they are on could be very significant and forward the argument in favour of 

floating agriculture.  For an example of the potential heat moderation due to the thermal 

properties of water on the Isle of Lewis see Appendix 2. 

 

It seems unlikely that horticulture powered by tidal currents will ever be a dominant 

form of food production, but this research indicates that on the Isle of Lewis its 

potential is worth further investigation.  Although the pattern and scale of the 

variability of tidal energy is very different from that of sunlight, this experiment has 

demonstrated for the first time that the food crop mustard (B. hirta) can grow using 

variable tidal input as well as it would with a conventional mains electricity fed diurnal 

illumination system. 
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Chapter 7: The Maintenance of Heat and Light in 
Growing Structures 

 

7.1 Introduction 

The design of covered horticultural structures is still dominated by the need to 

maximise light ingress.  This can be at the expense of heat egress.  The result of this 

can be that either seasons are shortened due to falling temperatures (even if they are 

longer than they would be without protection) or energy has to be put into the system in 

the form of heat. 

 

The current research has demonstrated that this may not have to continue being so.  The 

experimental work has shown that variable forms of renewable energy can be directly 

utilised to illuminate plants successfully.  This potentially frees growers from their 

dependence solely on the sun for this purpose.  This in turn means that light ingress no 

longer has to be automatically prioritised for growing systems whatever the cost in 

terms of heating.  Instead, the total energy budget can now be considered.  This means 

that the costs and benefits of increasing insulation, and so preserving heat but reducing 

light, can be considered as a possible alternative.  It is conceivable that in certain 

circumstances it may be beneficial to artificially illuminate a well-insulated structure as 

opposed to heating a naturally illuminated one.  The findings of such enquiries would 

be expected to vary at different times and localities as the energy input from the sun 

will vary.  Equally, the performance of structures and materials will be different.  

Importantly, however, the freedom to control a new variable, that is light, provides the 

possibility of exploring new ways to improve the energy efficiency of growing 

structures. 

 

 

Net plant growth, defined as biomass production, is mostly influenced by light.  

However, the most significant factor influencing plant development is temperature 

(Spanomitsios, 2001).  This is because the physiological processes within plants, 

including the photochemical reactions, are influenced by temperature.  Manipulation of 
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a plant’s environment to increase the growing season therefore needs to consider both 

parameters.  The purpose of horticultural growing structures is to provide an 

environment that is more beneficial to the growth of plants than that naturally occurring 

at specific locations.  This is so for greenhouses, polytunnels, cold frames, hot frames 

and cloches.  (Methods used to ‘force’ plants in the dark and to protect crops from 

animals are excluded here).  In their earliest and most primitive form this could be as 

simple as building stone walls to shelter plants and to retain heat after the sun has set 

(Shelton, 1979).  Indeed, the need to shelter plants from the wind and to keep them 

warm, remain two important functions of growing structures.  In Britain, the use of 

glass to cover structures to facilitate gardening was well established in the eighteenth 

century (Willmott, 1982).  Glass is still used, along with other materials such as 

plastics, for this purpose.   

 

The optimum soil temperature for most cultivated crops ranges between 21 ºC and 30 ºC 

(Dinkel, 1978).  Consideration of the energy input into growing systems therefore 

needs to include heat as well as light.  The size of structures and scales of production 

vary greatly with no perfect scale.  In the early years of the twentieth century the 

system of ‘French Gardening’ was developed with large market gardens using 

thousands of small glazed frames and glass cloches to produce salads and vegetables 

for consumption in Paris (Weathers, 1913).  Today, vast greenhouses are used to grow 

crops commercially. 

 

The use of greenhouses in agricultural production has greatly increased over the last 

two decades (Tong et al., 2010).  Much of the motivation for this increase is the 

production of higher yields outside of the cultivation season (Sethi and Sharma, 2008). 

as well as the greater control over crops and the increased yields and quality this 

enables (Sonneveld et al., 2010).  

 

There are three key temperature parameters for plant growth, namely the maximum, 

minimum, and the mean temperatures.  The maximum and minimum temperatures are 

thresholds that may not only stop growth, but also irreversibly damage plants.  Less 
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extreme but marginal temperatures may not simply slow growth, but may cause 

morpho-anatomical, physiological and biochemical changes which affect growth and 

development and so drastically reduce economic yield (Wahid et al., 2007).  For 

example, strawberries have an optimum temperature range from 10 ºC to 26 ºC (Strik, 

1985).  Growing strawberries in a day/night temperature region of 30º C/25 ºC has been 

shown to reduce their fruit size and weight (Ledesma et al., 2008).  Conversely, 

increases in sub-optimal temperatures have been shown to accelerate fruit growth rate 

in passion fruit (Utsunomiya, 1992).  Ideal temperatures vary between plant species and 

are often established through the experience of growers (Körner and Challa, 2003).  In 

general, a 10 ºC – 15 ºC increase above a plant’s optimal temperature will produce heat 

shock and for temperate crops 0 ºC is the base temperature (Miller et al., 2001). 

 

For individual crop species there is a band of temperatures between a maximum and 

minimum that support healthy plant growth.  Within this bandwidth the mean 

temperature is more important than the achievement or maintenance of specific 

temperatures.  This principle is used in horticulture in what is known as the 

‘temperature integration procedure’ (Körner and Challa, 2003).  This understanding of 

plant tolerance to fluctuating temperatures could be significant when considering the 

use of variable renewable energy inputs. 

 

Temperature manipulation in horticulture allows for growing seasons to be extended as 

well as the optimisation of production within normal growing seasons (Sethi and 

Sharma, 2008).  However, in extending growing seasons it must be remembered that 

heat and light are not independent and that both can limit plant growth. 

 

In northern latitudes low temperatures and low light levels may limit photosynthesis 

(Moe, 1997) but increasing either one independently of the other may not increase 

primary production.  Furthermore, an upward shift of photosynthetically optimum 

temperature has been observed with increases in light intensity (Chermnykh and 

Kosobrukhov, 1987).  Traditionally, young plants are grown with higher daytime than 

night-time temperatures, thus mimicking nature (Grimstad and Frimanslund, 1993).  



134 
 

Stem elongation has been shown to be thermoperiodic in many species (Kristoffersen, 

1963) and plant height increases when plants are grown under such regimes (Erwin et 

al., 1989).  However, Mortensen and Larsen (1989) found non-significant differences 

between specific day and night temperature regimes as long as the average temperature 

(over 24 hours) stayed the same.  They concluded that the metabolism of 

photosynthetic products is dependent on temperature but independent of light.  This 

suggests that low day time temperatures can be compensated for by higher night time 

temperatures and vice versa. 

 

Solar radiation is a key energy input into greenhouses and this can prove to be 

excessive or inadequate.  The excesses of the day can be stored for cold nights by the 

use of water storage, rock bed storage, phase change material storage, movable 

insulation, ground air collecting and north wall storage (Sethi and Sharma, 2008).  

Some of these techniques have been developed and used to extend the growing season.  

However, in northern countries the maintenance of temperature is often achieved by an 

additional heat source and so supplemental energy use may become large (Sonneveld et 

al., 2010).  More than 75% of thermal energy consumption in agriculture is devoted to 

heating greenhouses in northern countries (Besheda et al., 2006). 

 

An understanding of the interplay between heat and light for specific crops is important 

for their efficient growth.  Greenhouse coverings will influence heat loss but they will 

also reduce light levels.  A light reduction of 1% can result in approximately 1% 

production loss (Bot, 2001).  However, the production of greenhouse tomatoes, for 

example, is directly related to the air temperature (De Koning, 1990).  Mortensen 

(1992) concluded that plants grown in Norwegian glasshouses benefited from higher 

temperatures, but emphasised that this was during the summer when light levels were 

maximised.  A further point that works on heat and light input highlights is that varying 

energy inputs produces a range of crop outputs.  Growth can be from zero to optimal, 

not just ‘growing’ or ‘not growing’.  Field crops do not grow optimally but their 

production is still economically worthwhile.  Therefore maximising growth is an 

ambition but not a prerequisite for successful crop production. 
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The interplay between heat and light could allow for a more efficient use of energy 

supplied by variable renewable energy sources.  Excess energy could be stored as heat 

and all the energy generated could be used for heat production during periods of 

darkness.  A further advantage is that most additional heat is required at night when 

temperatures drop.   

 

The concept of commercial crop production in areas that have cool summers and long 

dark winters may at first seem flawed.  It can be argued that if extra energy inputs are 

justified, these could take the form of transport inputs to move crops produced in 

warmer climates for consumption elsewhere (Enoch, 1978).  The current greenhouse 

industry has demonstrated the possibility of producing crops in locations and at times 

where it would not be possible to produce outdoor crops.  The Netherlands has 

approximately 10,000 ha of commercial greenhouses that produce high yields year-

round (Bot, 2001).  Alaska has a viable greenhouse industry that produces high quality 

crops by maximising the benefits of their sunny summers.  The net photosynthesis 

during cool sunny periods can even exceed that obtained during warm, sunny periods 

(Gates, 1965).  Iceland, with its plentiful supply of geothermal energy has year round 

production that uses approximately 216 GWh/year of energy.  As well as heat, artificial 

light is now an established aspect of production in the dark winter months 

(Gunnlaugsson et al., 2003). 

 

Frequently, commercial horticultural enterprises are succeeding by using fossil fuel 

inputs.  In September 2008 Royal Pride Holland began using two 4 MW natural gas 

fuelled engines in their 45 hectare greenhouse 50 kilometres north of Amsterdam 

(Royal Pride Holland, 2011).    

 

Whatever the means, it is often necessary to heat greenhouses in northern latitudes 

during cooler months in order to provide a suitable environment (Manitoba Agriculture, 

Food and Rural Alternatives, n.d.). 

 



136 
 

Greenhouse design is therefore compromised in winter in north-west Europe by the 

requirement to optimise light levels inside the greenhouses whilst also maintaining 

temperatures that are higher than outside.   

 

7.2 The Maintenance of Temperature 

To maintain a given temperature inside a growing structure the input of heat must equal 

the loss of heat.  The mechanisms of heat loss (convection, conduction and radiation) 

will vary in their effects due to the variable nature of the external environment.  For 

example, wind speed, the clearness of the night sky and any moisture on the structure 

will all influence heat loss (Willmott, 1982).  The contention from Willmott (1982, 

p26) that “During the daytime when the greenhouse needs to have as much light 

entering it as possible nothing much can be done to reduce heat losses.” need not apply 

if the light was provided by a different source. 

 

In order to make comparisons between different constructions, an estimate of all the 

factors that describe air to air heat loss can be used.  This overall thermal transmittance 

coefficient is called the U value and is defined as 

 

“a measure of the overall rate of heat transfer by all mechanisms under 

standard conditions.” 

(McMullan, 1992, p36) 

 

The U value is measured in Watts through 1 m² of a structure with a temperature 

difference across the structure of 1 ºK.  The method of calculation is detailed in BS EN 

ISO 13789:1999 (British Standard, 1999). 

 

7.3 The Passage of Heat and Light through Horticultural Glass 

Single thickness glass is the best optically performing material commonly used for 

greenhouse coverings (Sethi and Sharma, 2008) and it is typically used in 3 mm thick 

panes.  The transmission of PAR varies between winter and summer.  The seasonal 
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difference in transmissivity is a result of incidence angles, frost and condensation but is 

a maximum of approximately 80% (Zhang et al., 1996).  Glass is reasonably opaque to 

long wave radiation and so promotes the ‘greenhouse effect’.  That is, visible light 

passes through the glass and heats whatever is inside the structure.  This then warms the 

internal air which is contained by the glass; convection, conduction and radiation are 

involved in this process. 

 

The U value for single thickness glass (subject to exposure) is 5.75 Wm-2 K (Chartered 

Institution of Building Services Engineers, 2006).  By comparison, the U value 

currently required for a new build dwelling external wall in Scotland is 0.25 Wm-2 K 

(Bett et al., 2003).  Therefore, by current building standards, glass covered growing 

structures are thermally inefficient.  Experiments with double glazing have been carried 

out in an attempt to improve this situation but results have highlighted problems with 

loss of light and the retardation of beneficial solar heating (Shelton, 1979). 

 

Both heating and lighting of greenhouses have an energy requirement.  By design the 

source of this energy is primarily the sun.  Currently it is the heating requirement that is 

prioritised artificially when the sun’s energy is insufficient.  This research has 

demonstrated that this may not be the most energy efficient protocol if renewable 

energy sources are used to heat and light greenhouses.   

 

It may therefore be possible that the energy efficiency of a glass cold frame could be 

maximised in winter months in northern latitudes by increasing the insulation (even 

though this would reduce natural light levels) and generating energy inputs to increase 

light and not heat.  This idea was considered further by exploring the energy 

implications of altering the heat and light input into two cold frames. 
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7.4 Hypothetical Comparison of Two Cold Frames 

7.4.1 Method 

 
Two cold frames of equal size were considered (see Figure 7.18).  Cold frame A was a  

1 m³ box with insulated sides and floor and a top made of 1 m² 3 mm single thickness 

glass with a U value of 5.75.  Cold frame B was an identical structure, with the 

exception that its top was insulated to produce a U value of 0.25.  The insulated U value 

of 0.25 was selected as this is the minimum level required for new Scottish dwellings.  

Two different internal temperatures were examined and heat transfer across the unequal 

sides was considered.  There is no single ideal temperature for a greenhouse as 

optimum temperatures vary with species and cultivars.  Variation between night and 

day temperatures can be important for plant development but greenhouse crops often 

show a close relationship between growth yield and the 24 hour mean temperature 

(Alberta Agriculture, Food and Rural Development, 2002).  Increased growth with 

increasing temperature within the range of 12 ºC - 24 ºC has been recorded in Norway 

(Sandved, 1974, 1975 and 1976) and 21 ºC to 23 ºC is considered an optimum mean for 

vegetable crops depending on light intensity (Alberta Agriculture, Food and Rural 

Development, 2002).  With specific reference to tomatoes an optimum temperature of 

‘around’ 25 ºC has been suggested (Seginer et al., 1994).  Internal temperatures of 22 

ºC and 25 ºC were investigated.  PAR data was measured (see Chapter 2) and mean 

monthly Stornoway temperatures between 1931 and 1991 were analysed (British 

Atmospheric Data Centre, 2012). 

 

Heat loss was calculated using the formula: 

Q = U x A x ∆T 

Where  Q = heat loss (watts) 

 U = heat transfer coefficient 

 A = exposed surface area (m²) 

 ∆T = temperature differential between the inside and outside (ºC) 

    (Manitoba Agriculture, Food and Rural Alternatives, n.d.) 
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The estimated energy input of PAR through 3 mm glass was added to the glazed cold 

frame and subtracted from the insulated cold frame.  The subtraction of PAR from the 

insulated cold frame represented the additional energy input that would be required to 

illuminate the cold frame to the level of the glazed box.  Illumination levels would 

therefore be equal for both units.   

 

The energy requirements for, and losses from, ventilation were also assumed to be 

equal in both cases.  For each month the difference between the mean inside and 

outside temperature was calculated (∆T) and from this figure the heat loss from the 

glazed and insulated cold frames was calculated.   

 

 

 

Figure 7.18: Two identically insulated cold frames with the exception that A has a 1 m2 

top glazed with 3 mm glass. 

 

7.4.2 Results 

The data used to calculate the heat loss from the glazed and insulated cold frames is 

shown in Table 7.13.

A B 
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Month 

Inside 

temperature 

Mean outside 

temperature ∆T 

QC 

glass 

QC 

insulated 

PAR 

gain 

glass 

Net 

result 

glass 

Result 

insulated 

Maximum 

efficiency 

glass or 

insulate 

Insulate 

loss + 

PAR 

input loss 

January 25 4.3 20.7 119.03 5.18 4.77 -114.31 -5.18 I -9.9 

February 25 4.3 20.7 119.03 5.18 10.97 -108.06 -5.18 I -16.15 

March 25 5.4 19.6 112.7 4.9 23.8 -88.9 -4.9 I -28.7 

April 25 6.7 18.63 106.95 4.66 45.07 -61.88 -4.66 I -49.73 

May 25 9.1 15.9 91.43 3.98 66.72 -24.71 -3.98 G -70.7 

June 25 11.4 13.6 78.2 3.4 68.32 -9.88 -3.4 G -71.72 

July 25 13 12 69 3 57.01 -11.99 -3 G -60.01 

August 25 13 12 69 3 47.62 -21.38 -3 G -50.62 

September  25 11.4 13.6 78.2 3.4 33.97 -44.23 -3.4 I -37.37 

October 25 9.2 15.8 90.85 3.95 12.04 -78.81 -3.95 I -15.99 

November 25 6.9 18.6 106.95 4.65 5.99 -100.96 -4.65 I -10.64 

December 25 5.2 19.8 113.85 4.95 5.98 -107.87 -4.95 I -10.93 

Table 7.13: Data used to calculate heat loss from glazed and insulated cold frames.

 

 

Month 

Inside 

temperature 

Mean 

outside 

temperature ∆T 

QC 

glass 

QC 

insulated 

PAR 

gain 

glass 

Net 

result 

glass 

Net 

insulated 

Most 

efficient 

I=Insulated  

G=Glazed 

Insulate 

loss + PAR 

input loss 

January 22 4.3 17.7 101.78 4.43 4.77 -97.01 -4.43 I -9.2 

February 22 4.3 17.7 101.78 4.43 10.97 -97.01 -4.43 I -9.2 

March 22 5.4 16.6 95.45 4.15 23.8 -71.65 -4.15 I -27.95 

April 22 6.7 15.3 87.98 3.83 45.07 -42.91 -3.83 G -48.9 

May 22 9.1 12.9 74.18 3.23 66.72 -7.46 -3.23 G -69.95 

June 22 11.4 10.6 60.95 2.65 68.32 7.37 -2.65 G -70.97 

July 22 13 9 51.75 2.25 57.01 5.26 -2.25 G -59.26 

August 22 13 9 51.75 2.25 47.62 -4.13 -2.25 G -49.87 

September  22 11.4 10.6 60.95 2.65 33.97 -26.98 -2.65 G -36.62 

October 22 9.2 12.8 73.6 3.2 12.04 -61.56 -3.2 I -15.3 

November 22 6.9 15.1 86.83 3.78 5.99 -80.84 -3.78 I -9.77 

December 22 5.2 16.8 96.6 4.2 5.98 -90.62 -4.2 I -10.18 
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The heat loss at 22 ºC from the two cold frames described at temperatures from -10 ºC to 

+20 ºC are shown in Figure 7.19.  This scenario assumes no solar input into the system. 

 

 

Figure 0-1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.19: The energy loss at 22 ºC for external temperatures from -10 ºC to 22 ºC 

assuming no solar input. 

 

The sun would, in reality, feed energy through the glazed cold frame during daylight hours 

and likewise additional energy would need to be used to illuminate the insulated cold frame 

to compensate for having no sunlight.  The mean level of this energy would alter 

throughout the year as the seasons changed.  The mean temperature outside the cold frame 

would also change with the variation in solar radiation.  This dynamic situation of changing 

PAR inputs and differences in temperature is illustrated in Figures 7.20 and 7.21 for cold 

frames with internal temperatures of 22 ºC and 25 ºC. 
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Figure 7.20: The energy required to maintain the experimental glazed and insulated cold 

frames at 22 ºC and illuminated to natural light levels. 
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Figure 7.21: The energy required to maintain the experimental glazed and insulated cold 

frames at 25 ºC and illuminated to natural light levels. 

        

7.4.3 Discussion 

Consideration of the energy  implications of altering the heat and light inputs into two cold 

frames showed that at both internal temperatures investigated, there were months when it 

would have been more energy-efficient to insulate the glazed cold frame, at the expense of 

excluding all natural light, and to produce artificial light.  Maintaining an internal 

temperature of 22 ºC favoured insulation rather than glazing from October to March 

inclusive, and at 25 ºC from September to April inclusive it again favoured insulation.  

Both cold frames would require energy inputs in the winter months, but this would be less 

for the insulated frame.  The results also indicate that the 22ºC glazed frame would require 

cooling in June and July and, depending on the method employed; this could have 

implications for energy requirements. 
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These results may or may not be repeated in other installations as changes in design, scale, 

standard of construction and location would all have implications for heat loss.  Design and 

scale have implications for the surface-area/volume ratio and there will be differences in 

energy balances across scale.  The standard of construction, or the number of leaks in the 

system, can have large implications for convective heat losses.  Location will have 

implications for exposure, with wind impacting upon heat loss and rain producing 

evaporative losses. 

 

The example presented therefore represents an ‘optimal’ cold frame.  Variable factors may 

increase the heat losses from the growing structure and U value can only be approximate.  

In this way, the perfect moment to insulate may not be able to be identified precisely but an 

approximate date by which insulation would definitely be advantageous can be indicated.  

Importantly, increased ‘real world’ losses, whether due to conduction, convection or 

radiation would strengthen the argument that is presented here to insulate the glazed cold 

frame in winter.   

 

It is not suggested that the results presented here are definitive, but they do demonstrate the 

possibility of decreasing the required energy input into growing systems by producing light 

rather than heat.   

 

During the hours of darkness, when there is no energy input from the sun, any occasion 

when the outside temperature is lower than the required inside temperature means that the 

insulated structure will be favourable.  Heating is currently the major greenhouse energy 

use in northern countries (Besheda et al., 2006).  These results suggest that in winter 

months on Lewis it would be more efficient to use energy to light well-insulated structures 

than to heat glazed ones, even though this may seem to be counter-intuitive. 

 

If a dynamic system is engineered that monitors temperatures and solar input, and if this 

dynamic system is able to increase or decrease insulation accordingly, the possibility of 

energy saving should be even greater.  The use of a variable renewable energy source could 

be integrated into such a system by storing as heat, energy not required for light.  The use 
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of current solar storage technology such as water storage, rock bed storage and phase 

change material storage could be adapted for this purpose (Sethi and Sharma, 2008).  A 

further influence on this process will be the enhanced heat loss due to wind exposure.  The 

evidence that Lewis has particularly good wind for driving turbines also suggests that it 

may be better to increase insulation in greenhouses to counteract wind-enhanced heat 

losses.  The increased risk of structural damage from high winter winds may also favour 

the use of more robust buildings.  Sustainable Uist (2011) has developed a fibre-glass-clad 

growing structure due to its increased strength rather than for its light transmitting 

performance. 

 

It is suggested that the battle to keep greenhouses warm in winter may be more easily won 

by growing crops using renewable energy to provide artificial illumination inside well 

insulated buildings. 
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Chapter 8: Discussion 

 

8.1 Motives 

The separate elements of this dissertation were combined to investigate whether the natural 

ability of plants to utilise a variable solar input could be exploited to combine and address 

two global problems.  Firstly, the reduced utility of wind and tidal energy that results from 

the variable nature of their supply: secondly, the need for a sustainable increase in human 

food production.  The Isle of Lewis is identified as a candidate location to investigate the 

use of variable renewable energy to sustain crop growth and so fulfil these aims.  

Motivation for such an investigation is provided by the literature that suggests uncertainty 

regarding the future demand, supply and sustainability of global food.  This is due in part to 

uncertainty about population growth, the utility that can be wrought from the resources 

available, and the climate that will be present in which to do so.  The literature reviewed 

can be used to suggest that new developments and techniques that enhance food production 

are necessary and generally beneficial, so there is a need to pursue methods of increasing 

the global food supply.  In this context, investigating the pairing of renewable energy and 

food production is suggested as a novel, worthy and timely ambition.  Additionally, 

advances in technology such as LED development and renewable energy production (scale 

and cost) provide possibilities that were not available a decade ago. 

 

8.2 A Rock and a Hard Place 

The Isle of Lewis is a difficult place to grow crops commercially.  The island has cool, wet 

summers; the predominantly coastal settlements frequently experience air laced with sea 

salt; and the island is exposed to an average of 20 gales (wind speed greater than 33 knots 

for ten minutes or more) per year.  Many of the islands horticultural and agricultural 

difficulties can be related to the energetic nature of the environment, with wind and sea 

being viewed as both problematic and crop-limiting.   
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The problem of growing food on Lewis may appear trivial when viewed in the context of a 

growing global population already in excess of 7 thousand million people and the huge 

challenges faced in feeding them.  Lewis is, of course, very important to the eighteen and a 

half thousand people who live there, and in context it can help to illustrate one possibility 

of meeting the challenge of feeding the huge and growing number of people in the world. 

Small, bespoke solutions, such as this, may be able to contribute on a regional or local 

scale, and by extension may aggregate to assist change, rather than waiting for a single 

panacea to revolutionise global agriculture. 

 

8.3 Why Not Move South? 

The question then arises that if the climate on Lewis is not conducive to the production of 

crops would it be better to concentrate on food production in more favourable locations?  A 

move south could find better climates, less severe weather and be closer to urban 

populations that need food.  The availability of agricultural land in such climates may be 

limited and frequently faces competition from other users.  Although work is being carried 

out improving yields through conventional methods of breeding and cultivar selection, new 

techniques of gene manipulation may also offer the promise of higher future yields.  Novel 

solutions are also being sort in other ways, such as vertical farming (Despommier, 2013), 

which is being investigated as one way of increasing yields from a limited land area.  

Similarly, the ‘Equinox Project’ (EcoFriend, 2010) is a proposed carbon-neutral self-

sufficient off shore farming platform that sails down to warmer waters to grow crops before 

heading to its northerly home for harvesting. 

 

This research project has adopted a different perspective.   As an alternative to improving 

crop yields in  better climates, this study explored whether more favourable growing 

conditions could be created on the Isle of Lewis by using the energy resources locally 

available in that area?  A key question in the research is whether local Lewis energy 

resources, the same wind and sea that have frequently been viewed as problematic for 

agriculture, can potentially provide an alternative energy supply the can benefit plant 

growth.  A simple solution may appear to be at hand, but inevitably the reality is complex. 
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Chapter 1 provided evidence that plants need more than energy to thrive, for example, 

water and nutrition are as important and can be just as limiting.  Crop production also may 

have energy needs other than for photosynthesis and heating.  For example, in warmer, 

drier, climates there is often an energy requirement to cool plants, desalinate water and to 

pump water (Glenn et al., 1998).  The processing of agrochemicals uses energy, as does 

their application and other mechanical farming activities.  Processing and transportation of 

crops also contribute to the total energy consumed.  The idea of using non solar energy 

sources to grow plants is far from new.  The Royal Pride Holland commercial greenhouse 

operation at Middenmeer in the Netherlands uses two G.E. Energy 4 Mw natural gas J624 

GS engines to provide heat and power to a greenhouse that covers 45 hectares and 

produces a 12 month growing season (Powerservices, 2009).  This is a commercial 

operation that uses fossil fuel to make food and a financial profit; it is not designed as a 

humanitarian solution to world hunger.  The burden of fuel does not therefore have to 

exclude the use of technology to heat and light plants.  The usefulness of using local 

renewable wind and tidal energy directly in horticulture is not yet fully established. 

 

8.4 Advantages of Localised Growing 

There are possibly other motives that make the growing of additional food on Lewis 

desirable.  The concept of sustainability can be explored with the development of new 

techniques, and allied with this is the desire to reduce carbon emissions in all activities.  

Food security is also becoming an issue for political and economic reason and was, for 

example, a key element in the volatility of food prices in 2007 and 2008 (Mock et al., 

2013).  Food production may be a global industry but the control of significant production 

by individual countries can be problematic for its urban supply.  The aim of being more 

self-sufficient in food may become a practical necessity and does not have to be for 

nationalistic reasons.  The local economy of Lewis could also be bolstered by the 

development of an island based horticultural industry. 
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8.5 Energy and the Islands 

The notion of a nationally important industry that would have economic benefits for the 

Isle of Lewis is currently being pursued in the renewable energy sector.  Scotland has the 

stated ambition of reducing its carbon emissions by 42% by 2020.  As part of this ambition 

the harvesting of renewable energy on and around Lewis is being explored and the initial 

quest to find such energy has been encouraging. 

 

The SUSPLAN report regional case study on Lewis (Planning for Sustainability, 2010) 

identified 6 key motives to develop renewable energy on Lewis: 

• Fragile economy 

• Peripherality – the ‘remote’ edge of Europe 

• Dependence on relatively few economic sectors 

• Public sector dominance of the economy 

• Loss of economically active population 

• Impacts of economic shutdown significant 

 

A significant use of these new energy resources could potentially be horticulture. 

 

However, there are problems.  The wave, tide and wind energy are diffuse, remote from 

major horticultural centres and variable, indeed, the variable nature of renewable energy is 

probably the most commonly raised problem regarding its application.  It is not always 

windy, the tide is not always flowing and waves can be small.  Electricity production from 

these sources is therefore also variable.  The suggested solutions to these problems are 

three-fold.  Firstly, use renewables over large areas, the ‘it’s always windy somewhere’ 

solution.  Secondly, integrate different technologies ‘the wind might still be blowing at 

high tide’ (or have a conventional power station on standby).  Thirdly, store the energy so 

that it is available on demand.  There is a fourth solution, the one investigated by the 

present work; that is, to find a suitable use for a variable energy supply at the point of 

production. 
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8.6 Plants and Energy 

Plants on Lewis, as everywhere, have always used a diffuse and variable energy source; the 

sun.  Their ability to use the renewable, diffuse and variable energy sources of wind and 

tides to increase primary production for the reasons stated could have the potential to turn 

the perceived problems of growing crops in an energetic environment into a perceived 

advantage.  The idea of turning a problematic energy situation to advantage by using local 

renewable energy for horticulture has an elegance that is appealing to developers.  The 

usefulness of renewable energy supplies are often questioned due to their variable nature, 

but thinking laterally around this problem suggests finding a use for a variable supply 

rather than adapting the supply to a stable form.  Horticulture may provide such a solution.  

This is because plants have evolved to harness a variable solar energy supply and so may 

be able to utilise this ability to accommodate variable renewable energy.  The technology 

exists to turn wind and tides into electricity and in turn convert electricity into light suitable 

for growing plants.  What was not known and was investigated by this work was whether 

this can be achieved successfully with the variable patterns of energy produced on Lewis. 

 

This question is important from a world food production and local economy perspective.  

The world will need to produce more food by novel means, and the Isle of Lewis could 

potentially prosper form increased horticultural activity.  Dutch greenhouses’ production 

was worth over 4.8 billion Euros per year from 10,500 hectares of greenhouses in 2003 

(Bot et al., 2005).  These greenhouses are sophisticated growing systems that control 

temperature, humidity and carbon dioxide.  They also use supplemental lighting.  Of the 

costs involved in producing crops in this way, energy accounts for 15% - 20% (ibid.).  The 

use of variable energy inputs to provide illumination may not be optimal for plant growth, 

just as variable sunlight is not, but it may still promote worthwhile crop production in an 

otherwise hostile environment. 

 

8.7 Electricity Storage 

An obvious potential solution to the variability of supply may be simply to store the 

renewable energy for optimal future use.    Plants need heat as well as light and it is 
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relatively easy and economical to store heat.  As discussed in this dissertation, numerous 

technologies are used to store heat, with the basic design of heating a mass and letting it 

cool to release its energy.  Storing light is more problematic and expensive.  Unfortunately, 

storing electricity can be inefficient, costly and environmentally damaging.  This is why the 

question of the direct utilisation of renewable energy is important.  In this way, it is not a 

question of doing without storage but rather using the plants themselves as the method of 

storage.  If this can be achieved, the case for the use of renewable energy in horticulture is 

much stronger.  The precise answers could be expected to differ regionally along with 

variations in resources.  The situation for Lewis, as for any other location, therefore 

requires specific scrutiny.  If energy is a limiting factor for horticultural output, the 

productivity of the land could be increased by using an energy resource that is already 

present. 

 

The concept of making better use of existing local resources to increase horticultural output 

could be significant in any debate regarding sustainability.  Concerns over the diffuse 

nature of renewable energy could perhaps be minimised if multiple small stand alone units 

were spread out in the landscape, just as crofts are at present. 

 

8.8 The Energy Source 

Wind and tidal energy were considered but not assumed to be unique candidates.  Photo 

voltaics were not investigated because supplementing solar radiation with a solar driven 

system would seem counterproductive.  Wave power was excluded because there is 

currently no small scale generating device commercially available. 

 

Before investigating the supply of renewable energy to supplement horticulture it was 

necessary to establish the nature of the existing solar resource. 

 

8.9 Sunshine 

The major hypothesis of this work was that plants can process a variable energy supply.  

Plants grow and experience day and night, summer and winter, clouds and sunshine.  These 
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patterns are familiar but the numbers behind them are not.  More detailed evidence of the 

variation in solar radiation was therefore required before considerations of supplementing 

or replacing it could be made.   

 

The solar radiation results provided three things.  Firstly, they indicated the amounts of 

energy provided by the sun, and therefore the targets for the amount of supplemental 

energy required.  Secondly, the required timings of that energy were illustrated; and thirdly, 

the variation in the supply of energy was highlighted.  The knowledge that December has a 

mean SR level of 10 Wm-2 compared with June’s 187 Wm-2 is important if the aim is to 

artificially produce a year round June-like growing season.  Comparison of results obtained 

with the long term BADC data set in Chapter 2 also illustrated that although ten minute 

samples show large variation in energy levels the long-term monthly means are relatively 

constant.  Kjaer and Ottosen (2011) suggest that the total amount of solar radiation (within 

defined limits) is more important than variation for plant growth.  If this is so, the 

suggestion is that the monthly mean energy levels could be more important than concerns 

over variation in daily supply.  This would be significant for the substitution or 

enhancement of solar radiation by a variable renewable energy source. 

 

Not all solar radiation is used by plants for photosynthesis.  The relationship between solar 

radiation (SR) and its portion that is photosynthetically active radiation (PAR) was 

examined further.  This is important because advances in lighting technology now allow for 

the spectrally specific production of light.  This means that specific wavelengths can be 

targeted and so the energy in these wavelengths alone can be reproduced.  The energy 

required to promote photosynthesis is therefore lower than that required to duplicate solar 

radiation.  Renewable energy sources can supplement a larger area for longer using PAR 

than the same source could for SR.  The importance of the relationship between PAR and 

crop yield has focused attention internationally on the relationship between PAR and the 

more commonly recorded SR (Ge et al., 2011). 

 

Understanding of the ratio between PAR and SR (fE), has increased in recent decades.  

Realisation that it is not constant, as once thought, has implications for plant growth and in 
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turn estimations of food production (Pinker and Laszlo, 1992) and the energy needed to 

supplement solar PAR. 

 

The investigation of fE carried out in this dissertation represents a first analysis of this 

variable relationship for the Isle of Lewis.  This supports the suggestion by workers such as 

Udo and Aro (1999) and Jacovides et al., (2004) of the need to locally determine fE.  The 

mean fE calculated for Stornoway 2010 was 0.458.  This result is within the range of 0.45 

to 0.50 recorded by other workers in different global locations (Tsubo and Walker, 2005).  

It is, however, in the lower end of that range and demonstrates a proportion of PAR to SR 

8.4% smaller than the global mean. 

 

Temporal variation in fE was investigated for both days and seasons.  A significant 

difference was found between the first and last hour of day light and 12:00 GMT (F, (2, 33) 

= 7.98, p<0.001).  This supports the findings of Britton and Dodd (1976) and the 

hypothesis that fE decreases with increased daily SR and the associated decrease in path 

length through the atmosphere.  A significant difference in fE was also calculated for 

winter and summer months (F, (1, 10) = 20.862, p<0.001).  A similar influence of the path 

length of the sun’s rays through the atmosphere are suggested by this result, as is the 

relatively low mean fE due to the latitude of Stornoway. 

 

Atmospheric path-length alone cannot account for all the variation in fE observed.  

Significantly higher mean fE was calculated for the cloudiest days (F, (1, 22) = 6.217, 

p<0.05).  This is the first recorded empirical evidence of the phenomenon for Lewis and 

supports the findings of workers such as Stitger and Musabilha (1982), Udo and Aro 

(1999) and Tsubo and Walker (2005).  Clouds absorbing more radiation in the infrared 

waveband than in the PAR waveband would account for this observation.  The importance 

of the relationship between cloud cover, fE, PAR levels and food production may take on a 

new significance if predictions of global warming result in new patterns of cloud cover for 

Lewis’s maritime climate.  Future analysis of the interplay between time, both daily and 

seasonal, and cloud cover may reveal an even more complex relationship between weather, 

atmospheric path-length and fE. 
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These results strengthen understanding of the phenomena that alter fE.  Likewise, the 

regional differences observed agree with the suggestion that measurements should be made 

locally.  Small geographic differences will have a large significance when calculating 

global solar energy and potential plant productivity.  The rich data source provided by 

these results could also be important for estimates of potential Hebrides crop production. 

 

Climate change models predict a warmer but not necessarily a brighter future.  This 

dynamic situation would suggest that not only should solar radiation and PAR be measured 

locally but that there is also a requirement for it to be done repeatedly.  The present work 

provides a good benchmark for this process. 

 

8.10 Supplementary Illumination 

It was necessary to identify a suitable means of supplementing and/or substituting PAR to 

grow plants.  The first step towards this aim was to develop a robust method of growing 

crop plants in quick succession, in order to allow statistical examination of a number of 

results in a short time period.  The selection of one species for this purpose was inevitably 

arbitrary in nature and other species or varieties may or may not repeat the results found 

here and would require individual scrutiny.  The mustard (B. hirta) selected, and the 

method of germination and irrigation used, produced results that were consistent and 

repeatable.  This would identify the method developed as a potentially suitable tool for 

future work in this field.  Additionally, the identification of the suitability of 10 mm 8 plait 

pre-stretched rope as a high performance irrigation wick could potentially support its use in 

a variety of applications.  Wick irrigation has been shown to have real-world applications, 

and the desirability of using man made materials has been shown, due to the 

biodegradability of natural fibres. 

 

8.11 Commercial Lighting 

Commercially available, purpose-made LED plant grow lights were selected to illuminate 

the mustard plants.  The efficient production of the combined red and blue light they emit 

has been identified as an effective method of producing plant biomass (Johkan et al., 
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2012).  The experimental trials detailed in this dissertation demonstrated their ability to 

grow mustard (B. hirta) and also the importance of optical intensity selection.  50W/m-² 

showed no significant advantage over 0 Wm-² and likewise, 150 Wm-² showed no 

advantage over 100 Wm-².   Estimating a range of illumination above and below which no 

gains in plant mass is observed is important, because it suggests that if insufficient energy 

is available to attain the low threshold, its application would be a waste of energy which 

would be better used for another purpose.  This would also be the case for a surplus of light 

above the upper threshold recorded.  The experimental trials with the grow lights indicated 

an optimal light intensity within the identified range that produced growth.  Of the 

intensities tested, 100 Wm-² produced significantly more mustard than 50 Wm-² but not 

significantly less than 150 Wm-².  For this reason, it was selected for future use and 

suggested that if alternative energy supplies could provide 100 Wm-² of PAR the growth of 

crops could potentially be increased.  The selected 100 Wm-² of PAR can be compared to 

the World Meteorological Organization’s definition of bright sunshine as 120 Wm-² (World 

Meteorological Organization, 2003) or Tibbitts’ (1994) suggestion that 26 Mol/m² day-1 

will ‘grow most things’. 

 

The dry weight of the mustard was used to compare rates of growth.  This is logical if 

increased food production is the aim and all of the plant is edible.  For some food crops, 

nutritional quality can vary with lighting conditions and this possibility was not examined.  

Likewise, only parts of some plants are eaten and so increased growth may not result in 

more food. 

 

It is not suggested that 100 Wm-² of lighting is the only worthwhile intensity of artificial 

illumination to apply.  This level was the experimentally determined level for mustard (B. 

hirta) when it comprised the sole means of illumination.  Artificial light can be used to 

enhance or replace natural sun light.  20 Wm-² of supplementary PAR has been found to 

benefit greenhouse crops between September and March in Canada, whereas the sole 

provision of 120 Wm-² was required to grow cucumbers (Dorais, 2003). 
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These first experiments did not investigate the implications of using an intermittent supply 

of light energy, but this question is fundamental to the research question presented and so 

was then examined. 

 

8.12 When the Wind Blows 

The wind pattern illumination experiment compared plant growth that resulted from PAR 

naturally available from sunlight, the levels of artificial illumination already demonstrated 

to optimally grow mustard (B. hirta) and plants additionally illuminated by lights powered 

with an electricity supply that varied with the wind. 

 

The result that both methods of artificial illumination produced significantly more growth 

than natural light alone, demonstrated that the natural levels of PAR available in late 

February and early March on Lewis are sub-optimal for growing mustard.  Other plant 

growing requirements such as water and heat were provided, but the Sprengel-Liebig Law 

of the Minimum suggests that in this instance, light was the limiting factor for growth.  

This result demonstrated that there is potential to increase productivity by the application 

of artificial light to crops on Lewis.  The significant increase observed in the variable, 

wind-dependent supplemental light condition, specifically supported the idea that the 

growth of mustard (B. hirta) on the Isle of Lewis, Outer Hebrides, Scotland, could be 

increased by the direct utilisation of variable wind generated electricity without the need to 

store electricity in batteries.  Further work is needed to investigate the extent of this finding 

for other times of the year and different species; it is, however, the first-known recorded 

demonstration of increased food production resulting from a variable wind pattern energy 

input.  This experiment therefore tentatively supports the concept that variable artificial 

plant illumination powered directly by renewable energy sourced from the same location 

can increase the crop production in that location. 

 

It was also observed that 53.26% of the additional dry weight of mustard (B. hirta) 

produced using fixed pattern illumination was achieved by the wind-variable lights with 

35% of the energy.  This result suggests a possible energy saving advantage of wind 



157 
 

powered lights over fixed pattern lights if the dry weight of B. hirta, a recognised food 

crop, is the aim.  Individual plants grown using variable wind lights would be smaller, but 

the total crop weight of plant per additional joule of energy input would be higher if the 

results observed here were repeated.  The area of land required to produce a given weight 

of mustard (B. hirta) in this way would be larger, and/or the growing time would be longer, 

if larger size plants were desired.  It does, however, demonstrate a means of producing 

more food using a variable energy supply than a comparable amount of grid electricity. 

 

The conversion of wind energy into food is a potentially important application of this 

renewable resource.  Questions regarding the usefulness of variable energy supplies may be 

answered if they can be used to feed a growing population.  Humans use energy in many 

ways, and new approaches may be required in the application of resources to produce a 

sustainable future.  This experiment supports the idea that plants themselves can buffer and 

store variable wind energy in a clean, renewable, necessary way. 

 

It is also possible that the local use of an existing resource as demonstrated by this 

experiment could suggest an additional  means of economic regeneration for the Isle of 

Lewis.  Good, wholesome food has a value, as well as being a requirement for life.  The 

accommodation of a variable energy source over a period of days was demonstrated by this 

experiment.  The seasonal variation in the wind resource was among the themes considered 

when examining the Horshader Project. 

 

 

8.13 Horshader 

There are numerous historical examples that illustrate economic success from using natural 

resources locally.  These would include the supply of energy to power a manufacturing 

process, such as the growth of industry around coal deposits in the industrial revolution. 

 

There is a predicted need to produce more food globally.  Food production also requires 

several raw materials including an energy supply.  These needs promote the idea of 
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increasing agriculture in areas with a suitable energy supply such as wind or tides, as 

opposed to sunlight.  The case for locating in a non-optimal solar environment is 

strengthened if the selected area has other assets such as an ample water supply. 

 

The wind data recorded at the Horshader site, Isle of Lewis, was analysed from this 

perspective as opposed to its current purpose of producing electricity to sell. 

 

Whether or not the Horshader site has the potential to produce a significant amount of 

electricity needed to be established regardless of its proposed use.  A mean annual wind 

speed of 7.48 ms-1 at 10 m compared to an ‘optimistic’ UK mean of less than 6 ms-1 at 10 

m (Mackay, 2009) suggested that it does have significant potential. 

 

The question of whether a good wind resource equates to a good energy supply is still 

debated (ibid.).  The calorific value of a cubic metre of oil is large compared to the energy 

in a cubic metre of air moving at 7.48 ms-1, but such statements on energy do not compare 

time.  The cubic metre of oil took tens of thousands of years to form, the wind energy that 

blew over the cubic metre in that time is large, but unmeasured.  It is here that 

considerations of sustainability become important.  The oil can only be burned once but the 

wind will continue to blow on future occasions at the specific location(s) being considered 

e.g. the Horshader site.   

 

Conflict regarding the erection of turbines normally surrounds aesthetic issues that are 

beyond the scope of this project and most practical objections refer to the variability of 

wind not the feasibility of producing electricity from a windy site.  It is predicted that an 

Enercon E-44 900 KW wind turbine will produce 3129 MWh of electricity a year from this 

location.  This is enough energy to support viable horticulture production, but, as 

previously explained, the proposed energy supply would be variable. 

 

The experimental work in Chapter 4 demonstrated that mustard (B. hirta) could benefit 

from the variable wind-derived electricity and this suggests the possibility of other crop 

plants doing the same.  Further, it is possible that even greater utility could be gained by 
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the use of variable rather than intermittent illumination.  The experiment in Chapter 4 

switched lights on or off.  As an alternative they could be dimmed or brightened or 

multiple lights could be switched on or off in sequence, depending on the electricity supply 

available.   

 

The wind, like the sea, subtly changes with time.  The diurnal wind pattern recorded in this 

dissertation supports the findings of other workers (for example, Dai and Deser, 1999).  

The increase in wind in the early afternoon is thought to be a result of heightened solar 

radiation.  This means that the extra energy production would follow and therefore mimic 

extra sunlight at this time.  The additional supply of energy at the brightest time of day 

could still be significant if it is used to supplement sub-optimal sunlight.  Advantage from 

seasonal variation in wind pattern was also suggested due to the significantly higher wind 

during the darker months. 

 

There are other potential energy savings derived from the local use of electricity.  Not 

having to conduct electricity over long distances produces physical efficiencies in energy 

conservation.  There would be economic savings from the local transmission of energy for 

local use.   

 

The installation of a wind turbine is also an efficient use of space.  The footprint of a 

turbine tower is relatively small and so the land beneath the blades can still be used for 

horticultural purposes. 

 

The projected figures for electricity production, allied with the evidence from the 

experiment in Chapter 3 on variable illumination of plants, suggest that it is technically 

feasible to use the electricity from the Horshader site for horticulture.  This has potential 

economic and food security benefits for the island.  This does not mean that it should be 

done or that people would wish it to be done.  It does suggest that obstacles to pursuing 

such aims would be as much to do with motivation as with technical feasibility. 
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The Horshader turbine went online in October 2012.  It is smaller than originally designed 

due to limited grid capacity, and the cost of grid connection almost halted the project.  It 

could have had a different objective.  Future measurement of its output could help to clarify 

the true position of its potential for horticulture.  In the meantime, plans to export 

electricity over the same stretch of water that food has to be imported will continue. 

 

8.14 Turning the Tide 

Tidal energy was also considered as a means of directly illuminating plant growth.  

Developments in turbine technology now allow for the direct use of the kinetic energy in 

tidal flows to produce electricity.  This is different from the use of tidal barrages and has 

advantages.  Tidal barrages can have large environmental impacts, high capital costs and 

are typically of large scale (Carballo et al., 2009).  The possibility of tidal turbines that can 

be scaled for different sizes of installation, with low environmental impact and 

comparatively lower cost therefore have appeal for a Hebridean setting.  A perceived 

disadvantage of non barrage systems is the increased variability of the electrical output 

they produce.  Again, the novel idea of plants buffering this variable renewable energy 

supply and successfully increasing their productivity was investigated. 

 

The growth of mustard (B. hirta) expressed as dry weight was not found to be significantly 

different between samples illuminated with a diurnal pattern and those with illumination 

synchronised with Lewis tidal streams.  This finding has potentially great significance for 

the use of tidal energy in horticulture.  The result that tidal illumination had no detrimental 

effect on the weight gain of the plants despite the variability of the energy input is an 

important development for several reasons. 

 

Criticisms of renewable energy, based on the need to back them up with ‘conventional’ 

energy sources, would not apply if variability does not impact on plant production.  Food 

production is a necessary and commercial operation; if it has the ability to utilise a variable 

energy supply there is great potential for it to be allied with the renewable energy sector.  

Negating the need to store energy automatically produces cost savings, as storage systems 
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no longer have to be purchased.  There are also efficiency savings as energy is not lost 

during conversion stages, but instead stored directly in the plants themselves.  Energy and 

crop production can also occupy the same location.   

 

The limitations of the experimental work carried out can only suggest technical 

possibilities.  Different crop species and tidal patterns may or may not produce similar 

results, but these findings strongly support further investigation in this area. 

 

The illumination used in this experiment was both intermittent and variable.  The lights 

were either on or off, replicating a threshold flow required to power them.  The timing of 

this intermittency varied in accordance with the shifting times of tides.  More refined 

systems could adjust the intensity of illumination as the tidal flow altered.  Again, the 

consequences of this variation require further investigation.  

 

The measurement used to compare experiments was the dry weight of crop plant.  The 

plant did not need to flower or fruit.  Fixed periods of darkness are required by some crop 

plants for their life cycle events and this may be problematic if a variable intermittent light 

source was used.  A fixed period of darkness could still be maintained by not using tidal 

energy available at this time, but in the example used this would result in a 31.25% 

reduction in energy input.  It may be of significance that the wind powered experiment 

produced 53.26% of the gains produced by set pattern lights, but with only 35% of the 

energy. 

 

The observation that marine macroalgae can synchronise biological functions with tidal 

patterns (Connan et al., 2007) indicates that the genetic potential to utilise artificial light 

synchronised with tidal patterns already exists in nature.  Although beyond the scope of 

this project, the exploration of this genetic ability may be of future interest. 
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8.15 Heat and Light 

Crops are not currently grown using variable renewable energy to illuminate them.  The 

experimental results presented in this dissertation suggest the possibility that this could 

change.  This change could enable further alterations in growing practices, as it allows for a 

new manipulation of an important variable prerequisite for plant growth.  Therefore, the 

whole concept of how and when energy is applied to growing systems can be re-examined. 

 

The provision of artificial environments to extend the growing season of crop plants on 

Lewis needs to consider the temperature of the environment as well as the illumination.  

Greenhouses have been heated in winter for longer than they have been illuminated, and 

today the technology is readily available to do both.  The possible use of renewable energy 

for both tasks was considered in this research. 

 

There are some important differences between these two forms of energy and their 

relationship with plants.  When it goes dark for a short period of time the total 

photosynthetic productivity of a plant will be affected, but photosynthesis will resume 

when the sun reappears when, for example, a cloud has passed, or at day break, or indeed 

when grow-lights are switched back on.  The plant can therefore withstand the energy input 

falling to zero.  If temperatures fall below freezing for even a short while the impact on a 

crop plant can be catastrophic.  The rates of changes in these energy inputs are also 

different.  If a light switches off it goes dark instantly, if an electric heater is switched off 

the fall in temperature is more gradual and so the implications for short term variations in 

energy input are different.  There is also an important technical difference in our ability to 

store these two forms of energy.  

 

If light is being provided with LEDs, the energy needs to be stored as electricity.  This can 

be inefficient, environmentally damaging and economically expensive.  Heat in contrast is 

relatively easy and inexpensive to store.  Thermal storage methods have been reviewed, for 

example, by Jegadheeswaran et al., (2010), Pinel et al., (2011) and Chidambaram et al., 

(2011).  The present work is largely concerned with the more problematic provision of 

light, and whether the direct application of light energy, at the time of production by 
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renewable sources, can avoid the need to store it in anything other than the crop itself.  The 

results from both the wind and tidal pattern experiments suggest the feasibility of doing 

this.  These results have a potentially important consequence for crop production in 

artificially controlled environments using wind or tidal energy for the reasons stated, but 

there may be a further advantage. 

 

This is because it would allow for the manipulation of a formally fixed variable i.e. light 

energy input.  Decisions could be made as to what form of input the available energy 

would take, that is, heat or light.  This in turn would allow for methods to be adopted to 

enhance or preserve heat or light at the expense of the other, but to the overall efficiency of 

the unit.  The example considered indicated that during cold, dark winter months the most 

efficient way to use the available renewable energy would be to artificially illuminate a 

well insulated structure.  This would be a new approach and this option would not be 

available in a conventional system where natural light would of necessity be admitted 

whatever the cost in heat loss.  This is a dynamic situation and as the seasonal level of SR 

increases there will be a threshold beyond which it is advantageous to prioritise sunlight 

over insulation. 

 

The variables of heat and light transference and the ability to conserve or enhance them 

will change with different installations at different times.  The experimental results 

obtained demonstrate that variable renewable energy can successfully be used to illuminate 

crops, and as a consequence the option to investigate new protocols of heating and lighting 

growing systems can in future be explored.  The presence of well insulated, externally dark 

sheds with well lit interiors would be a new vision for windswept Hebridean winter 

horticulture. 

 

8.16 Raw Materials 

The growth of food crops can be likened to a manufacturing process.  Like all 

manufacturing processes it requires a source of energy to make it work.  Evidence has been 

presented in this dissertation to suggest that wind and tidal energy can be used for this 
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purpose and enhance nature’s solar supply.  To be productive, this energy needs the raw 

materials to act upon.  Like other manufacturing processes these raw materials can be 

imported, but the system is potentially far more efficient if they are already present.  The 

provision of the raw materials to produce food crops on Lewis was considered in Chapter 

1.   

 

For large areas of the Earth, water is the most challenging resource to provide for 

horticulture.  Lewis, with 1, 200 mm of rain per year falling over 200 days is relatively well 

endowed with this resource.  This may become increasingly unusual and valuable as the 

world wide demand for water increases, through both a larger irrigation demand to produce 

more food, and due to changes in precipitation patterns due to global changes in climate. 

 

Globally, atmospheric carbon dioxide levels are increasing, but are still sub-optimal for 

crop production (Panwar et al., 2011).  There is the potential to increase crop yields by 

artificially enhancing these levels further but atmospheric levels present on Lewis would 

not indicate that low carbon dioxide would exclude it from horticultural production. 

 

The naturally agriculturally-poor soils on Lewis have by contrast historically been 

considered limiting for crop growth.  The traditional abundant, locally sourced, sustainable 

and ongoing solution to this problem is the application of seaweed.  The location of this 

resource is also very close to the predominantly coastal crofts.  Globally this is an ancient 

widespread and ongoing practice (Thirumaran et al., 2009) and there is considerable 

scientific evidence to endorse this use. 

 

Benefits for horticultural soils have been identified as a result of seaweed application due 

to its high potassium content, the trace elements present, the effects of plant growth 

hormones and the organic matter improving soil quality (ibid.).  Conversely, research 

regarding the heavy metal content of seaweed and the implications for its use to produce 

food has highlighted the need for caution.  Further work may be necessary to establish the 

suitability of using this method of plant nutrition in the future and indeed if current 

methods are acceptable. 



165 
 

Overcoming the problems of growing crops in Lewis’s energetic environment will not be 

met solely by the provision of artificial light energy.  Crops need to be protected from the 

same energy that it is hoped to exploit.  An enclosed environment is a logical solution to 

this challenge, for example, the wind proof fibreglass growing houses being developed by 

the Sustainable Uist group (Sustainable Uist, 2011). 

 

Enclosing the growing area provides greater opportunity for environmental control.  

Lewis’s ample water supply can be applied at an appropriate rate to avoid water-logging.  

Temperature, lighting and nutrition can also be controlled.  The benefits of such 

environments over field growing to mitigate the effects of global warming have also been 

identified; as has the possible benefit of the increased albedo they produce (International 

Society for Horticultural Science, n.d.).  The prospect of teaming modern, well designed 

growing structures with their own renewable energy supply furthers the possibilities to 

meet challenges of food production that lie ahead. 

 

8.17 A Small Island in a Small World 

Global population is increasing and more food will be needed.  This research suggests that 

the Isle of Lewis experimental location can use its resources to produce more food.  Lewis 

cannot solve the world’s food needs but it potentially could supply more of its own 

calorific demand, increase its food security and trade with others to attain economic 

prosperity.  It could also serve as an example of a bespoke local solution to a global 

problem. 

 

The direct application of variable renewable energy, sourced and used in the same location 

to increase horticultural productivity, is a novel concept.  Bardi et al., (2013) (section 1.22) 

identified possible advantage to agriculture from increasing its use of renewable energy in 

conventional ways.  This research builds on Bardi’s concept and suggests such ambitions 

could be expanded to include energy input into the biological processes of crop production 

themselves.  
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Kjaer et al., (2012) demonstrated enhanced growth and commercial advantage from 

growing Campanula plants with intermittent light, that resulted from timing supplemental 

illumination with varying electricity prices (section 1.22).  The current research has 

demonstrated that this concept can potentially be extended and that variable renewable 

energy can also be utilised in a similar fashion. 

 

These findings suggest the possibility of controlled horticultural growing systems that 

directly utilise wind and tidal energy technologies in a new way.  This could be very 

significant in the quest for the sustainable methods of increasing food production that are 

needed and evidenced by the literature. 

 

Ultimately, the challenges of population growth in a finite world need to be resolved, but 

are beyond the scope of this project.  The importance of producing more food is that it will 

provide the luxury of time to achieve a sustainable solution.  In addition to population 

growth, climate change predictions suggest advantages for a pole-ward shift in agriculture.  

A possible attraction of the methods examined here is that they are applying existing 

technology, all be it in a novel way.  This means that the lead time to their implementation 

should be much shorter than for other more ambitious efforts.  It may also be possible to 

genetically improve the efficiency of photosynthesis, but it will take time.  Likewise, well 

fed people are often critical about the methods they endorse (Grunert et al., 2003) but are 

unwilling to change their eating habits (Gerbens-Leenes and Nonhebel, 2002).  This may 

be demonstrated by a more positive response to the implementation of familiar technology 

than, for example, to genetically modified foods. 

 

  Food supply, sustainability and security are internationally important and addressing croft 

decline is of local significance.  The current research suggests that an area’s primary crop 

productivity need not be limited by solar radiation if it has other forms of renewable 

energy.  The variable tidal and wind resource of Lewis can potentially be used to increase 

food production without the need to store these energy resources. 
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Conclusions 

The key factors in the use of variable renewable energy to sustain crop growth are an 

understanding of the extant solar resource and the availability and nature of renewable 

energy to support or replace it.  The Isle of Lewis, Scotland, was identified as a suitable 

location to examine this work with the following conclusions: 

1. The dry weight of white mustard (B. hirta) was not significantly different when 

grown using diurnal or tidal pattern illumination.  This novel finding is potentially 

very important for the use of tidal power in horticulture if the observed pattern is 

repeated for other crops and locations.  This is because it demonstrates an increased 

crop output equal in size to results gained with a grid sourced diurnal pattern of 

illumination but produced using a variable tidal pattern of energy input.  This 

addresses criticism of the usefulness of tidal power due to the variability of the 

electricity it produces. 

2. A 5.69% increase in the dry weight of the food crop white mustard (B. hirta) was 

demonstrated in 8 days using variable wind pattern energy sourced from the 

location where it was grown.  This demonstrated a significant gain in crop 

production by the direct application of wind energy without the need to first store 

that energy.  The productive application of wind energy in this way answers 

questions regarding the usefulness of wind energy and addresses the stated need of 

increasing food production. 

3. 53% of the increased weight attained using diurnal light patterns was achieved with 

35% of the energy when using wind pattern light.  This suggests that energy 

efficiency can be increased using wind energy even if total crop production remains 

sub-optimal. 

4. The Horshader case study suggests a potentially productive relationship between 

the scale of wind energy conversion and the requirements for horticulture on Lewis.  

Thus there is potential for the use of renewable wind energy in horticulture on a 

commercial as well as laboratory scale. 
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5. The demonstrated possibility of illuminating crops with variable renewable energy 

sources other than the sun allows for a novel re-examination of total energy inputs 

into growing systems.  One possible consequence of this may be an energy saving 

by illuminating well insulated structures in winter as opposed to heating naturally 

illuminated ones.  This is not how supplemental energy is currently used in 

horticulture and so suggests a re-examination of both current and future practices in 

this area. 

6. The solar resource on Lewis was characterised with the following conclusions: 

a. An understanding of how fE varies with cloud cover could be very 

important for studies of climate change and crop production if weather 

patterns, including cloud cover are altering.  This is because although it is 

known that cloud cover will affect primary production due to its influence 

on total ground level solar radiation the results presented demonstrate an 

additional effect on the proportion that is photosynthetically active radiation.  

Therefore, the effects of changes in cloud cover on primary production and 

its estimation will be more complex than previously reported. 

b. The mean ratio of photosynthetically active radiation to solar radiation (fE) 

was 0.458. 

c. This ratio was significantly higher during the first and last hour of daylight, 

in winter, and on cloudy days. 

d. The complex and variable solar energy supply produced a mean annual solar 

radiation figure of 92.33 Wm-2. 

 

Directly storing renewable energy as food by applying horticultural techniques is a novel 

concept.  This work has demonstrated that the growth of mustard (B. hirta) can be 

increased as effectively with variable renewable energy as it can with stable fixed diurnal 

patterns.  The limited experiments carried out in this work can not universally promote the 

idea; they do, however, support the concept and justify its continued investigation. 



169 
 

 

This is potentially important for three reasons.  Firstly, it offers a solution to some of the 

problems of the variability of renewable energy supply.  Secondly, it provides a means of 

increasing the food supply by both increasing productivity and allowing horticulture in new 

geographical regions and seasons.  Thirdly, it proposes a new technology that could 

transform the fragile economy of the Isle of Lewis by utilising a resource that is already 

present.   

 

These conclusions have the potential to find applications both on Lewis and worldwide in 

locations with a poor solar resource, renewable energy supplies and a desire to increase 

crop production. 

 

Future Work 

Evidence that changes in meteorological conditions not only affects the amount of solar 

radiation reaching plants, but also the ratio of PAR to SR requires further investigation.  

This will be important in gaining an understanding of the effects of climate change on 

primary production.  This will add another layer of complexity to the dynamic changes in 

carbon dioxide, temperature and water more commonly investigated. 

Only one of the approximately 30.000 plants with edible parts was investigated.  The 

results obtained with white mustard (B. hirta) support the investigation of other varieties 

and species.  This crop was selected primarily because of the short period between sowing 

and harvesting.  Future work would identify crops that could be commercially important 

and assess any benefits of the protocols investigated on these.  The growth of crops with 

longer growing seasons and/or multiple crops in the same season requires further 

investigation. 
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The Horshader community owned wind turbine is now producing electricity.  This invites 

the installation of a small scale test site to examine the concept described on a scale that 

could be measured in food output over seasons. 

The production of food with energy inputs synchronised with tidal patterns also requires 

investigation with different crops and durations to harvest.  Again, the pairing of a small 

scale growing unit with a working tidal energy device could provide much more 

compelling evidence. 

The potential use of an aquatic resource would also invite investigation of any other 

horticultural possibilities it may present.  The solar heat stored within water may be a 

usable energy supply and methods of exploiting it including the use of heat pumps may be 

worthwhile.  Likewise, the thermal properties of water may provide opportunity to dampen 

the extremes of temperature (hot or cold) experienced by terrestrial greenhouses.  The 

ability to mitigate against single extreme events also need consideration.  For example, the 

maintenance of good mean temperatures is irrelevant if a single frost has killed a crop. 

 

The concept of floating horticulture does, however, suggest several possible opportunities 

for the use of space and resources.  This possibility can also be viewed from the 

perspective of predicted sea level rises, a shortage of agricultural land and a growing 

demand for food that may necessitate the use of land and sea, not land or sea. 

 

It was also noted that the increased density of winter sea water due to its cooler temperature 

could potentially produce fractionally more electricity to illuminate plants in the darker 

months. 

 

A further phenomenon that requires future scrutiny is the difference in the reflective 

characteristics of land and water.  The percentage of solar radiation reflected by a surface is 

its albedo.  The albedo for water varies from 100% when the sun is low to 2% when it is 

directly overhead.  The relationship is non-linear and above 25º above the horizon the 

albedo is less than 10%.  The angle of incidence varies with latitude, season and time of 

day (Federation of American Scientists, 2011).  It has been observed that ground colour can 
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affect the photosynthetic environment of crop plants (for example, see Decoteau et al., 

1988).  It is therefore possible that the albedo characteristics of water will produce a 

photosynthetic environment that is different from terrestrial plants.  It is of interest that the 

conditions when the albedo of water is highest (ends of day and winter and high latitudes), 

corresponds with the periods when additional illumination is potentially of most benefit.   

 

The potential to use the organic production of coastal waters to provide plant nutrition and 

the feasibility of using renewable energy to desalinate water for plants may also be worth 

investigating further.  There is currently debate over the availability and suitability of using 

agricultural land to produce bio fuels, for example, see Bringezu et al., (2009).  Growing at 

sea may address some of these concerns.  Ultimately, questions may need to address 

whether there is simply enough land to produce enough food.  The challenge of water 

borne food production may then become more pressing. 

 

This study is at the beginning of a new technology.  The practical application of the ideas it 

supports will necessitate the development of new methods that combine traditional 

horticultural techniques and developing renewable energy systems.  This in turn may 

provide new opportunities such as the reconsideration of energy inputs to heat or light 

crops as discussed.  This study was conducted on the Isle of Lewis.  Here, investigation of 

suitable installation sites needs further clarification.  Likewise, other global locations need 

consideration. 

 

The theoretical ability to increase the food supply using variable renewable energy sourced 

at the same location is a novel idea that has been demonstrated.  The boundaries of the 

possibilities this presents have yet to be defined. 
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Appendix 1: Results tables 

 

Table Appendix 1.14: Monthly mean and standard deviation instantaneous solar radiation 

(Wm-2) calculated from 10 minute readings from Lews Castle College, Stornoway, Isle 

of Lewis, during 2010. 

 

 
 
 
 
 
 
 
 
 
 
 
 
Table Appendix 1.15:  The mean fE for hours of the day ≥ 1 Wm-2 Stornoway, 2010, based 

on 10 minute measurements. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Month Mean SR (Wm
-2

) Standard deviation (Wm
-2

) 

January 16 36 

February 37 74 

March 81 130 

April 127 182 

May 187 244 

June 187 236 

July 158 216 

August 132 182 

September 93 155 

October 60 110 

November 20 46 

December 10 23 

Time of day Mean fE Standard deviation 

of hourly means 

06:00 0.50 0.09 

07:00 0.48 0.08 

08:00 0.48 0.08 

09:00 0.47 0.07 

10:00 0.46 0.06 

11:00 0.46 0.05 

12:00 0.46 0.05 

13:00 0.46 0.04 

14:00 0.46 0.04 

15:00 0.46 0.05 

16:00 0.46 0.06 

17:00 0.46 0.07 

18:00 0.46 0.05 

19:00 0.47 0.08 

20:00 0.47 0.06 

21:00 0.48 0.08 

22:00 0.51 0.11 
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Table Appendix 1.16:  The fE for 12:00 and the first and last hour of daylight recorded for 

2010 at Stornoway. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Month First hour 12:00 Last hour 

 fE Time (GMT)  fE Time (GMT) 

January       fE 0.47 10:00 0.44 .047 14:00 

 SD 0.12  0.06 0.08  

February     fE 0.47 09:00 0.45 0.45 15:00 

 SD 0.15  0.10 0.04  

March         fE 0.47 08:00 0.44 0.45 17:00 

 SD 0.06  0.02 0.04  

April            fE 0.49 07:00 0.45 0.46 18:00 

 SD 0.07  0.02 0.07  

May            fE 0.50 06:00 0.45 0.45 20:00 

 SD 0.09  0.02 0.05  

June             fE 0.47 06:00 0.45 0.46 21:00 

 SD 0.07  0.02 0.06  

July             fE 0.49 06:00 0.46 0.47 21:00 

 SD 0.09  0.03 0.07  

August        fE 0.49 07:00 0.45 0.49 20:00 

 SD 0.09  0.01 0.07  

September  fE 0.53 08:00 0.46 0.52 19:00 

 SD 0.11  0.02 0.11  

October       fE 0.48 08:00 0.46 0.52 19:00 

 SD 0.06  0.02 0.11  

November  fE 0.47 10:00 0.45 0.47 14:00 

 SD 0.10  0.08 0.07  

December   fE 0.47 10:00 0.49 0.47 14:00 

 SD 0.10  0.08 0.07  
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Table Appendix 1.17:  The mean fE for the six sunniest and six cloudiest days for each 

month of 2010, calculated using measured 10 minute readings for days identified by 

Point Weather Station data. 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Table Appendix 1.18: The mean monthly fE for Stornoway, Isle of Lewis, 2010, calculated 

from measured 10 minute values of PAR and SR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Month Mean fE sunniest 6 days Mean fE cloudiest 6 days 

January 0.42 0.45 

February 0.43 0.45 

March 0.43 0.44 

April 0.44 0.47 

May 0.45 0.45 

June 0.46 0.46 

July 0.45 0.46 

August 0.45 0.45 

September 0.45 0.46 

October 0.45 0.46 

November 0.43 0.44 

December 0.45 0.45 

Month Mean SR fE Standard deviation 

of 10 minute 

readings 

January 0.48 0.09 

February 0.47 0.08 

March 0.45 0.07 

April 0.46 0.05 

May 0.45 0.06 

June 0.46 0.05 

July 0.46 0.06 

August 0.46 0.06 

September 0.47 0.07 

October 0.47 0.09 

November 0.47 0.10 

December 0.49 0.10 
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Table Appendix 1.19:  The mean and standard deviation dry weight (grams) of mustard (B. 

hirta) grown under four different lighting intensities. 

 

 
  

 
 
Table Appendix 1.20:  The mean monthly wind speed at 40 m recorded at the proposed 

Horshader wind turbine site 2008 – 2009 (10 minute readings). 

 
 

  

 

 

 

 

 

 

 

Light intensity (Wm
-2

) Mean dry weight (grams) of B. 

hirta (10 samples) 

Standard deviation of 10 

samples 

0 7.510 0.290 

50 7.721 0.697 

100 8.429 0.453 

150 8.434 0.113 

Month Mean wind speed (m/s) Standard deviation (of 10 minute 

readings) 

January 10.90 5.18 

February 9.36 4.01 

March 10.87 4.56 

April 8.02 3.73 

May 9.11 3.98 

June 7.97 3.35 

July 7.62 3.67 

August 7.71 3.31 

September 7.66 3.42 

October 12.08 4.57 

November 10.55 4.81 

December 9.29 5.82 
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Table Appendix 1.21: The measured and estimated wind speeds from the ERA-interim data 

and Horshader site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Month Mean wind 

speed 1980-

2010 

ECMWF ms
-1

 

Mean wind 

speed 2010 

ECMWF ms
-1

 

Difference in 

mean wind 

speed 1980-

2010/2010 ms
-

1
 

Estimated 

Horshader 

wind speed at 

10m  

ms
-1

 

Estimated 

long term 

wind speed 

(ms
-1

) at 10m 

for Horshader 

site (ECMWF 

corrected) 

January 11.29 10.12 +1.17 8.80 9.97 

February 10.75 7.57 +3.18 7.56 10.74 

March 10.06 8.76 +1.30 8.78 10.08 

April 8.29 7.87 +0.42 6.47 6.89 

May 7.08 6.20 +0.88 7.33 8.21 

June 6.80 5.87 +0.93 6.43 7.36 

July 6.71 7.92 -1.21 6.15 4.94 

August 7.04 5.78 +1.26 6.22 7.48 

September 8.33 8.51 -0.18 6.18 6.00 

October 9.94 9.89 +0.05 9.75 9.80 

November 10.19 9.31 +0.88 8.52 9.40 

December 10.40 7.53 +2.87 7.50 10.37 
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Table Appendix 1.22: Mean and standard deviation of wind speed over 24 hours calculated 

from 10 minute readings over 12 months. 

 

 

 

 

 

 

 

 

  

Time (GMT) Mean wind speed (ms
-1

) Standard deviation (of 10 

minute readings 

00:00 – 00:50 9.07 4.58 

01:00 – 01:50 9.15 4.57 

02:00 – 02:50 9.11 4.40 

03:00 – 03:50 9.12 4.28 

04:00 – 04:50 9.11 4.21 

05:00 – 05:50 9.08 4.24 

06:00 – 06:50 8.98 4.28 

07:00 – 07:50 9.08 4.25 

08:00 – 08:50 9.29 4.37 

09:00 – 09:50 9.46 4.44 

10:00 – 10:50 9.62 4.62 

11:00 – 11:50 9.70 4.76 

12:00 – 12:50 9.82 4.73 

13:00 – 13:50 9.75 4.69 

14:00 – 14:50 9.80 4.67 

15:00 – 15:50 9.77 4.66 

16:00 – 16:50 9.53 4.60 

17:00 – 17:50 9.23 4.51 

18:00 – 18:50 9.17 4.49 

19:00 – 19:50 8.98 4.52 

20:00 – 20:50 8.86 4.54 

21:00 – 21:50 8.82 4.63 

22:00 – 22:50 8.88 4.54 

23:00 – 23:50 9.00 4.60 
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Appendix 2: Investigation of temperature moderation in 
floating structures 

 
The significance and damaging nature of extreme temperature to plants, whether hot or 

cold, have been discussed.  There is a possible advantage to crop production if the energy 

transfer characteristics of water could be utilised to grow crops due to the protection from 

thermal extremes. 

 

In order to investigate this possibility further, an experiment was conducted to compare the 

internal temperatures of identical structures on land and a fresh water loch (Loch na 

Muilne, Isle of Lewis). 

 

Method 

Two identical plastic chambers were prepared (see Figure Appendix 2.22).  Each chamber 

was approximately 80 mm x 90 mm x 230 mm.  Inside each chamber a 110 mm long semi-

circular polystyrene shield was placed.  Temperature data loggers were attached to the 

underside of the top of each shield.  The temperature data loggers used were Lascar EL-

USB-1 (Lascar Electronics, Wiltshire, UK).  These are IP67 rated instruments with a stated 

temperature range of -35 ºC to +80 ºC and an overall error of ±1ºC. 

 

One of the two chambers was anchored, using nylon cord, allowing it to float in 

approximately 1 m of water in the open.  The location was Loch na Muilne, Isle of Lewis, 

Scotland, at 58º19’44.44”N6º42’28.44”W.  The second chamber was staked to rough 

grassland on the shore at the same site.  Temperature measurements were recorded every 

30 minutes between 19/04/12 and 07/06/12. 
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          Not to scale 

 

 

Figure Appendix 2.22: Cross-sectional view of the two chambers used to compare internal 

air temperatures of devices on land and floating. 

 

Results 

The temperature measurements for the two chambers are shown in Figures Appendix 2.23 

and Appendix 2.24.  The mean temperature recorded in the land based chamber was 14.2 

ºC, standard deviation 10.5 ºC.  The mean temperature recorded in the floating chamber 

was 14.8ºC, standard deviation 7.0 ºC. 

 

Plastic Chamber 

Data Logging Thermometer 

Polystyrene Shield 

Land Water 
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Plate Appendix 2.6: Loch na Muilne and the Atlantic Ocean (looking north west). 

Source: Google Earth maps, 58º 19º22.69” N 6º 41’47.93” W elev 31 m, imagery date: 12-10-12. 

Loch na Muilne 
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Source: Google Earth maps, 58º 19º22.69” N 6º 41’47.93” W elev 31 m, imagery date: 12-10-12.  

Plate Appendix 2.7: Position of Loch na Muilne, Isle of Lewis. 

Loch na Muilne 
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Figure Appendix 2.23: Temperature measurements (ºC) taken at 30 minute intervals inside floating chamber (Loch na Muilne). 
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Figure Appendix 2.24: Temperature measurements (ºC) taken at 30 minute intervals inside land chamber (Loch na Muilne).
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Discussion 

This experiment was conducted to investigate any differences in temperature between loch 

and land based environments.  There are a number of temperature variables that are 

significant for plant growth namely, maximum daily temperature, minimum daily 

temperature, difference between day and night temperatures, average day time temperature 

and average night time temperature (Whiting, 2011).  White mustard naturally occurs in 

habitats with air temperatures ranging from 5.6 ºC to 24.9 ºC (New Crop, 2011).  23.9 ºC 

has been reported at a maximum temperature for its cultivation (Drost and Johnson, 2010).  

In experimental investigations of oil quality from mustard seed Yaniv et al., (1995) were 

unable to report results from over 27 ºC trial due to zero fruit set, detrimental effects on 

mustard plants over an optimum 27 ºC were reported by Dorsainvil et al., (2005). 

 

 

It is suggested that 27 ºC is an optimum temperature for growing mustard (Dorsainvil et al., 

2005).  Both of the experimental sealed chambers reached temperatures above this level.  

Maximum daily temperatures were, however, consistently lower in the water born chamber 

than the terrestrial one.  Temperatures of more than 40 ºC were recorded on 12 separate 

days in the land based chamber but on no occasion in the floating one.  Temperatures 

above 30 ºC were recorded 7 days in the floating chamber but 41 days in the land chamber.  

This supports the possibility that the internal temperature of a floating chamber on Loch na 

Muilne, Isle of Lewis, Scotland, will be more suitable for the growth of crop plants than 

one positioned on the shore.  If this phenomenon could be repeated and developed inside 

floating growing structures it would strengthen the argument for their adoption.  Further, it 

should be noted that both maximum and minimum temperatures are important to plants. 

 

The time of year when this experiment was conducted is significant from a horticultural 

perspective because it is at the start of the growing season.  There is no single definition of 

a growing season, as discussed, but cessation of temperatures below 0 ºC is often 

considered important.  This is because the formation of ice crystals is catastrophic to non 

hardy plants.  This means that the longer the period of time that temperatures can be 
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maintained above 0 ºC, the longer is the growing season.  Maintaining temperatures above 

0 ºC during this transitional period is therefore potentially of significance. 

 

Temperatures in the land based chamber fell below 0 ºC on six occasions during the 

experiment, but at no time was a measurement below 0 ºC recorded in the floating 

chamber.  This result suggests a temperature advantage could be possible for plants grown 

on floating structures at this location provided that similar results could be duplicated in 

growing structures.  This again supports the concept and forwards the possibility of gains 

to horticulture by the moderation of extremes of temperatures inside floating structures.  It 

should also be noted that the average mean temperature inside the water born chamber was 

0.6 ºC higher than the land based chamber (14.8 ºC versus 14.2 ºC) and that as stated, mean 

temperature as well as extremes are of significance to plant growth.  The error of the 

measurement instruments was ±1 ºC and so the accuracy of this result would need further 

investigation and repetition.  It does suggest that at the least, protection against extremes of 

temperature was afforded without the lowering of overall mean temperature. 

 

Hebridean tidal water temperatures are influenced by a number of factors.  Surface 

temperatures have an annual cycle following the atmospheric temperature with a delay of 

approximately one month (Baxter et al., 2011).  Local conditions affect sea temperatures as 

a result of interaction with the shore and the atmosphere.  Hebridean waters are also 

influenced by oceanic currents and temperatures reflect the movement of heat transported 

from oceanic waters (Baxter et al., 2011). 

 

As has been noted the temperature range for naturally occurring mustard (B. hirta) is from 

5.6 ºC to 24.9 ºC (New Crop, 2011).  The annual sea temperature around the Outer 

Hebrides varies from 7 ºC in winter to 15 ºC in summer (Baxter et al., 2011).  This suggest 

the possibility that sea water could be used to both reduce higher summer temperatures and 

elevate winter ones when compared with crops grown on land.  Such a process would 

utilise the observed coastal maritime climate experienced on Lewis.  This phenomenon 

could be maximised by the addition of existing technology. 
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The cooling of high summer temperatures in greenhouses is achieved by the use of forced 

or natural ventilation, shading and reflecting, heat exchange or evaporative cooling (Sethi 

and Sharma, 2007a).  Of these, heat exchange and evaporative cooling may have 

advantages for floating systems.  Evaporative cooling can be as simple as applying a film 

of water over the exterior surface of a greenhouse.  This action can lower the temperature 

of the surface and substantially decrease the heat flux, thus lowering the internal 

temperature (Ghosal et al., 2003).  The need for a supply of water at an appropriate 

temperature would be readily fulfilled on a floating structure.  More complex systems to 

both heat and cool greenhouses have used heat pumps to take advantage of underground 

aquifer water to control temperatures in greenhouses (Sethi and Sharma, 2007b).   

 

Much work has been carried out in recent years into the use of ground source heat pumps 

to heat greenhouses (Tong et al., 2010).  An advantage of ground source over air source 

heat pumps for this purpose is the more stable temperatures in the former (Benli and Aydin, 

2009).  Hebridean sea temperatures may suggest the development of ‘sea source heat 

pumps’.  Heat pumps are now recognised as an alternative form of heating greenhouses 

(Kozai et al., 2009).  The availability of water and an energy supply suggests the possible 

application of this technology in tidal systems. 

 

The possible advantages of the direct utilisation of sea and loch temperatures to dampen 

temperature fluctuations is suggested as a possible means to both extend and optimise the 

growing season. 
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Appendix 3: Skye Pyranometer and PAR Energy Sensor 
calibration certificates 

 
Reproduced by kind permission of Skye Instruments (Llandrindod Wells, UK). 
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Appendix 4: Specifications of Energy and Pyranometer Sensors. 
 
 
Reproduced with kind permission from Sky Industries Ltd., Wales, UK. 
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Appendix 5: Technical specifications for the Enercon E44 wind 
turbine 
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Appendix 6: The monthly frequency of 10 minute measurements 
of solar radiation (Wm
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