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1 Executive Summary 
 

The purpose of this feasibility report is to assess the feasibility of providing a significant 

proportion of the energy demand of 2,000 inhabitants for a village from a renewable solar 

energy source. The report looks at various different solar collector technologies available, 

along with a number of different storage technologies, and critically assesses their 

viability to be used in the South East of England.  

 

A number of solar technologies and storage mediums have been considered throughout 

the duration of this report and a number of them have been discounted due to their 

feasibility for use on this project. These technologies include Solar Up-draft towers, 

Concentrating solar thermal power, flywheels, pumped water storage and super capacitors.  

This leaves a number of technologies that have been deemed feasible to be used to some 

extent. These are Green Tariffs, Investment in Free Solar Panels, PV cells, Rechargeable 

battery technologies, Ground Sourced Heat Pumps and Solar Thermal Hot Water. These 

technologies have been researched in detail and included in various design cases. These 

were carried out to calculate in detail how the project brief is met by the various design 

cases along with the viability of the design cases.  

 

The first design case was a GSHP system for an individual house which looks at 

installing a GSHP to provide the space heating requirements, along with the option to 

include domestic hot water heating. A solar thermal hot water case; where Evacuated 

solar tubes and flat plate collectors are designed to meet the most optimum proportion of 

the hot water demand. Both of these options also assessed the governments Renewable 

Heat Incentives and the affect it has on the feasibility of the projects. Photovoltaic, PV, 

cells system is the third design case to be evaluated. The system is designed to take 

advantage of the governments feed in tariffs, and as such has been designed to be a solar 

farm of 5MW output. The final design case is another PV cell system installed onto 

individual houses. Both of the PV systems have been anyalsised using government feed in 

and generation tariffs and incentives.  

 

A series of system designs were carried out to ensure optimisation of the technologies in a 

modular house design. The integrations link together the technologies to limit the 
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disadvantages of each technology and provide a more feasible solution to the design brief. 

The first integration was combining the ground sourced heat pump with the solar thermal 

hot water systems. The integration design has shown the optimum solution to be for 

Evacuated Solar Tubes to be installed for providing domestic hot water, with a ground 

sourced heat pump to provide the space heating for an individual house. The integration 

of the electrical systems has revealed that a system of pv cells, batteries and grid 

connection along with feed in and generation tariffs will be the most feasible integrated 

system to provide electrical energy on an individual scale. 

 

A number of assumptions were made during this feasibility study and an analysis of these 

has been conducted to determine their effect on the feasibility of the final 

recommendations; a 5MW solar farm; and an individual house with GSHP, EST and PV 

cells. The first of these is instillation date and the possibility of delays implementing the 

systems. The capital costs were also investigated to determine their effect on the systems. 

The power output of the system has been varied to study the effect of the assumptions 

made during the design processes. Government incentives have also been analysed due to 

the risk of these being cut.  

 

A change in location has been researched and the effect on the change of location 

calculated. It has been shown that large solar farms located along the same latitude or 

north of Dundee is not feasible. The optimum location in the UK is Cornwall, but there is 

only a marginal improvement above the Isle of Wight and the rest of the South East of 

England. Both proposed system are able to be scaled to 20,000 people, however the 

modular individual system is easier to scale up due to the fact the technologies are 

installed into individual houses independently of each other.  

Final recommendations/conclusions 

 

The report concludes that two different solutions are feasible, a 5MW solar farm and an 

individual, small-scale system; comprising of a Ground Sourced Heat Pump, Evacuated 

Solar tubes, Photovoltaic Cells and Batteries. The two different systems fulfil the 

requirements in different ways are suitable for different purposes. The 5MW Solar farm  
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5.1 Acronyms 

Symbol Description 
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5.2 Symbols 
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C (£.m
-2

) Cost of land per m
2
 

Cp (kJ.kg-1K-1) Specific heat capacity measured at constant pressure 

E  (J) Energy  

Eg (J) Band Gap Energy 

Eλ  (J) Photon Energy 

fPV (%) Derating factor 

G (W.m-2) Irradiation level  

G (W.m-2)  Insolation Level 

G  (W.m-2)  Global insolation level on a horizontal surface 

Gs (W.m-2)  Insolation level on the surface 

GT (kW.m-2) Solar radiation incident on the PV array at the current time step 

h (J.s) Planck's constant (≈6.6 x 10
-34

 Js) 

H (m) Height 

I (A) Current 

ISC (A) Short Circuit Current 

J (kg.m2) Mass moment of inertia  
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m (kg) Mass  

M (£) Income from producing 1kWh of power 

m.
 (kg.s-1) Mass flow rate 

Nbatt (unitless) Number of batteries in the battery bank 

NOCT (K) Nominal Operating Cell Temperature under STC 

P (W) Power  

Pa  (Pa) Atmospheric pressure  

Q (W) Thermal power  

Qlifetime (kWh) Lifetime throughput of a single battery 

r (m) Radius 
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Rbattf (yr) Battery float life 

T (N.m) Torque 

T (K) Temperature 

Ta (K) Ambient temperature  

Tc (K) Solar Cell Operating Temperature 

Ti (K)  Absolute inside temperature  

Tin (K) Collector inlet temperature  

Tm (K) Mean collector temperature 

To (K)  Absolute outside temperature 

Tout (K) Collector outlet temperature  

Tr (K.W.m
2
) Reduced collector temperature  

V (V) Voltage 

VOC (V) Open Circuit Voltage 

YPV (kW) PV Power output under STC (known as 'rated capacity') 

αP (%.°C-1) Temperature coefficient of power 

β (°) inclination of the module 

γ (°) module azimuth angle 

Δ (unitless) Change in or difference between 

δ  (°) declination 

δAfarm (m2) Change in farm area 

ΔP (Pa) Pressure difference  

δPoutput (kWh) Change in system power output 

η (%) Collector efficiency  

η0 (%) Thermal efficiency 

θ (°) angle of incident of light on a surface 
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λ   (m) Wavelength 

ρ (kg.m-3) Density 

σ  (N.m-2) Tensile strength  

φ (°) Latitude 

ω (rad.s-1) Rotational velocity  

ω (°) hour angle  
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6 Introduction 

6.1 Motivation 

6.1.1 Energy Crisis 

"The sources of renewable energy, such as the sun, wind and tides, are inexhaustible, indigenous 

and abundant, and their exploitation, properly managed, has the potential to enhance the long-

term security of the United Kingdom's energy supplies and to help us cut carbon dioxide 

emissions." (House of Lords Science and Technology Committee 2004, 2004) 

 

Renewable technologies are not new. The majority of them have been around since before the 

industrial revolution, as mankind has always attempted to make life easy for itself; inventing tools 

and technologies to improve quality of life since time immemorial. Since the industrial revolution 

however, such technologies became matters of interest rather than subjects of importance due to 

the levels of cheap, available fossil fuels ready to power society into a bright new future. 

Unfortunately there was little or no knowledge of the damaging effects such technologies were 

having on the delicate balance of the planet.  

Since the 1970s energy crisis, and as a result of ever increasing awareness of the detrimental 

nature of fossil fuel systems, renewable technologies have shown more and more industry growth.  

 

6.1.2 Fossil Fuel Depletion and Political Instability 

Fossil fuels are a finite resource, and their eventual decline has been predicted for a considerable 

time. In fact M King Hubbert of Shell Oil predicted this 'peak oil' scenario as early as 1956 

(Hubbert, 1956), and scientists have been refining his predictions ever since (see Figure 1) 

 

Figure 1: Peak Oil; Deepwater production forecast in million barrels per day (Mbpd) 

(Association for the Study of Peak Oil & Gas, 2007) 
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The demand for energy is increasing exponentially as the population of the world increases and 

Less Economically Developed Countries (LEDCs) become more developed; shifting the culture 

towards the use of more electronic devices and increasing the energy demand per inhabitant. This 

exacerbates the problems of reduced supply, and is evidenced by the perpetually increasing price 

of oil (Figure 2) 

 

Figure 2: Oil prices (US$) from 1990 to 2008 (Forlenza, 2008) 

This increasing price is not only a result of the reduction in supply and increase in demand, but 

also a result of the inherent political instability of the supply. Wars, powerful dictators and 

political turmoil all affect the price of fossil fuels and their availability: This means that those 

countries without their own supply are at the mercy of those that do. Renewable energy 

generation however, can be tailored to the resources available to the country in question (e.g. 

wind power in England, concentrating solar power in Egypt or geothermal energy in Greenland). 

This increases the country's security of supply and reduces the likelihood of conflict over energy 

generating resources. 

 

6.1.3 Fossil Fuels and Global Warming 

Fossil fuels have been considered a key contributor to global warming by the scientific 

community for many years now. The emissions that result from their combustion contribute to the 

layer of insulative gases in the upper atmosphere, such as CO2 (Figure 3). Although this 

greenhouse effect is beneficial to the planet, maintaining temperatures that support life, increasing 

the level of greenhouse gases (GHGs) increases the amount of solar energy trapped within the 

earth's atmosphere leading to rising temperatures. This is known as global warming, and is 

considered to be responsible for melting polar ice caps, rising sea levels and meteorological 

alterations; including increases in atypical weather such as hurricanes, and un-seasonally hot 

summers and cold winters. 
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Figure 3: Total GHG Emission Factors for the Production of Electricity (Stewart, 2008) 

Renewable energy generating technologies are those that "meet the needs of the current 

generation without compromising the ability of future generations to meet their own needs" 

(World Commission on Environment and Development, 1987). They have a lower carbon 

footprint than conventional, fossil fuel based, generation technologies, however they are generally 

more expensive at present (Figure 4). This has led to antipathy towards the technology, as 

consumers feel they should not have to pay extra for energy they are used to receiving for a lower 

cost. This is a short-sighted approach and does not account for the increasing price of fossil fuels, 

the reduction in price of renewables as supply increases and the technology develops, and the 

environmental burden of fossil fuels. 

 
Figure 4: Price Ranges of Renewable and Fossil Fuel Power (Stewart, 2008) 

 

6.1.4 Action is Required 

Although there is a considerable amount of data supporting the theory of global warming, such as 

Figure 5, there are a number of people who still disagree with the basic precept. The most 
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common theory opposing global warming is that sun spots and the variations in solar output (the 

solar cycle) are what are causing the temperature trends. Even if this is the case, the arguments for 

action far outweigh the arguments for inaction. GHGs still affect how much thermal energy is 

trapped, whether there is more coming in (global warming) or not (solar cycle), so increasing the 

level of planetary insulation by emitting greenhouse gases is still going to lead to elevated 

temperatures and the associated problems. The amount of energy consumed by More 

Economically Developed Countries (MEDCs) is more than the planet can supply (Figure 6), this 

will only get worse as LEDCs like Inda and China, who already have phenomenal populations, 

become MEDCs and add more to the demand. 

Even if all these arguments are not considered to 'hold water' a simple diagram shows the risks 

inherent in action and inaction (Table 1). The worst case scenario if action is taken is that the 

global economy suffers, however the worst case scenario if action is not taken is global 

catastrophe. 

 Action is Taken Action is not Taken 

Global Warming is False 

 Cost 

 Possible Global 

Financial Depression 

The status quo is maintained 

Global Warming is True 

 Cost 

 Biodiversity and 

planetary stability are 

maintained 

Global Catastrophe 

 Environmental 

 Social  

 Political 

 Public health 

 Economic  

Table 1: Global Warming, to act or not to act, that is the question (Craven, 2010) 

Many consumers are apathetic, or feel that there is nothing they can do that will make a difference. 

This is where governments, legislation and infrastructure come into their own: Even the most 

'eco-friendly' person can become disheartened if there is no way for them to contribute to 

reducing the negative environmental impact of modern life. For example "Waste separation 

behaviour in the Netherlands and Germany…  is so well organised and part of an accepted set of 

household activities that even people who do not consider themselves "environmentally aware" 

recycle their waste. In comparison, environmentally aware households in Mexico that have tried 

to recycle their waste have become discouraged by the effort and cost involved in the absence of 

an established waste recycling infrastructure" (OECD, 2002, p.85) 

If governments and businesses instigate changes that make environmentally friendly behaviour 

'the norm', this "technologically induced change... reduces the need for consumers to make 
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conscious choices" (OECD, 2002, p.86), and thus eliminates the problems of apathy, antipathy 

and simply not wanting to change an established routine. 

 

 

Figure 5: CO2 concentration increase, population increase and fossil fuel 

resources over time (MacKay, 2009, p.9) 

 

 

Figure 6: The Energy Balance, UK 

Energy Demand (red) versus 

Possible UK Renewable Generating 

Capacity (green) (MacKay, 2009, 

p.103) 
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6.1.5 UK Government Legislation and the Kyoto Protocol 

As can be seen from Figure 7, many countries in the EU are embracing renewables as a 

significant proportion of their overall energy portfolio; however the UK is yet to reach even a 

10% renewables share. 

 

Figure 7: Renewable electricity shares in EU and North Africa (PricewaterhouseCoopers LLP et 

al., 2010, p.19) 

Not only is UK development of renewables an environmentally and politically important step, but 

it is also a legal requirement as the UK is a signatory to the Kyoto Protocol of 1997. This 

document "sets binding targets for 37 industrialized countries and the European community for 

reducing greenhouse gas (GHG) emissions .These amount to an average of five per cent against 

1990 levels over the five-year period 2008-2012." (United Nations Framework Convention on 

Climate Change, no date) This 5% is the minimum required in order to stabilise the atmosphere 

with an acceptable increase in global temperatures. Although it may not sound a large change, 

"compared to the emissions levels that would be expected by 2010 without the Protocol, this 

target represents a 29% cut" (kyotoprotocol.com, no date). 
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The UK is not complacent in its approach towards renewable generating technologies. The 

government has pledged to try and reduce carbon emissions to 60% below 1990 levels by 2050 

and has set in place legislation, such as the UK Low Carbon Transition Plan (Office of Public 

Sector Information, 2009), to ensure that this target is met. 

 

Currently the UK produces 45% of its electricity from gas, 32% from coal, and 13% from nuclear, 

with just 6% coming from renewable sources. By 2020 the Government plans to change this 

dynamic to producing 31% from renewable sources, and reducing reliance on gas to 29%. With 

the decommissioning of nuclear power stations and the need for additional energy, the prediction 

for 2020 is that a lower percentage of power will come from nuclear sources and a higher 

percentage from renewables. (Parliamentary office for Science and Technology, 2007) 

 

Over the past 12 years, UK generation of renewable energies has seen a vast expansion; from 

about 2,500GWh in 1996, to approximately 18,000GWh in 2008 (Office of Public Sector 

Information, 2009). Onshore wind generation has seen the biggest increase over this period with 

Biomass generation a close second. Small scale Hydro electric schemes have evolved with two 

large projects coming online in 2004 and 2005. Offshore wind generation is set to increase in 

future years along with more shore-based wind generation schemes present in Scotland and the 

higher areas of northern England. The plans have been laid and renewables are set to be an 

integral part of the UK's future energy generation portfolio. One of the key constraints facing 

renewable energy generation is the grid connection needed. The cost of building offshore wind 

generation schemes at present is dramatically higher than shore based schemes. Primarily this is 

down to the cost of connecting the schemes to the National Grid. At present the route for 

connecting a small scale renewable energy source to the National Grid is long and complex, 

which often deters people from selling renewable energies back to the National Grid, or from 

investing in them in the first place. The low carbon transition plan details the government's aims 

to expand and renew the National Grid to allow for smaller scale generation schemes in a bid to 

create clearer and more effective connections. 

 

The UK Government aims to end up with a mixture of renewable energy sources by 2020 which 

will provide 15% of the UK's energy demand. The government has recognised that this plan may 

be subject to change with an increase in knowledge regarding renewable technologies "so the 

2020 target might be delivered differently across the sectors. But whatever the precise breakdown, 

we are putting in place the framework and taking the actions necessary to ensure that we meet our 

renewable goals." (Secretary of State for Energy and Climate Change, 2009).  

This feasibility study should further these renewable energy goals, by outling the most feasible 

solar generating options for the south east of England. 
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Figure 8: Proposed Mix of Renewable Technologies in 2020 (Secretary of State for Energy and 

Climate Change, 2009) 

 

6.2 Brief 

The purpose of this project is to investigate the feasibility of using the sun's energy to provide a 

significant proportion of the energy requirements of a village of 2,000 inhabitants in the south east 

of England. (Nightingale et al., 2010) 

Things to Consider: 

 What are the basic parameters that govern how much energy one can extract from the sun? 

 What are the effects of scaling the technologies? 

 What collection methods are there? 

 What are the options for energy storage? 

 How does this compare with current installations? 

 What would be the effects of scaling the energy requirements to a town of 20,000? 

6.3 Scope 

Aspects of feasibility to be looked into include technical, financial, legal, social, environmental 

and logistical. The Kyoto Protocol will be used as the standard to quantify what is meant by the 

term "significant". Therefore 29% will be considered the minimum acceptable proportion of the 

annual energy supplied by solar means (see Section 6.1.5). 

All widely accepted solar collection methods will be appraised as well as the less commonly 

considered ground source heat pump. Solar radiation raises the temperature of the soil and this 

thermal energy can then be collected using a ground source heat pump, thus GSHP is considered a 

solar harnessing technology. It could also be argued that bio-fuel is also a solar energy source as 
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plants collect their energy from the sun via photosynthesis. It is felt, however, that this is too 

detached to be considered within the scope of this project. If applicable, all technologies will be 

considered for both new build and retrofit. 

The south east of England is taken to be the following counties: Oxfordshire, Buckinghamshire, 

Berkshire, Hampshire, Surrey, Kent, Isle of Wight, West Sussex and East Sussex (enjoyEngland, 

no date). 

6.4 Objectives 

 To advise on solar technologies which are not feasible for implementation in the south 

east of England and the reasons for this infeasibility. 

 To advise on solar technologies which are feasible to implement in the south east of 

England and the reasons for their feasibility. 

 To detail how these technologies would best be realised. 
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7 System Boundaries 

7.1 Location 

7.1.1 Land 

Using photovoltaic cells on a large scale requires a lot of land, approximately 4 to 6 acres/MW 

depending on the characteristics of the land such as elevation and soil conditions (see appendix 

E4 (CD) Black Water Proposal). This land can either be bought with an initial capital investment 

or rented over the lifetime of the project. Brown field land is the most desirable for development 

because of its reduced impact on the environment and society. It is however hard to come by 

therefore agriculture land, which is far easier to procure, becomes the next best option.  

The average capital cost of agricultural land was found to be £6,116 per acre but this can vary 

between £4,000 and £8,000 depending on the quality of the soil and location of the site  (Nix, 

2011). 

Agricultural land rented for agricultural purposes can vary from £30 to £200 per acre per annum 

depending on the use but land for grazing costs on average £51 per acre per annum  (Nix, 2011). 

However contracts for similar projects have been found to pay landowners considerably more. A 

contract for a site on the Isle of Wight quotes three options for rates, of which the only fixed rate 

offers £13,500 per MW per annum on a site estimated to be 30 acres (see appendix 1). This 

translates to £2,250 per acres per annum.  

The Isle of Wight has been chosen as a suitable location for a solar development. This is due to 

the fact that the island has the some of the highest insolation levels in the UK, coupled with low 

cloud cover. A number of case studies and proposals have been obtained during the course of this 

feasibility study, all of which recommend the Isle of Wight for solar technologies and in particular 

a solar farm. This is further corroborated by a number of enquires with the island's local planning 

office.  

Lynn Farm has been selected as a viable location for a solar farm on the Isle of Wight, and is 

located in the centre of the Isle of Wight, approximately 3km east of Newport. This site has been 

deemed a suitable project location due to the ease of access afforded by a main road running 

through the farm and a good grid connection with the presence of a 33kV power line. Land at the 

farm, which is relatively flat and free draining, is available for rental only. Planning permission 

should not be difficult to obtain because the site is adjacent to a landfill site and there are few 

local residents to raise objections. 

7.1.2 Meteorological Data 

Accurate temperature data is required to ensure the veracity of energy generation scheme models. 

Therefore actual temperature data was obtained from the Met Office Education department for a 

number of locations in South East England (Hall, 2010). The following locations were chosen by 
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the group as being the most likely, at that time, of being a suitable location for the solar town to 

be built: St Catherine's Point on the Isle of Wight, Hurn near Bournemouth, and Hurstmonceux in 

East Sussex. The data was hourly throughout one year. Although this is only one year's worth of 

data, additional data could not be found on the same scale without incurring large additional costs. 

Figure 9 below shows the temperature trend data throughout one year at St Catherine's Point on 

the Isle of Wight. The raw data can be found in Appendix E5.3- CD. The data has been used in 

the GSHP designs which can be found later in this report. 
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Figure 9: Temperature Trend throughout a Year; from St Catherine's Point, Isle of Wight (Hall, 2010) 

 

7.2 Electricity 

7.2.1 Energy Demand 

The technologies considered in this report have been based on an energy demand which has been 

calculated using existing data for a population of 2,000 people. It was clear early on in the project 

that two sets of data would be required for the project; one set of electrical demand data and a 

second set of data from gas records for use in calculating thermal heating requirements. It was 

also noted early on in the project that accurate, time related data would be important for the 

project when considering when the demand occurs in relation to the intermittent energy 

production profile of the solar source. 
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The National Grid website provides half-hourly electricity demand data for the UK. This data 

shows the net amount of electricity generated along with exports and imports from other sources. 

The data is readily downloadable from the National Grid Website (National Grid, 2010). The data 

incorporates the entire electricity demand of the UK including commercial, government, 

residential and industrial. Five years of data were used to calculate an average data set for a year, 

in time intervals of half an hour. A percentage of the annual demand was then calculated for each 

half hour period providing trend data to be used. 

 

To calculate the energy demand from 2,000 people, figures were obtained for average household 

electricity consumption in south east England, from "Energy: its impact on the environment and 

society:2006" (The National Archives, 2006), and average number of occupants per household 

(south east England) from the national statistics office census data from 2001 (Office for National 

Statistics, 2001). This enabled calculation of the number of houses required for a population of 

2,000 (840 houses) and thus the energy demand of that number of houses. It has been assumed for 

the purpose of this study that the energy demand of 2,000 people is the demand associated with 

household energy consumption only. No schools, shops or local leisure facilities have been 

considered within the demand. Using the electricity trend data, calculated as described above, and 

the annual electricity demand of a home on a half hourly basis, an electricity demand database 

could be generated showing the half-hourly electricity demand per household. This could then be 

used as individual household data or multiplied by 840, the number of homes in the town, to 

provide the total electrical demand for the town. 

 

"Household size and composition are important forces influencing energy and water use. 

Households with fewer members tend to use more water and more energy per member than 

multiple-person households."(OECD, 2002, p.86) In fact moving from "a one- to a two-person 

household can bring a 20% reduction in direct energy use" (OECD, 2002, p.86). The problem of 

accounting for one-person, two-person etc. households within the study has been accounted for by 

using a value for household energy consumption which has been averaged throughout the region 

of study. 

 

The gas demand has been calculated in the same way as the electricity demand, however here the 

gas data that was available was only in daily form and not hourly (National Grid, 2009). From the 

same source as the electricity annual demand above, an annual average gas demand was obtained 

for south east England and matched against a four year averaged trend data.  
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7.2.2 Energy Culture 

Research has provided the current energy prices which have been used in the analysis of the 

different technologies. In order to calculate how competitive and viable the energy that will be 

created from solar systems will be, there need to be prices of other energies to compare against. 

Thus prices were obtained for gas, electricity, heating oil and bulk LPG. 

Gas prices were obtained from the Biomass Energy Centre website (Biomass Energy Centre, 

2008). The gas price used is 4.3p/kWh. The cost of a kWh of heating oil is also found from the 

Biomass Energy Centre. This is 6.3p/kWh. Bulk LPG gas supplied to storage tanks on mainland 

England costs just 7.9pence/kWh. 

 

Electricity prices were calculated from an up to date tariff from British Gas (British Gas, 2010). 

The Tariff used was British Gas Standard Electricity tariff on a single rate. The first 180kWh used 

in every quarter is charged at 22.278p/kWh, and the remaining is charged at 10.422p/kWh. The 

total electricity used per year for one household is 4953kWh, with the first 720kWh being charged 

at 22.278, and the remaining is charged at 10.422pence per kWh. This gives an average electricity 

cost of 12.2p/kWh 

Table 2: Calculation of the Average Cost of Electricity in One Household in One Year 

 kWh p/kWh £ Total 

1st Tier 720 2.278 160.60 

2nd Tier 4233 10.422 441.40 

Total Used 4953  602.00 

Average Cost  12.2  

 

7.2.3 Government Subsides 

In order to lower carbon emissions, the UK government employs an incentives scheme to 

encourage people to use renewable energy generated locally. The Feed in Tariff (FIT) benefits 

green electricity generation, such as PV solar panels, and the Renewable Heat Incentive (RHI) 

benefits thermal energy installations, such as Ground Source Heat Pumps (GSHP). The FIT was 

introduced in the UK in April 2010 (Feed-In Tariffs Ltd., 2010b), and works alongside the 

Renewable Heat Incentive (RHI) proposed to take effect in June 2011 (Renewable Heat Incentive 

Ltd., 2010) These payment schemes provide a fixed rate for a fixed amount of time, dependent on 

the system. They apply to different properties in the public and private sectors in the UK; 

including individual housing, businesses, hospitals and schools (Feed-In Tariffs Ltd., 2010b) and 

(Renewable Heat Incentive Ltd., 2010).  
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To enhance the incentive, monies earned from the tariffs are not subject to tax for domestic 

homeowners, as mentioned by the Chancellor of the Exchequer, in section 7 of the pre-budget 

report on 9th December (Ownergy, 2010b), For companies installing renewable energy, the tariffs 

received will be affected by corporation tax.  

 

The Office of Gas and Electricity Markets (Ofgem) is the administrator for the FIT and RHI, and 

ensures people make money from the schemes offered by the government (Ownergy, 2010a). This 

organisation provides an overview of the entire scheme, providing criteria to determine user 

eligibility and monitoring the payment process of the tariff. The administrator (Ofgem) provides a 

central register for scheme participants, as there are multiple energy providers participating in 

employing the feed in tariff scheme (Feed-In Tariffs Ltd, no date).  

There are two registration processes; if the system is smaller than 50kW, then it should be 

certified under the Micro-generation Certification Scheme (MCS), if the system is greater than 

50kW and less than 5MW, then it should meet the criteria for ROO-FIT (Feed-In Tariffs Ltd., no 

date-e).  

 

The rate of return for the RHI is bigger than that of the FIT to compensate for the greater risk 

involved when employing heating technologies. The FIT is for the production of electricity, and 

those employing this technology will have backup electricity from connection with the national 

grid, which is not the case for those generating their own heat (Department of Energy and Climate 

Change, no date). Although there is no immediate heat energy backup grid, such as the national 

grid, a consumer can invest in their own independent heating backup system.  

The RHI provides different rates for solar thermal technology (EST) than for the other thermal 

technologies (e.g. biogas, GSHP) supported by the incentive. This is because solar thermal 

technologies are less difficult to install than, for example ground source heat pumps (GSHPs), 

where the land is required to undergo a significant amount more disruption for installation. 

Therefore the rate of return for the GSHP is 12% whereas the solar thermal only receives 6% 

return (Department of Energy and Climate Change, no date). 

Energy culture may change, as solar technologies generate more electricity during the day when 

levels of insolation are higher. This may lead to people using appliances with heavier energy 

demand during daylight hours when free solar energy can be harnessed. In contrast to the present 

situation, where the energy suppliers encourage energy usage at night (e.g. economy 7 

(uSwitch.com, no date)). Using electricity during sunlight hours would be more economical for 

properties, as income is received from savings and the generation tariff (Feed-In Tariffs Ltd., no 

date-i), Savings as less electricity is purchased from the national grid, and income from the energy 

generated from the generation tariff (and the export tariff).  
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The Feed in Tariff (FIT) 

The UK government have mandated that all energy provider companies with more than 50.000 

customers must offer the FIT scheme to their energy customers who generate their own electricity 

(OFGEM, 2010a). As an incentives scheme, it provides financial benefits to those generating 

renewable electricity. The feed in tariffs provided are index-linked and therefore change with 

inflation (Feed-In Tariffs Ltd., no date-b) The FIT scheme can be index-linked as the scheme is 

funded by energy suppliers and not the Treasury (Feed-In Tariffs Ltd., no date-j). The energy 

suppliers are recovering the cost of funding this tariff from the customers they supply (with fossil 

fuel based energy), "This is forecast to add an additional £3 per bill by 2016", and will increase as 

renewable energy generation becomes more popular (EvoEnergy Ltd, 2010).  

 

The government currently maintain support of the FIT, as mentioned in the HM Treasury, 

National Infrastructure Plan 2010 (HM Treasury, 2010) (Feed-In Tariffs Ltd., no date-g). The 

tariffs are expected to remain at the given rates until 2012, following the five year review, and any 

changes made would take effect in 2013 (Feed-In Tariffs Ltd., no date-g).  

 

How the energy is measured for the FIT 

To receive the correct amount of payment from feed in tariff, each technology must be metered to 

monitor how much energy is being generated, exported, and imported. Ofgem must approve all 

installed meters, including export and total generation meter. The export meter is typically 

installed by the employed energy provider and is used to determine the amount of excess energy 

to be sold back to the grid. The total generation meter provides a cumulative total of electricity 

generated in kWh (Energy Saving Trust, no date). The import meter is already installed on houses 

currently receiving electricity from the grid (Feed-In Tariffs Ltd., no date-f). New 'smart meters' 

(Energy Retail Association, 2010) are being introduced to provide information on electricity 

exchange, and allow more flexibility and clarity for the energy customer. If one property employs 

several renewable energy generation methods, then there must be a different energy meter for 

each technology, to ensure the correct payments are made to those energy generation methods 

(Feed-In Tariffs Ltd., no date-d).  

 

The feed in tariff is attached to each property with an installed electricity generating technology. 

This is attached by the Meter Point Administration Number (MPAN) which is unique to each 

property supplied with electricity (Energylinx, no date) and (Ofgem E-Serve, 2010). This would 

have a positive impact on house prices, (Energy Saving Trust, 2008) because it is thought that 

more property owners are interested in energy saving now and in the future. Subsides are 

specifically registered to each property, therefore several properties can be owned by the same 

person, such as property developer or someone's second home. 
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FIT Eligibility  

The FIT scheme has an upper limit for the size of installation of 5MW (Feed-In Tariffs Ltd., 2008) 

which is a large value and can supply small communities with their energy demand. This high 

upper limit has led to several new solar farms being installed throughout the south of England, 

due to the high revenue streams the FIT makes possible for the investors. The systems able to 

benefit from this feed in tariff scheme are anaerobic digestion, hydro, micro-CHP, Solar PV and 

Wind generation (Feed-In Tariffs Ltd., 2010c).  

 

Any system installed before 15th July 2009 (Feed-In Tariffs Ltd., 2010a) would not be eligible for 

the feed in tariff scheme, as announced by the government on 16th September 2010. However, if 

the installed system was registered for the Renewable Obligation RO (in operation since April 

2002) before 31st March 2010, they could then participate and receive rate of 9p per kWh by 

changing from RO to FITs. An RO registered system should have a Renewable Obligation 

Certificate (ROC), accrediting it as a green electricity generator within the UK; one ROC per 

1MWh of energy generated (OFGEM, 2010b).  

 

Systems installed between the 15th July 2009 and the 1st April 2010, and registered to the RO, can 

be eligible for the feed in tariff scheme. However the feed in tariff will only provide payment for 

energy generated from the 1st April 2010, when the FITs became live (Feed-In Tariffs Ltd., 

2010a).  

Systems installed from the 1
st
 April 2010 qualify for the feed in tariff. These payments are fixed 

for the entire duration promised at the time of registration, typically 25 years for renewable solar 

energy generation (Feed-In Tariffs Ltd., 2010d).  

 

The tariffs offered by the FIT scheme 

The UK government FIT comprises of two tariffs, the generation tariff and the export tariff.  

 

The Generation Tariff  

The Generation Tariff supplies a given rate for each kWh of electricity produced, independent of 

how the energy is used, whether exported or consumed in the property (Feed-In Tariffs Ltd., no 

date-d). The generation tariff rate paid varies with the system size, installation date and if the 

technology is installed on a new build or retrofit. 

 

If the property stores its excess energy (for example using batteries), this becomes a standalone 

system (see section  9.5.2 on PV integration), therefore receiving a different generation rate 
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(29.3p/kWh ) from the retrofit houses connected to the grid (can be 41.3p/kWh) (Feed-In Tariffs 

Ltd., 2010d).  

 

Each of these tariff rates are fixed for the tariff duration which, for PV solar technology, is 

typically 25 years. The different generation rates are provided on the FIT website (Feed-In Tariffs 

Ltd., 2010d). For this study, only PV solar panels apply; these rates are summarised in the 

following table. The rates quoted in the table are the guaranteed payment for the system installed 

in that year (year beginning in March), for the next 25 years.    

Table 3: Summary of the FIT Generation Tariffs for different sized Solar PV Systems (Feed-In Tariffs Ltd., 

2010d) 

Technology Scale  Tariff (p/kWh) Duration 

Solar PV ≤4kW New build 36.1 25 Years 

Solar PV ≤4kW Retrofit 41.3 25 Years 

Solar PV >4 – 10kW 36.1 25 Years 

Solar PV >10 – 100kW 31.4 25 Years 

Solar PV >100kW – 5MW 29.3 25 Years 

Solar PV Standalone 29.3 25 Years 

From Table 3 it can be seen that the maximum generation tariff available is 41.3p/kWh for a 

system smaller than 4kWh, on an existing building. This rate is reduced for a new-build of the 

same size. As the size of the system increases, up to the maximum of 5MW, the rate paid in 

p/kWh is reduced. These tariffs are relevant until the end of March 2012, when the new financial 

year predicts a change towards lower tariffs following government review. Changes to the FITs 

generation tariff over the next 10 years are forecast at the FIT website, found in appendix 1. Each 

year the guaranteed tariff rate (maintained at this rate for the subsequent 25 years) is expected to 

go down. This would encourage those thinking of installing renewable energy technologies, to 

accelerate their plans to receive the maximum rate each year.  

 

The Export tariff  

Excess energy generated can be stored independently or sold back to the grid. The FIT scheme 

offers the export tariff which allows users to sell their excess generated electricity back to the 

national grid to be re-distributed elsewhere. This is a fixed rate for all renewable energy resources, 

with a value of 3p/kWh (Feed-In Tariffs Ltd., no date-a). This is an optional benefit, and for the 

feed in tariff only, and not relevant to the RHI. To 'opt out' of this benefit, means the user could 

negotiate a higher rate from their energy provider, or store the energy for later use within each 

home. 
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The export tariff would be particularly beneficial to those who are outside the property for the 

majority of daylight hours, when the PV panels are at maximum energy production. This would 

enable the user to receive both the export tariff and the generation tariff during times when the 

property is normally inactive, and continue using energy at night, when energy providers typically 

have a lower rate. This is particularly useful when employing the economy 7 electricity tariff 

(uSwitch, no date).  

 

The Renewable Heat Incentive (RHI) 

The Renewable Heat Incentive (RHI) is a government payment scheme for renewable thermal 

energies generated locally by energy users. This scheme has been proposed based on the existing 

feed in tariff scheme for green electricity. The RHI is not index linked (Renewable Heat Incentive 

Ltd., no date-d) in contrast to the feed in tariff, however providing some compensation for future 

inflation has been proposed (Renewable Heat Incentive Ltd., no date-a). The RHI is funded by the 

government treasury (Renewable Heat Incentive Ltd., no date-i), as described in the spending 

review on 20th October 2010, in contrast to the FIT scheme,  which is funded by energy providers, 

who recover this expense from consumers purchasing fossil fuel sourced electricity from the 

national grid. 

 

RHI Eligibility  

To participate in the renewable heat incentives scheme, there is no upper limit on the thermal 

energy which can be generated. All energy generation systems (under 45kW), and installers, must 

be registered under MCS certification. The sources of renewable thermal energy eligible for the 

renewable heat incentive are the following; "Air source heat pumps, anaerobic digestion to 

produce biogas for heat production, Biomass heat generation and CHP, Ground source heat 

pumps, Liquid biofuels, Solar thermal heat and hot water" (Renewable Heat Incentive Ltd., no 

date-b).  

 

Those employing the generation of renewable thermal energy must maintain good insulation 

standards for the system to optimise efficiencies. The RHI payments are made based on the 

system and the insulation quality of the property. The property should meet the minimum energy 

efficiency levels, so that the thermal energy generated is used effectively. The level of insulation 

is likely to become stricter, but for domestic housing is 125mm of loft insulation, and cavity filled 

wall insulation (Renewable Heat Incentive Ltd., no date-c). Installing a thermal system for a 

retrofit house, would mean adhering to the new RHI restrictions in place for the homeowner to 

improve the property's insulation to the required level. New-build properties currently meet an 

energy efficiency level of A* rating and therefore do not require further insulation, making 

installing a thermal system more cost effective on a new-build.  
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Systems installed before 15th July 2009, are not eligible to receive the RHI as described by the 

government on 16th September 2010. Old systems that have been adapted to be a source of 

renewable thermal energy generation are also not eligible for the RHI. Systems installed between 

the 15th July 2009 and June 2011, qualify for the scheme. Payments can only be received for the 

energy generated from June 2011, when the RHI scheme becomes active. From June 2011 

thermal energy systems can receive the full RHI rate from the time the system is registered, for 

generating renewable energy, and will be a fixed rate for the given duration of that tariff 

(Renewable Heat Incentive Ltd., no date-e).  

 

Tariffs offered by the RHI 

The RHI does not provide an export tariff for thermal heat generation energy, as thermal energy 

cannot be sold back to a central pool. A district heating network is comparable to the national grid, 

for providing a central pool of energy; however these are not commonly found at this time 

(Renewable Heat Incentive Ltd., 2010). Income is gained by owners of renewable thermal energy 

systems, as a result of the generation tariff and energy savings.  

 

The Generation Tariff 

The generation tariff for each installation is determined by the size of the technology. For this 

study, solar thermal (such as EST) and GSHP are being considered.  

 

How the energy is measured for the RHI 

The rates for small and medium sized systems are calculated (per kWh) for the expected amount 

of energy output from a well insulated property (meeting the outlined minimum energy efficiency) 

(Renewable Heat Incentive Ltd., no date-f). For large sized systems, generation tariff rates are 

calculated based on a set tariff and metered value, measured per kWh.  

 

The larger table of generation tariff rates are provided in appendix 1, for each thermal energy 

generating technology eligible to receive the RHI. However, the technologies producing energy 

more directly from the sun (solar thermal and GSHP) are summarised in the following. 

Table 4: Summary of the RHI Generation Tariffs for different Solar Thermal technologies (Renewable 

Heat Incentive Ltd., no date-h) 

Technology System Size Scale  Tariff (p/kWh) Duration 

Solar Thermal  Small < 20 kW 18 20 Years  

Solar Thermal  Medium  20-100 kW 17 20 Years  

GSHP Small < 45 kW 7 23 Years 
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GSHP Medium  45 - 350 kW 5.5 20 Years  

GSHP Large  350 kW + 1.5 20 Years  

It can be seen from Table 4 that the small scale solar thermal technology (evacuated solar tubes) 

receives the highest tariff at 18p/kWh, (only a change to 17p/kWh for medium scale installations), 

with the small scale GSHP receiving a rate of 7p/kWh. 

 

The RHI tariffs are under review by the government in the spending review of 20th October 2010. 

These tariffs are expected to go down by 20% (Renewable Heat Incentive Ltd., no date-g), before 

the tariffs are officially implemented in the renewable energies market. Similarly to the feed in 

tariff, the generation tariff rate is expected to go down each year, so the later the system is 

installed, lower the rate of return over the 25 year period. 
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8 Research 

8.1 Infeasible Options 

8.1.1 Solar Up-draught Tower 

 

The solar up-draught tower utilises diffused sunlight to generate electricity. The movement of 

warm air throughout the plant drives the turbines and this mechanical energy is converted into 

electricity. The plant is made from three main sections; the collection area employing the 

greenhouse effect and the chimney employing the stack effect as well as the use of turbines.  

 

This study is based in the south east of England; therefore there is little land available for energy 

generation for a small town of 2,000 people, especially as land in this part of the country is at a 

premium (see section 7.1.1 on land). Following substantial scrutiny, it has been found that the size 

of the land needed for the solar up-draught plant would be too great, and therefore too expensive, 

for the amount of energy it would provide (see Table 5). As a result the solar up-draught tower 

will not be considered in the final design stage of this study. 

 

How the Solar Up-draught Works 

The solar up-draught tower is a renewable electricity generating plant made from three main parts; 

the collection area, chimney and turbines.  

 
Figure 10: Solar Up-draught Tower Schematic influenced by (EnviroMission Ltd., 2010) 

 
The Collection Area  
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The collection area uses the solar radiation to heat the air beneath a large transparent roof (a 

greenhouse effect) (Nave, no date) and (Schlaich J et al., 2003). Air enters the open edges of the 

collection area and is trapped under the collector roof; as the sun penetrates the roof the air warms 

and rises, therefore the collection area should not be shadowed from the sun (Schlaich J et al., 

2003). The collection area is typically circular in geometry. The centre of the collector roof is 

slightly higher than the perimeter to assist the air movement towards the chimney; this roof can 

vary in height from two meters to six meters to allow the air to circulate and minimise frictional 

losses (Schlaich J et al., 2003). The height from the floor means that crops can still be farmed 

from beneath the canopy (Burke, 2010) and the greenhouse effect causes condensation beneath 

the plastic roof (Brettrodli, 2010) providing a source of water for the crops beneath.  

 

The Tower 

The tower is located at the centre of the energy generating plant, with the circular collection area 

surrounding it. The hollow tower is connected to the collector base with an airtight seal, at the 

entrance to which turbines are positioned to generate power (Stancich R, 2010). This tower works 

as a chimney and the only escape route for the warmed, less dense, air beneath the roof at its base. 

The chimney can be a substantial height, which is designed so as to be tall enough to provide a 

considerable temperature difference between the uppermost point and the ground. The taller the 

chimney, the greater the pressure difference, as described by the stack effect (Zactruba J, 2010). 

The greater the pressure difference, the higher the velocity (see Equation 1, the stack effect 

(Wilson and Tamura, 1968)), and the higher the electrical generating capacity of the turbines.  
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Equation 1 

 

Where: ΔP = available pressure difference (Pa) 

C = a constant of proportionality; 0.0342 

Pa = atmospheric pressure (Pa) 

H = height or distance (m) 

To = absolute outside temperature (K) (at the top of the up-draught tower) 

Ti = absolute inside temperature (K) (at the bottom of the up-draught tower) 

 
The velocity of the air through the chimney is typically 15m/s (Lincoln F, 1998, p.18), therefore 

operation does not need to be stopped during maintenance, as a maintenance team can operate 

safely within these conditions.  

 

The Turbines  

Convection moves the less dense, warmer air towards the narrow central chimney. As the large 

volume of air reaches narrower chimney neck, the velocity of this air movement increases from 
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that of the perimeter. As the air passes from the collection area to the chimney, the air flow 

creates an up-draught which turns the turbines. This rotational energy is then converted into 

electricity using a "shrouded pressure-staged wind turbo generator"(Schlaich J et al., 2003). The 

energy produced by the turbines is dependent on the volume of air and the pressure difference 

across the turbine. These turbines can be positioned in a ring at the base of the chimney, or 

vertically staged up the tower. The pitch of the blades determines the pressure difference; 

adjusting this to an optimum position between perpendicular and parallel to the air flow, provides 

the optimum pressure difference and so improves power output (Schlaich J et al., 2003) Checking 

the blade pitch ensures the optimum energy is being generated. The turbines also work to draw 

out any additional air through the chimney, meaning more electricity can be generated.  

 
Solar Tower Optimisation 

Standard operation of the solar tower generates electricity for a number of sunlight hours 

throughout each day. To optimise the performance of this solar energy technology, changes can 

be made to improve the initial design. Utilising the area beneath the solar up-draught collector 

would provide a good overall design; PV arrays can be positioned beneath the transparent roof 

and angled as required. The flow of air can provide cooling for the PV panels, enhancing their 

overall performance and increasing the amount of energy that could be generated in the one 

location (Except.nl, no date).   

 

The solar radiation heats the ground with the soil having a specific heat capacity of 0.75-0.85 

kJ/kg (Schlaich J et al., 2003). This consequently warms the air immediately under the collector 

throughout darker hours. When optimising land use, tubes of water can be installed on the floor of 

the collection area and with a higher specific heat capacity of 4.2kJ/kg (Schlaich J et al., 2003) 

compared to the soil, there is greater capacity for heat to be stored (and so radiated to the air) in 

the water tubes than the soil alone, providing the plant with its own energy storage device 

(Schlaich J et al., 2003). Changing the direction of the collection area to face the sun (for example 

predominantly south if the plant is in the UK) (Renewable-Energy-Info, no date-a), increases the 

solar exposure of the plant.  This could mean locating the site on sloping land or angling the 

greenhouse roof towards the south. Another option to improve plant performance is to paint the 

collection area black. Irrespective of whether water-tubes were installed this would result in a 

higher heat absorption capacity within the plant (Swagatam, no date). 

When optimising the chimney, painting the tower black at the base and shading lighter towards 

the top would encourage air flow through the tower. As the chimney base would absorb more heat 

than the top of the tower, increasing the temperature difference across the tower, and thus the 

acceleration of the less dense air up the chimney (Swagatam, no date).  
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The amount of electricity produced is dependent on the sum of the volume of the collection area 

and the chimney tower (Schlaich J et al., 2003). Therefore the tower and collection diameters can 

be changed to suit the environment, whilst still producing the same amount of power. A greater 

volume of air could be produced if the plant were located at an area exhibiting high insolation 

levels, as it would be exposed to more solar radiation. This is not the case in south east England, 

but makes the solar up-draught tower a promising technology for areas such as the Middle East 

and North Africa, where there are large areas of unoccupied land, and very high insolation levels 

(See Figure 13). 

 

Advantages Disadvantages 

All Weather Operation 

The principle benefit of this type of renewable 

power generation is that the process is still 

effective throughout the night, cloudy weather 

and winter conditions (Swagatam, no date). 

During the day the ground beneath the roof heats 

up, then during the night it radiates this stored 

heat into the immediately proximal air 

(Swagatam, no date) this maintains the 

temperature difference needed for the movement 

of air up the chimney. The height of the chimney 

means there is a temperature difference between 

the cold air at the elevated altitude found at the 

top of the chimney, and the warm air found at the 

bottom of the chimney. This temperature 

difference exists irrespective of seasonal 

temperature variations. 

Local Ecosystem 

The 'superheated' dry air is expelled through the 

top of the tower at a significant distance above 

the ground. Typically this air will be warmer than 

that of the ambient air at this height (which is 

needed to provide the upwards draught of air), 

therefore this impacts on the local natural 

environment. This dry air is likely to take longer 

to cool, condense and fall and therefore can cause 

the process of desertification near to the solar 

plant location. Desertification, from the change in 

temperature, can impact on the local ecosystem. 

This contributes to the damage already caused by 

land clearance (in preparation for installation).t 

(Gruenstein E, no date).  

Employment Opportunities 

The solar up-draught tower employs simple 

technologies and straightforward principles, 

therefore the cost of construction and 

maintenance is small (compared to other 

technologies for renewable energy generation of 

this scale). Therefore local, less skilled, 

workforce can be employed involving the local 

community in the project (Renewable-Energy-

Very large area of land required 

The amount of electricity generated from this 

technology is dependent on the total volume of 

air from the collection area and the tower. It can 

be considered a disadvantage that this plant 

requires such a large quantity of land, to match 

that of existing fossil fuel technologies. However, 

this would be better suited to large areas of 

disused or degraded land, such as developing 
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Advantages Disadvantages 

Info, no date-a) This will promote the energy 

generation method, and work to improve the local 

economy and aim to reduce resistance within the 

population against changes to their current 

environment. 

countries. (Renewable-Energy-Info, no date-a)  

 

Making Best Base of Land 

The height of the collection area roof above the 

ground can vary up to 6 meters (Schlaich J et al., 

2003) so access is quite simple throughout the 

day. The plant can be maintained without having 

to stop operation, unlike that of nuclear power 

generation technology. Crops can grow beneath 

the roof and be maintained at the same time as 

the equipment. Little maintenance is needed, as 

the mechanical parts are slow moving (Stancich 

R, 2010).  

Cost using a large area in SE England 

The amount of land required would necessitate 

significant land preparation; purchasing the land, 

clearing any structures, obtaining planning 

permission and overcoming resistance from any 

locals opposing the change to the landscape. 

Typically south east England is a desirable place 

to live and land is at a premium. Therefore it 

would not be financially viable to section a 

significant portion of land for energy generation. 

No Fuel Required 

The turbines rotate from the motion of the air 

passing through them, and therefore no fuel is 

required to power this power generation plant 

(SBP, no date) As this process does not require 

fuel, there are zero green house emissions during 

operation and few operating costs.  

 

Natural Disasters 

Some developing countries have high insolation 

levels, and a large quantity of land available. 

However these can be particularly susceptible to 

natural disasters such as earthquakes. In that case 

extra safety factors may have to be incorporated 

into the design. Some designs include cables to 

provide support for the tower. 

 

No Water Required During Operation 

Water is not required for cooling the equipment 

employed by the plant (Burke, 2010). If water has 

been used to improve the heat storage 

capabilities, once filled there is no need to supply 

more water to these tubes, as they are sealed and 

not subject to evaporation. 

 

Appearance  

Aesthetically the up-draught tower would be 

considerably high and imposing on the local 

environment, it would be seen from a great 

distance from all directions. Locals would 

experience disruptions from construction and 

noise pollution from the turbine rotation. 

Therefore this would be more suitable for less 

densely populated areas.  
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Life Cycle  

The energy generation plant currently has a life span of 80 years, little maintenance will be 

required for the turbines as they have slow moving mechanical parts (Stancich R, 2010) . The 

collector will need replacing more regularly than other parts of the plant. If plastic were used as 

the transparent roof, then this would have to be replaced every 10-12 years (Renewable-Energy-

Info, no date-a) video). Although this strong plastic allows infra-red radiation to pass through the 

roof, ultraviolet (which causes plastic degradation) is reflected. The collector roof averages 50% 

(70% peak) of the solar energy converted into heat (Lincoln F, 1998, p.18). 

The plant construction is made from "reinforced high tensile concrete" and cement. For this scale 

of tower, the huge amount of material required during manufacture provides a large carbon 

footprint, i.e. producing the plant itself emits a large amount of carbon dioxide. Therefore it takes 

2-3 years to payback the carbon investment of plant construction (Renewable-Energy-Info, no 

date-a).  

From this study it can be seen that the solar up-draught tower can generate a lot of energy from 

the abundant renewable resource. Although this technology operates well for a range of weather 

conditions, it is not suitable to be used in south east England. The detrimental effect of 

desertification would have severe impacts on the environment. In England the price of land is too 

expensive for such large quantity of land required; the solar up-draught tower is not a financially 

viable solution for this case. However, in an area of low population density, such as deserts, this 

would be an effective method of energy generation, within a desert; a large expanse of land is 

available at low cost. There are high insolation levels with little water or fuel resources. This 

energy generation method would improve the local economy by employing local and less skilled 

workforce, and with no moving parts has a large life span.  

 

Case Studies 

The solar up-draught tower has not been built and used for commercial purposes yet. However, a 

test facility was been built in Manzanares, Spain in 1982 and maintained operation for several 

years, with a total of 15,000 hours producing energy. Other constructions have been designed 

based on the conclusions made from this test facility. A conclusion drawn from this facility is that 

as the tower height increases, the power output also increases. As the collection area dimensions 

increase, the power output efficiency improves. 

 

Table 5: Case Studies for Solar Up-draught Tower 

Case 
Energy 

Output 
Plant Cost 

Collection 

Area 

Energy 

per Area 

(kW m
-2

) 

Tower 

Height/ 

Diameter 

Turbine 
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Manzanares, 

Spain, 

1982,Test 

Facility*  

50kW 

$1million 

(US Dollars) 

$2.27 million 

(2010 

value**) 

46,000 m2 

(11 acres) 
0.00109 195m/10m 

(640 ft/32ft) 
4 blades 

Botswana, 

2005 

(Test 

Facility)# 

 

- - 
160 m2 

(<1 acre) 
n/a 22m/2m 

(72 ft6.5ft) 
6 blades 

Buronga, 

Australia  

(Proposal)~ 

 

200MW 

$500 million 

(US Dollars) 

 

19,500,000 m2 

(5000 acres) 
0.0103 

1,000m/130m 

(3280 

ft/400ft) 

32 

turbines 

(6MW 

each) 

Ciudad Real 

"Torre 

Solar", 

Spain, 2010 

(Proposal)## 

  

40MW - 
3,500,000 m2 

(864 acres) 
0.0114 750m/ 

(2460ft/) 
- 

* (Schlaich J et al., 2003) 

** (US Inflation Calculator, 2011) 

# (Ketlogetswea C et al., 2007)and (Renewable-Energy-Info, no date-b) 

~
(EnviroMission Ltd., 2010) and (Gruenstein E, no date) 

## (Skyscraper, 2010) 

8.1.2 CSP 

Concentrating Solar Thermal Power (CSP) is a collection methodology which converts themal 

energy from the sun into electricity. There are several ways of doing this but the main precept is 

to concentrate the sunlight (and therefore heat) onto a working fluid with a good thermal capacity 

(i.e. high specific heat capacity). The thermal load of this heat transfer fluid (HTF) is emitted 

through a heat exchanger, boiling water and creating steam. This in turn drives a steam turbine 

and generates electricity in a conventional steam generation Rankine cycle. 

 

Because it "requires direct sunlight…[CSP] makes sense in arid or semi-arid climates with plenty 

of sunny weather" (PricewaterhouseCoopers LLP et al., 2010) making it "unsuitable for [the 

majority of] European countries, but ideal for deserts" (Jansen, 2009). Although CSP is a conflict 

neutral, low carbon footprint, local labour generating (during construction) technology meeting 

the environmental and social aspects of the sustainability triple bottom line, it falls short on the 

economic aspect when considered in the context of this study. Size, insolation levels and the 

number of hours of daylight affect the collection capabilities immensely, and for a village of 

2,000 inhabitants in south east England the cost per kWh is unreasonably large. 

Comment [R1]: 1982 value?) 

Comment [R2]: how does inflation compare this 
to manzanares?) 
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According to Sandia National Laboratory "in virtually all applications CSP is a large [scale] 

power [generator], on the order of 100MW or larger" (Sandia National Laboratory, 2009) or, 

when using molten salts as a heat transfer fluid and thermal storage medium, "typically plants of 

50MW or above" (Graham-Rowe, 2010). For a 5MW plant this makes the procurement and 

installation costs a much higher proportion of the overall profits that can be generated via 

production of electricity, thus increasing the levelised energy cost significantly. 

 

 

Figure 11: Expected CSP costs for an annual irradiance (top to bottom) of extrapolated 1350, original data 

2000, 2400 and 2800 kWh/m²/y. (Trieb and Muller-Steinhagen, 2006, p.14) 

Extrapolating the graph to an irradiance level of approximately 1350kWh m-2 yr-1, that of south 

east England, ((Adesilu et al., 2010)) and an installed capacity of 5MW (shown as a black line), 

this gives a very rudimentary (given the nature and level of the extrapolation) cost per kWh of 

€0.9/kWh which does not compare favourably with the cost of PV or fossil fuels (see fig xxx in 

front section). 

Although CSP is deemed unfeasible for use in the region stipulated in this report, it is a promising 

technology, feasible in Spain and highly feasible in the Middle East and North Africa (MENA). 

Trieb and Muller-Steinhagen in their assessment of the possibilities of CSP in MENA state that 

"Due to the abundance and seasonal uniformity of solar energy from deserts it will be cheaper and 

better available than solar electricity generated in Europe" (Trieb and Muller-Steinhagen, 2006, 

p.11). In fact there are currently initiatives, such as the EUMENA Desertec project being 

supported by the German Aerospace Centre (German Aerospace Centre (DLR), 2010) which aim 

to harvest solar energy from desert locations and route it through a high voltage AC grid to 

Europe. This will be an important factor to consider in the UK's future energy portfolio, however 

"the necessary measures will take at least two decades to become effective" (Trieb and Muller-

Steinhagen, 2006, p.1). 

 

10 
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 "The resource-potential of concentrating solar power dwarfs global energy demand by several 

hundred times." (Gastli et al., 2010) and according to Siemens "until 2020, the market for solar 

thermal power plants will show annual double-digit growth rates and attain a volume of over 

EUR20 billion" (Siemens AG, 2009). Already a proven technology, "354 megawatts (MW) 

(enough for 100,000 homes) of CSP systems have operated successfully in the Southern 

California desert for the past decade" (Sandia National Laboratory, no date) and numerous plants 

operate in the rest of the world (including Spain, whose government incentives have made them 

one of the key players in this field). One of the key factors underpinning this growth is the use of 

conventional, proven technologies such as mirrors and a conventional 'power block' (the Rankine 

cycle) facilitating the technology's ease of integration with existing infrastructure (Sandia 

National Laboratory, no date). 

 

CSP is a very politically stable technology; diversifying energy portfolios in the regions it is used, 

increasing security of supply and generating local wealth (namely jobs) during construction and 

operation as well as being a conflict neutral technology with CHP ("co-generation of electricity 

and process heat" (Viebahn et al., 2010)) applicability (Viebahn et al., 2010, Trieb and Muller-

Steinhagen, 2006). 

"[Thereis]moreandmoreemphasisonlocaladdedvalueininvestmentdecisions…[especially

within developing nations who want to see] employment benefits, support the accumulation of 

local expertise and reach a high share of national content…Moreover, local added value

promotes socio-economic stability. Solar thermal power stations are considered to be one of the 

technologies with a high potential for local added value. High-tech components constitute only a 

small fraction in these plants and nearly 50% of the investment is spent on steel, concrete, mirrors 

and labour… CSP technologies do not incorporate conflict relevant materials. Even more 

important, the solar resource is abundant and inexhaustible and thus will likely not give rise to 

conflicts over the right to use it" (Viebahn et al., 2010, p.2).  

 

"The environmental impact of its use has been found to be acceptable, as it is based on abundant, 

recyclable materials like steel, concrete and glass for the concentrating solar thermal collectors." 

(Gastli et al., 2010) and due to the lack of silicon and intensive processing "CSP technologies are 

perceived as having lower life-cycle costs than PV" (Lesser and Puga, 2008). This indicates that 

CSP meets at least two of the triple bottom line criteria very well; positive social and 

environmental impacts result from its use. 

 

"The cost of electricity from fossil fuels and nuclear sources is on a rising trend, while the cost of 

CSP is falling…as [production] volumes increase" (DESERTEC-UK, 2009) and expansion is 

assisted by the ease of compatibility with existing infrastructure (Sandia National Laboratory, no 
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date). CSP "does not need expensive silicon to generate power" (Jansen, 2009) and "It is expected 

that within one decade, energy from solar thermal power plants will become the least cost option 

for electricity (below 0.05US$/kWh) [in the USA]" (Gastli et al., 2010, Sandia National 

Laboratory, no date). 
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Figure 12: Energy Cost (per Watt of Installed Capacity) v Plant Capacity for several Existing Facilities: 

Data from (DESERTEC-UK, 2009) 

As can be seen from Figure 12, CSP "scales extremely well... As the size of the plant increases, 

the relative costs come down. Large CSP plants can produce power for a quarter of the cost of that 

generated by standard solar photovoltaics" (Graham-Rowe, 2010, quoting Keith Bowden, director 

of engineering at Circadian Solar). However, this low cost in comparison with PV is only valid 

for high irradiance locations: For the south east of England the irradiance level is insufficient for 

financial viability. This is evidenced by Figure 12, which shows higher costs per Watt for low 

irradiance plants (50GWh m-2y-1) in blue. 

Nevertheless, this does not herald the end of all speculation regarding the use of CSP in the UK: 

Climate models predict an increase in global temperatures, and changes in meteorological 

conditions, due to the greenhouse effect and global warming and thus in future years CSP may be 

a viable option in the UK. Additionally ventures such as the DESERTEC project (a multinational 

foundation with partners including pricewaterhousecoopers and ABB) are attempting to establish 

a CSP network with the collection fields located in the Middle East and North Africa (the high 

irradiance 'sun belt' shown green in Figure 13) with a transmission network stretching across 

Europe. 

Irradiance: 
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Figure 13: Irradiance levels Throughout the World (Trieb and Durrschmidt, 2003) 

"Although the greenhouse gas emissions of current (solar only operated) CSP systems show a 

good performance (31g CO2-equivalents/kWhel) compared with advanced fossil-fired systems 

(130-900 CO2-eq./kWhel), they could further be reduced to 18g CO2-eq./kWhel in 2050, including 

transmission from North Africa to Europe." (Viebahn et al., 2010, p.1) 

 

Figure 14: Typical Levelised Costs of Electricity Generation (PricewaterhouseCoopers LLP et al., 2010, 

p.33) 

"Concentrating solar thermal power (CSP) plants offer a noticeable advantage when compared to 

photovoltaics: Different to electricity, large amounts of thermal energy can be stored easily with 

minimal losses, thus they can provide energy on demand – day and night. In this manner, CSP 

plants are capable of both reliably producing large quantities of power and, if they are part of a 

network with other renewable energies, compensating fluctuations of wind and photovoltaic 

energy. Hence they also contribute towards stabilizing the electricity grid. As a result, CSP plants 

allow greater use of fluctuating renewable energy sources within the electricity mix." 

(DESERTEC Foundation, no date) 
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 Don't know if this is right, as there are methods for storing electricity and I really don't know if 

storing heat is better than storing chemically 

 

Concentration Methods 

Parabolic troughs are not new technology; according to Wolfgang Schiel (2007) around the year 

1880 a parabolic trough collector was used to power a 'hot-air engine' and the first parabolic 

trough power generation plant was a "45kW steam engine pump in Meadi, Egypt, in 1912" built 

by an American- British partnership. 

Parabolic trough reflectors are curved mirrors which focus the sunlight onto a central channel, at 

the trough of the curve. A "vacuum-isolated absorber tube [is] fitted along the focal line of the 

parabola" (Schiel, 2007), and as the light is concentrated onto it the working fluid inside is heated. 

These mirrors are a relatively expensive option due to the fabrication costs of custom made 

parabolic mirrors; as "the collectors are optical devices, and a high degree of geometric precision 

is required – which, as a welded construction, is only achieved at great effort and cost" (Schiel, 

2007). These track east to west according to Sandia National Laboratory (Sandia National 

Laboratory, 2009) (in order to  

track the path of the sun to a precision of 0.04 

degrees (Schiel, 2007)), have a focal length of 

approximately 3m and have a concentration ratio of 

between 30 and 40 times the power of one sunbeam.  

These are the most widely used and proven of the 

CSP technologies, however "like most steam-

turbine plants, economies of scale dictate that a 

parabolic-trough CSP plant must be sized in the 

100-MW to 300-MW capacity range. The size of the 

collector field for such a plant, particularly one 

designed to provide hours of storage is enormous." 

(Lesser and Puga, 2008): A typical "collector field is formed of several hundred meter long rows 

(loops) of consecutively connected individual collector elements [troughs]" (Schiel, 2007) 

"The sheer amount of real estate required increases the likelihood of concerns about negative 

impacts on plant and animal species. Moreover, plants this size [1,900 acres] likely will require 

dedicated high-voltage transmission lines that will need to be permitted. These permitting 

requirements will increase the regulatory risk of the project and potentially lead to construction 

delays." (Lesser and Puga, 2008). It becomes clear that in areas of high population density the 

amount of land necessary and the legal requirements thereof are likely to be prohibitive 

constraints on the implementation of a CSP farm. 

 

 

Figure 15: Parabolic Trough Concentrator 

(Abengoa Solar, 2008) 

Comment [c3]: Can perhaps get rid of this bit 
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"Another critical issue is water, or rather a lack of water. The steam turbines used at CSP plants 

require water for cooling; using wet cooling towers, the proposed APS/Abengoa 280-MW CSP 

generating facility can be expected to consume between 600million and 700million gallons of 

water… per year" (Lesser and Puga, 2008). 

In order to ameliorate this problem a purely theoretical design is proposed by the authors of this 

feasibility study: A waste water treatment plant is constructed adjacent to the parabolic trough 

facility. Using an anaerobic digestion process to purify the waste water would lead to production 

of a biogas suitable for use in power generation. This industrial symbiosis would not only meet 

the water requirements of the CSP plant via diverting a waste stream, but would also provide a 

secondary power source (the biogas) for use in balancing the power output of the CSP plant with 

the load required. As mentioned previously this is a purely theoretical solution and would have to 

be researched in depth to determine its feasibility and applicability in reality. For example, if the 

DESERTEC initiative is successful it is likely that the aforementioned CSP plants will be located 

in remote deserts, far from inhabited regions and thus far from a source of waste water, other than 

the small amount produced by operators of the plant.  

Current technologies being employed to alleviate this excess water consumption problem include 

"dry-condenser cooling—which minimizes water use, but does so at a significant cost, in the order 

of $200/kW by some estimates. Furthermore, dry-cooling reduces both net generation and thermal 

efficiency… The loss of efficiency in a steam plant with a state-of-the-art dry-cooled condenser 

can be as high as 25 percent on very hot Southwest [USA] summer days" (Lesser and Puga, 2008). 

This increases the power requirements of the plant to compensate for such losses and thus 

augments cost of the electricity produced. 

A promising upgrade technology is the UVAC (universal vacuum air collector) (Siemens AG, 

2010, Siemens AG, 2009) solar receiver tube (see Figure 15 for location of receiver tube), which 

"further increases thermal heat production" with heat loss of less than 9% and an improved area to 

length ratio, thus increasing the efficiency of the overall system and reducing the levelised energy 

costs. (Siemens AG, 2009) 

 

Linear Fresnels are a cheaper take on the parabolic trough idea; they use a series of smaller, flat 

(and thus cheaper) mirrors angled to form a trough. The "mirrors are located near to the ground 

and rotate individually while focusing on a fixed receiver tube" (Sandia National Laboratory, 

2009) 
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Figure 16: Linear Fresnel Concentrator (Renewable Energy Sources, 

2010) 

"The Fresnel structure allows for a very light design and thus…a decrease in the specific material 

consumption. Furthermore, land use is reduced…a Fresnel trough needs only one third of the area 

required by a parabolic trough of the same installed power" (Viebahn et al., 2010, p.6). Other than 

the reduced capital investment required and the reduced land usage, these systems are almost 

identical to parabolic troughs. 

 

A solar dish-sterling system uses a concave mirrored dish to concentrate the sunlight to a point 

(rather than a line as in the parabolic trough or linear Fresnel). Instead of simply installing a heat 

transfer fluid at this point, the working fluid used in the generation cycle and the generator itself 

are located at the focal point of the concentrated sunlight. These systems track the sun in azimuth 

and elevation and have a focal length of approximately 4m and concentration ratio about 3000 

times (Sandia National Laboratory, 2009), the best ratio of all mentioned concentrators. This 

makes it the most promising of CSP technologies for use in a low irradiance zone such as the UK. 

The great benefit of the Stirling Engine system is that there is no need for de-coupling of the 

electricity generation cycle and the thermal transfer working fluid. "The PCU [Power Conversion 

Unit] solar receiver is an external heat exchanger that absorbs the incoming solar thermal energy. 

This heats and pressurizes the gas in the heat exchanger tubing, and this gas in turn powers the 

Solar Stirling Engine" (Sterling Energy Systems, 2010). Thus the system reduces energy and 

efficiency losses by eliminating the heat transfer fluid and using the solar thermal energy directly 

in the electricity generation cycle. 



 Large Scale Solar Energy Complex Group 2 
 

Research Pg 48 of 170  

Solar dishes are the "most efficient 

solar systems in the world" (Sandia 

National Laboratory, no date), good for 

"distributed and remote locations… 

capable of fully autonomous operation" 

making them important for 

"decentralised applications" (Viebahn 

et al., 2010). 

Sources vary on the size of such dish 

systems, quoting "between 10 and 

25kW per dish" (Sandia National 

Laboratory, no date) "from 1 to 40kW" 

(Sandia National Laboratory, 2009) or 

"between 5 and 50kW" (Cavallaro, 

2009, p.1682). However it is clear from all sources that such dishes make both small and large 

scale operations possible as their modular nature means one simply needs a larger array of dish-

sterling units for a larger power demand. 

"Dish/engine systems are characterized by high efficiency, modularity, autonomous operation, 

and an inherent hybrid capability (the ability to operate on either solar energy or a fossil fuel, or 

both). Of all solar technologies, dish/engine systems have demonstrated the highest solar-to-

electric conversion efficiency (29.4%) [based on data from Washom, B., "Parabolic Dish Stirling  

Module Development and Test Results," Paper No. 849516, Proceedings of the IECEC, San 

Francisco, CA (1984). N.B. in March 2008 Stirling and Sandia National Laboratories achieved a 

solar-to-grid conversion efficiency of 31.25% (Taggart, 2008)], and therefore have the potential 

to become one of the least expensive sources of renewable energy. The modularity of dish/engine 

systems allows them to be deployed individually for remote applications, or grouped together for 

small-grid (village power) or end-of-line utility applications. Dish/engine systems can also be 

hybridized with a fossil fuel to provide dispatchable power. This technology is in the engineering 

development stage and technical challenges remain concerning the solar components and the 

commercial availability of a solarizable engine." (SolarPACES, no date) 

"The primary heat engines used in dish systems are Stirling engines but microturbines and 

concentrating photovoltaics are also being evaluated as possible future power conversion units on 

dish systems" (Sandia National Laboratory, 2009) 

Although these are highly efficient solar power collectors and the dish-engine can be easily 

hybridised with numerous other operations including concentrating photovoltaics and fossil fuel 

or biogas, the technology is still in its infancy and as such would lead to considerable project risk 

(Taggart, 2008). At present, energy storage would have to be in the form of batteries or other 

 

Figure 17: Dish-Sterling Concentrator (Sterling Energy 

Systems, 2010) 

Comment [c4]: Can perhaps get rid of this bit or 
reduce it down a tad 



 Large Scale Solar Energy Complex Group 2 
 

Research Pg 49 of 170  

methods for storing the electricity generated as the direct generation Sterling Cycle does not lend 

itself to thermal storage.  

 

Lastly, there are what are known as 'solar power towers': A series of flat mirrors track the sun 

(normally in both elevation and azimuth – angle from a reference point); these tracking mirrors 

are called heliosats, and concentrate the light onto a 

tower in the centre of the field of heliosats. The 

receiving tower has working fluid pumped through it 

at the point at which the concentrators focus and 

according to Sandia National Laboratories the 

concentration ratio is 800 times and the focal length is 

around 100m (Sandia National Laboratory, 2009). 

 

Central "receivers can achieve temperatures of more 

than 1000°C. This enables them to produce hot air for 

the gas turbines (sic.) operation combined with 

downstream steam turbine operation, resulting in high 

conversion efficiencies." (Viebahn et al., 2010, p.2) 

"and lower-cost electricity" (Sandia National Laboratory, 2009) 

These power tower systems, although efficient, still possess the same problems related to the 

Rankine Cycle used for power generation: High water usage, large land requirements and a 

financial viability that decreases as the size of the facility does. Furthermore "because no 

commercial power tower plants have been built, there is more uncertainty in the cost, performance, 

and technical risk of this technology." (National Renewable Energy Laboratory, 2003, p.ES-8) 

 

Direct Steam Generation 

This is an alternative to the more common process of using a heat transfer fluid: "direct steam 

generation (DSG)… plants have a lot of advantages [over hot oil coupled to a storage medium] 

because the thermo oil as well as the heat pumps are no longer needed; the HTF [heat transfer 

fluid]/steam exchanger drops and the efficiency increases… due to three issues: Operating with 

higher HTF temperatures, reducing the need for pumping power and avoiding heat exchanger 

losses." (Viebahn et al., 2010, p.6). This method can be used in both Fresnel and Parabolic trough 

systems (Viebahn et al., 2010, p.6) and simplifies the plant considerably (Figure 19). 

 

Figure 18: Solar Power Tower 

Concentrator (Abengoa Solar, 2008) 
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Figure 19: Comparison of DSG and HTF Plants (Zarza, 2007) 

"Direct steam generation is considered a very promising option to increase the efficiency of 

parabolic trough systems, not only because there is no need of a heat exchanger between the solar 

field and the power block…, but also owing to the higher temperatures that can be attained in the 

collector receivers" (Montes et al., 2009, p.679); the higher temperatures mean "higher 

efficiencies as turbine inlet temperature increases… [and] the possibility of omitting … steam 

reheating" (Montes et al., 2009, p.681) which is used to increase the lifetime of the turbine blades 

by reducing the moisture content. 

Thermal storage is still possible with DSG, and thus may also be achievable for the direct 

generation occurring in a dish-sterling system. "A thermal storage for direct steam generation 

technology, with two storage modules – a phase change material module for the evaporating 

section, and a concrete module for the superheating section -, is being demonstrated, at the 

southern of Spain (sic.)" (Montes et al., 2009, p.682) 

According to the National Renewable Energy Laboratory this sort of system leads to a 15% 

reduction in initial investment, and a 15% increase in the annual energy output compared to an 

HTC + storage design. (Zarza, 2001) 

Advantages Disadvantages 

 Smaller environmental risks because oil 

is replaced by water  

 Higher steam temperature (maximum 

steam temperature with oil = 380ºC)  

 The overall plant configuration is more 

simple  

 Lower investment and O&M costs and 

higher plant efficiency  

 Solar field control under solar radiation 

transients 

 Instability of the two-phase flow inside 

the receiver tubes 

 Temperature gradients at the receiver 

pipes 

 

Comment [adc5]: Does he mean DSG or DSG 
with storage??? unknown 
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Table 6: Advantages and Disadvantages of Direct Steam Generation (Zarza, 2007) 

 

Necessity and Methods of Storing 

"While the power block represents a conventional and almost mature technology, the innovative 

parts are the solar field and, more and more of importance in the future, the thermal storage 

system" (Viebahn et al., 2010, p.6) 

One of the major concerns with renewable energies such as solar power are the intermittent 

production capabilities: If it is cloudy or night time there may not be enough solar energy 

collected to power a generator and produce electricity. There are two key strategies to alleviate 

this problem; (1) developing a portfolio of complimentary renewable technologies where one 

produces more effectively whilst another is ineffective and vice versa, and (2) storage of either the 

electricity or the means to make it. "A central criterion for power generation is its availability at 

any moment on demand" (Trieb and Muller-Steinhagen, 2006) and this makes storage vital for 

technologies such as CSP. 

 

Figure 20: A CSP power plant with thermal storage shifting time-of-day electricity generation to supply 

electricity through a winter evening's peak demand; 5-10pm (Fthenakis et al., 2009, p.391) 

For a CSP system it is relatively easy to store thermal energy and release it to generate electricity 

when required . The working fluid, after being heated by the sun during peak sunlight hours, 

needs to be routed through an insulated storage location so that it can then be sent to heat up 

steam and produce electricity during peak energy consumption hours. Such an addition is 

relatively inexpensive and allows a shifting of the production time to better tally with peak 

loading. However, the increase in energy flexibility comes at a cost; land requirements. "a 7.5h 

[hour] storage system means an additional solar field must be erected – one solar field is driving 

Comment [c6]: And better than storing the 
electricity itself?? 
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the installed turbine while the second one is filling the storage for operation at night" (Viebahn et 

al., 2010, p.5) 

"Storage systems [are usually] based on concrete, molten salt, ceramics or phase change 

materials" (Viebahn et al., 2010, p.2) other innovative systems include ammonia based 

thermochemical storage (Pye, 2010) and electrolysis of water to later run a fuel cell. However, 

due to time constraints only molten salts were considered in detail as part of this study. For details 

of molten salts please refer to the Inception Report (Adesilu et al., 2010) and for a basic overview 

of other storage systems please see (renewable-energy-info.com, 2010)  

 

Case Study Archimedes Parabolic Trough Plant, Syracuse, Siciliy 

The Archimedes plant is a 5MW capacity, molten salt HTF plant operating in Prio Gargallo, 

Sicily, Italy and developed by the Italian Energy Agency ENEA, and its subsidiary Enel (Enel 

Spa, no date). This power station was chosen as it has similar characteristics to those of the 

proposed UK facility (namely size, and a similar insolation level). 

The plant began operation in July 2010 and cost €60 million (approx £51million) to build. "This is 

a prototype that has a high level of costs" said the CEO of Enel, the Italian utility company 

(Babington, 2010), so expenditure is likely to be reduced for future facilities, however for the 

purpose of this analysis, let us consider this to be the current cost of such a plant. This forms the 

starting point of the following cursory calculation for a UK based CSP facility: 

If we take the analysis of Tribe and Muller-Steinhagen (Figure 11) and surmise that the cost of a 

plant is inversely proportional to the level of insolation, we can scale this €60 million to a UK 

cost and convert it to pounds. 

According to data from NASA in 2007, the average insolation levels in Rome and London 

respectively are 4.21 and 2.61kWh m-2day-1 (or 1540 and 953kWh m-2yr-1) (Apricus Solar Co. 

Ltd., 2007). Although this figure does not tally with the 1350kWh m-2yr-1 quoted for the south 

east of the UK in the rest of the report, it is hoped that the insolation variation between Sicily and 

Rome will be similar to that between the Isle of Wight and London. In this instance, the light 

levels in Italy are (4.21/2.61=) 1.6 times as high as the UK, which indicates that the UK cost is 1.6 

times the Italian cost, i.e. €96 million, or £83million (Google Currency Converter, 2011). Even if 

the insolation levels had no effect on the plant cost, £51 million is still considerably more than the 

£11.5 million required for a PV farm of the same capacity (see Section XX) 

The Prio Gargallo plant produces 10 million kilowatt-hours of energy per year. Assuming a 

charge of 12.2p/kWh (Table 2) this is £1.22million/yr income. To pay back the £83million would 

take 68years (or 42years for the £51million case), an unfeasibly long payback period. To make 

this payback period closer to ten years, the price of electricity would have to increase to 83p per 

kWh; highly unfeasible and in agreement with the data extrapolated from Tribe and Muller-

Steinhagen (Figure 11). 

Comment [c7]: Ref section 
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"The "solar field" will consist of 54 mirrors, each of them being 100 meters long, for a total active 

surface of around 31,000 square meters" (Enel Spa, no date). This means that the total land area 

requirement for each parabolic trough mirror is (31,000/54=) 574m2/mirror, and at a length of 

100m, this makes the plot width required per mirror (574/100=) 5.74m. Therefore a parabolic 

trough could, theoretically, be placed on the roof of a terraced house, requiring fewer land space 

costs and possibly making the project more financially viable. If 12 houses in a terrace have a roof 

space of 100m by 8m, then one trough could appear on each roof. For a total of 840 houses, this 

means (840/12=) 70 troughs could be placed on rooftops (assuming the structures are strong 

enough to support this). Assuming the number of mirrors required is inversely proportional to the 

insolation level, (54x1.6=) 87 mirrors would be required for a UK based 5MW plant. This 

indicates that around ((70/87)x5=) 4MW could be generated just by using the roof-space of the 

village of 2,000 people. 

 

8.1.3 Flywheels 

Flywheels store energy in a rotating mass, which continues to rotate after the energy supplied to it 

has been eliminated. During the charging period the rotational speed of the mass is increased with 

a motor and during the discharge period it is retarded by driving an alternator, which then 

generates electricity. The benefits of flywheel storage are fast response times, high power 

charging and discharging, high efficiency and low environmental impacts (due to the materials of 

construction and the lack of hazardous chemicals employed). However they have low storage 

capacities and are expensive. Flywheels are best used as a short term buffer to smooth changes in 

input or output power. Below Figure 21 shows an example of a flywheel system. This system has 

magnetic bearings to minimise friction in order to improve efficiency and minimise energy 

discharge. 

 

Figure 21: An example of a flywheel energy storage system (antoinine-education.co.uk, no date) 

The kinetic energy stored is defined as (Wahab, 2008, p.191): 
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Equation 2 

Where: E = kinetic energy (J) 

 r = radius of wheel (m) 

 ω = rotational velocity (rad.s-1) 

 J = mass moment of inertia (kg.m2) 

 m = mass (kg) 

This indicates that it is better to increase the radius or rotational velocity of the flywheel, as these 

have a squared relationship to the energy stored, rather than the mass which is directly 

proportional. The upper limit of performance hence becomes the tensile strength of the material as 

this defines the limit of rotational velocity, shown in Equation 3 (Ruddell, 2003, p.6). The mass m 

is concentrated at the outer rim r. 

 Equation 3 

Where: σ = tensile strength (N.m-2) 

 ρ = density (kg.m-3) 

The maximum stored energy is then (Ruddell, 2003, p.6): 

 

Equation 4 

Therefore materials with a high tensile strength and low density will have better storage 

capabilities for any given mass. Table 7 shows the maximum specific energy achievable from a 

number of different materials and the corresponding cost per kilogram and per kWh. In 

comparison, as mentioned in section <>, batteries can cost around £50 per kWh. 

Table 7: Characteristics of several possible materials for a flywheel (Ruddell, 2003, p.7, ASPES 

Engineering AG, 1999). 

Material 

Density 

(kg/m
3
) 

Strength 

(MN/m
2
) 

Theoretical 

Maximum Specific 

Energy (kWh/kg) 

Cost 

(£/kg) 

Cost 

(£/kWh) 

Steel 7800 1800 0.032 0.65 20.30 

Aluminium Alloy 2700 600 0.031 0.84 27.20 

Titanium Alloy 4500 1200 0.037 6.00 162.00 

Glass Reinforced 

Fibre Polymer 2000 1600 0.111 10.00 90.00 

Carbon Fibre 

Reinforced Polymer 1500 2400 0.222 19.50 87.75 

 

Working on the assumption that one day's worth of energy is to be stored, the size and estimated 

cost of a system can be calculated. One day's worth of energy for one house is 15.6kWh and 

typical efficiency of energy transfer to and from the system is 80% (Dincer and Rosen, 2002, 



 Large Scale Solar Energy Complex Group 2 
 

Research Pg 55 of 170  

p.69). This means the storage capacity needs to be 19.5kWh. The lower speed limit of the system 

is however governed by the drive system torque because (Ruddell, 2003, p.7), 

 Equation 5 

Where: P = power (W) 

 T = torque (N.m) 

Therefore at lower velocities for constant power output a higher torque is required. The ratio of 

lower to upper velocities s is not usually less than 0.2, most commonly 1/3. The useful energy 

stored is then (Ruddell, 2003, p.7); 

 Equation 6 

When s is 1/3 the useful energy stored is 88.9% further increasing the storage capacity. In addition 

the system cannot be expected to run at full speed as permanent deformation will be caused. 

Usually flywheels are run at 70% of the maximum theoretical speed. Taking all this into account 

the full capacity of the flywheel needs to be 31.3kWh in order to store 15.6kWh. The table below 

shows the mass and cost of each flywheel for a system. 

Table 8: Cost and mass of different flywheels to store one day's worth of energy (12kWh) (Ruddell, 2003, 

p.7, ASPES Engineering AG, 1999) 

Material 
Cost per 

house (£) 

Mass per 

house (kg) 

Steel 635.60 978 

Aluminium Alloy 852.90 1015 

Titanium Alloy 5077.00 846 

Glass Reinforced Fibre Polymer 2820.50 282 

Carbon Fibre Reinforced Polymer 2750.00 141 

 

All systems are either too heavy to be viable or too expensive. This cost is only for the flywheel 

itself and not the bearings, casing, motor, alternators etc. and so would therefore be far more 

expensive. 

8.1.4 Pumped Water Storage  

Solar collection methods, such as PV panels, capture the solar energy for electricity generation. 

Solar electricity is collected during daylight hours and requires an energy storage method to be 

used during the night. Pumped water potential is a potential storage method for this energy.  

There are two methods of producing electricity using hydro energy storage, each involving large 

reservoirs (E.ON UK, 2010). Method one is a hydroelectric dam which controls the water flowing 

between two reservoirs and method two is a pumped water storage which uses turbines to 

converts the rotational energy produced by the flowing water into electricity. The second method 

for pumped water storage is preferred when aiming to capture solar energy.  

Comment [S8]: Compare cost and specific 
energy to batteries. 
And possibly expand a wee bit 
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Figure 22: How Pumped Water Storage Works 

From the illustration in Figure 22, the stages of the pumped water storage system can be seen. The 

energy captured from the sun generates electricity to power the pumps, these move the water from 

the lower reservoir to the elevated upper reservoir. The water from the upper reservoir has been 

given gravitational potential energy, which is stored at this elevated altitude until required 

(Trabish, 2010). When the electricity is needed, the water is released and flows through high 

pressure shafts (First Hydro Company, no date-b) towards the turbines which convert the 

gravitational potential energy into useful electricity. This is then sent back to the national grid 

(First Hydro Company, no date-b). 

 

As a method of energy storage, the pumped water storage system has long term low operational 

costs. The water is not pumped from the upper reservoir to the lower, as it moves between the 

reservoirs due to the effect of gravity. When pumping the water to the upper reservoir, the 

renewable solar energy does not require fuel to generate energy so also has low operating costs. 

However, the cost of the initial investment very high due to land requirements and building costs 

and can only realistically be an investment for larger organisations. Additionally, the impact on 

local habitats and biodiversity must be considered carefully before construction. 

When experiencing a power surge, the water is released from the upper to the lower reservoir 

instantly generating power output. The solar generated electricity (used to restore the water to the 

upper reservoir), replaces the national grid as the previous source of electricity to power the 

pumps. This source of energy storage provides consistent power for a significant number of hours 

on demand, and is especially useful when the national grid experiences a surge in demand. A 

power surge can be caused from 'TV Pickup' (BBC News UK, 2007a), which can be predicted 

from the behaviour of the country. Behaviour includes, for example, all kettles switched on, 

following the broadcasting of the world cup.  

 

The housing energy demand per day for a single house is 15.6kWh, defined earlier in section ###, 

and for a village of 2,000 the demand is 4.72x1010J/day/840 houses. The formula for gravitational 

Upper Reservoir 

Lower Reservoir 

Turbine

s  

National Grid Pumps Solar Farm 



 Large Scale Solar Energy Complex Group 2 
 

Research Pg 57 of 170  

potential energy Egp = mass (m) x gravitational acceleration (g) x height (h) and the density of 

water were used to determine the mass of water required to meet this demand. Assuming the value 

of elevation between the two reservoirs is 100m and reservoir depth of 10m. The footprint 

required for the reservoir is 69mx69m. The water storage potential plant incurs losses of 25% 

during the process (Leyland, 2009). Therefore when calculating the dimensions again, 

incorporating these losses, the approximate land required for each reservoir is 76mx76m.  

 

The Scottish and Southern Energy (SSE) organisation is proposing two schemes for pumped 

water storage plants producing power outputs of between 300 and 600MW (SSE, 2009). It 

demonstrates that pumped water energy storage plants are typically designed for supplementing 

the national grid. Alternative water potential systems existing in the UK are also found on a large 

scale, meeting large electricity demand.  

 

A large scale water potential storage plant exists in Wales and provides instant (after 16 seconds) 

energy supply for the people in north Wales (First Hydro Company, no date-a), the specifications 

of this plant are defined in Table 9 

Table 9: Ffestiniog Pumped Water Storage Plant Details 

Name 
Storage Capacity 

(Water) 

Reservoir 

Elevation 

Power 

Output 
Energy GPE 

Time takes to 

release energy 

Ffestiniog, Wales  

1963 
2 million m3 300m 360MW 1640MWh 16 seconds 

 

The difference in land topography between south east England and the existing plant location in 

Wales, are shown in Figure 23. It can be seen that the land in the south east is lower and more 

uniform than the existing case study in Wales. It would therefore be harder to locate a suitable site 

in south east England for the altitude difference required to achieve the optimum operating 

conditions.  

 

Figure 23: Topographical UK Map, with south east and Wales highlighted (withnature.co.uk, no date) 
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This table should start on a new page when the references go from above and should not have any 

borders, but a central line between the advantages and disavntages, and under the titles advantages 

and disadvantages 

Table 10: Advantages and Disadvantages of Water Potential Storage 

Advantages Disadvantages 

This storage system provides instant support to 

the grid during a period of power surge. There is 

more control for supplying the additional 

energy, as water can be released and instant 

energy produced. 

Solar electricity, needed to move the water, can 

only be generated during daylight hours. This 

changes the culture of the plant, from pumping the 

water at night when electricity demand is low, to 

during daylight hours when solar electricity is 

freely available. (energystoragenews.com, 2010) 

The amount of electricity generated throughout 

the day changes: Using this storage medium 

harnesses this variability, so that the energy is 

consistent when released.(Trabish, 2010) 

The water pumping storage plant requires 

considerable footprint of land to be cleared, 

impacting on the environment. This impact can 

cause resistance within the local or conservational 

communities. 

The PVs have a large life span, generating 

electricity with no operating costs for the life of 

the technology (Practical Action, no date). 

The water pumping station is also capable of 

repeating the process a large number of times 

before causing damage to the plant. 

(energystoragenews.com, 2010) 

The suitable sites needed for good performance for 

the water pumping plant are hard to find in the 

UK, as significant altitude difference is required 

between the two reservoirs. Solar PV also requires 

specific land properties for optimum energy 

production. (Konrad, 2006) 

Solar technology produces renewable energy, 

for the electricity used to restore the water to the 

upper reservoir (E.ON UK, 2010). 

Storing energy from the PV panels in the water 

pumping plant requires high investment cost. Due 

to expensive building materials (large amounts of 

concrete) and equipment (pumps and turbines), as 

well as laying pipelines for transmission.  

If renewable PV electricity (needed to move the 

water) is used, the fuel costs and so operational 

costs are significantly reduced.(Practical Action, 

no date) 

SE England has a high population density; 

therefore it would be hard to find the ideal location 

for the required size of plant. 

8.1.5 Supercapacitors 

Supercapacitors have been introduced in the inception report (Adesilu et al., 2010), and are further 

considered in this section as an electricity storage method. Initial research suggested that in 

comparison to batteries supercapacitors generally have lower energy densities and higher power 
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densities. The advantages are well documented; they have fast discharge and are highly efficient, 

generally 95% (Wikipedia, 2011), due to the nature of their operation. Refer to inception. But 

what is the requirement in this PV application and how do supercapcitors compare to batteries 

cost wise? Drawing on the information found in the energy demand section for a village of 2,000 

people, 12MWh/day are required. As an initial rule in the simple design of storage for a PV 

system, the storage system should be sized to handle three days worth of power (Brown, no date). 

 

Figure 24: Comparison of Electrical Storage Technologies (Schoenung and Hassenzahl, 2003) 

As a result of this requirement the supercapacitors need to store at least 36MWh/(3days). A 

typical price of $50-100 for an 8kJ system is quoted by Schoenung and Hassenzahl of Sandia 

National Laboratories (2003, p.26), which they state is equal to $45,000/kWh. Given the cost 

reductions inherent in mass production, this could be reduced to $25,000/kWh. With the addition 

of a further 20% for packaging, protection and interconnections this can rise to $30,000/kWh 

(Schoenung and Hassenzahl, 2003, p.26) or £23,000 (US Inflation Calculator, 2011, kurs24.com, 

2011). The small energy per unit means many units need to be paralleled to achieve high enough 

demands. 

Doing a simple calculation ($30,000/kWh * 36MWh/(3days)) results in a system cost of 

$1,080,000,000. This extremely high cost results from attempting to use the supercapacitor 

beyond its scope. For power usage cost (see column on Power Related Cost in Figure 24) it is 

clear that the costs are a lot more comparable to batteries. The use of supercapacitors for storage 

is therefore not considered further in this study.  

8.2 Remaining Opportunities 

8.2.1 Green Tariffs  

If there is not enough energy produced by the solar technology (PV panels) to meet the household 

demand, the excess electricity required can be purchased by the consumer from the usual energy 

Comment [c9]: Have you ref’d in there this 95% 

Comment [c10]: Ref? 

Comment [c11]: You haven’t said where this 
comes from…. 
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suppliers. The tariff agreed with the energy suppliers can be a 'green tariff', where the energy 

supplied is sourced from different renewable technologies across the UK.  

Several companies offer green tariffs supplied by a small proportion of renewable sources for 

example; nPower's Juice tariff at 5% renewable, British Gas Future Energy at 6.6% and EDF 

Energy Green tariff at 6.9% (Green Energy Supply Certification Scheme, 2010a). The green tariff 

supplied by Good Energy has 100% of energy sourced from renewable sources; wind, water and 

solar energy (Good Energy, 2011).The 'Good Energy' organisation is certified under the green 

energy certified scheme (Good Energy, 2010).  

 

A green energy tariff is one in which the energy supplier commits to supplying the national grid 

with a proportion of renewable energies. Unfortunately, it cannot be guaranteed that the electricity 

received from the national grid, by the customer purchasing such a tariff, is from renewable 

energy sources. Consumers purchasing their energy from green energy tariffs support the 

companies in supplying renewable energies to the national grid. 

 

The green energy certification scheme is supported by Ofgem, but works independently to ensure 

that consumers buying a green electricity tariff are assured that this energy makes a 'real, 

measurable environmental difference' (Green Energy Supply Certification Scheme, 2010b), 

validating the energy supplier's claims for sourcing renewable energy.  

 

Although using green tariffs does not directly provide consumers with solar energy, it allows 

more energy users to participate in buying renewable energies without having to invest in new 

technologies. This method works as an indirect way to help reduce the impact of fossil fuels on 

the environment, by increasing the proportion of renewable energies supplying the UK energy 

market.  

8.2.2 Investment Free Solar Panels 

Installing solar PV panels on a property utilises the feed in tariff provided by the government. The 

initial investment to purchase and install the panels can be high and some people may not want to, 

or be able to, put forward this initial investment. Therefore companies have been established so 

that homeowners can have the usual benefit from the PV panels (i.e. reduced electricity bills) 

(Vaughan A, 2010 ).with no initial cost.  

The companies installing free panels, A Shade Greener (A Shade Greener, no date) Homesun 

(HomeSun Limited, no date) and ISIS (ISIS solar, 2010) , are able to offer this as the money 

earned from the feed in tariff over 25 years is greater than the cost of the panels, installation and 

maintenance. The FIT is registered to the company collecting the tariff, which would receive a 

good profit after several years (see Table 11). The greatest tariff rate available is based on an 
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individual property, of system size smaller than 4kW (Feed-In Tariffs Ltd., no date-h), therefore 

the free panels are provided in one size only for each property in order to qualify for the 

maximum payment rate. The systems are designed to reduce the homeowner's energy bill. 

However, when the panels are not generating enough energy (at night, during the snow, more 

energy is being used than made etc.) the electricity required is purchased from the grid in the 

usual way. If the homeowner has any excess energy, produced from the solar panels, this is sold 

back to the grid and the company benefits from the export tariff.  

The systems installed by, A Shade Greener (A Shade Greener, no date) are the same size 

regardless of the requirements of the homeowner. The roof conditions specified by the company, 

to be eligible for the scheme are; no overshadowing at anytime of the year and the roof must be 

strong enough and within 30degrees of due south (Osbourne M and Hughes E, 2010) for the 18 

Monocrystalline PV panels. As a larger organisation, they can benefit from cheaper purchase 

prices for the panels (Osbourne M and Hughes E, 2010). However, as with other installations, the 

solar inverter needs replacing every 10-15 years, costing £1,500 (Osbourne M and Hughes E, 

2010), affecting the overall installation profit. The following summarises the financial benefit to 

the company when installing these systems. The FIT rates used are; generation tariff of 

41.3p/kWh and export tariff of 3p/kWh (Feed-In Tariffs Ltd., no date-c)  

Size 

(kW) 

Generated  

Energy 

(kWh/yr) 

Generation 

Tariff   

(25 yr) 

Export 

Tariff  

(25 yr) 

Total FIT 

(25 yr) 

Area 

(m
2
) 

Cost 
Profit 

(25 yr) 

3.3 2800 £28,910 £2,100 £31,010 24 £10,000 £21,000 

Table 11: Summary of the system offered by A Shade Greener, and their expected financial gain (A Shade 

Greener, no date)  

British Gas currently offers the 'free solar panels' scheme known as 'Rent your Roof', providing 

two sizes of PV panels onto the property roof providing it meets the optimum roof conditions 

(direction, shade cover and strength). However, this is only available for a short while longer, 

until the 31st October 2010 (British Gas, no date-b). Energy can be generated and this renewable 

energy used by the property in an effort to reduce energy bills, British Gas will collect this FIT. 

The installation offered by British gas usually costs £14,052.15 (British Gas, no date-a) ,although 

is installed free of charge.  

The two systems offered are described below (British Gas, no date-a), these systems are below 

4kW and would receive the maximum generation tariff of 41.3p/kWh.   

 
Area 

(m
2
) 

Size  

(kW) 

Generated  

Energy 

(kWh/yr) 

Generation 

Tariff   

(25 yr) 

Export 

Tariff  

(25 yr) 

Total FIT 

(25 yr) 

1 20.0 2.52 2142 £22,116.15 £1,606.50 £23,722.65 

2 23.8 3.15 2678 £27,650.35 £2,008.50 £29,658.85 
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Table 12: Summary of the system and offered by British Gas, and their expected financial gain (British Gas, 

no date-a) 

Providing any additional systems installed do not affect the capacity of the PVs (such as 

generating shade) solar thermal technologies (such as evacuated solar tubes) can be incorporated 

onto the roof. As the PV panels use 24m2 any remaining roof space could be used for increased 

renewable energy generation. This would allow the property to benefit from the typical 

advantages of solar thermal technologies (as well as the PVs) and claim the renewable heat 

incentive (RHI) making installing the technology more affordable to incorporate.  

These schemes for investment-free PVs allow the consumer to benefit from solar power and 

reduced energy bills without the need for extensive capital,. However it is more financially 

beneficial for a homeowner to purchase the system and retain the FIT, as it is a good investment 

expecting return for a guaranteed 25 years. However, if the level of investment is simply not 

suitable/affordable for the consumer, the method of giving up the FIT to a company who takes on 

the burden of the capital investment is highly beneficial. It provides consumers with the 

opportunity to increase energy savings and work towards further integration and use of cleaner, 

renewable technologies within the UK.  

Employing this scheme experiences the same benefits as regular PV investments (AS 

DESCRIBED IN SECTION ###). The advantages specific to this free panels scheme are shown 

in the following.  
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Homeowner 

 The benefits of solar panels on the property are experienced by the homeowner at no cost 

to the consumer for the lifetime of the panels. (Costs include purchasing, installation, 

maintenance and operation) (2) 

 Damages to the roof during installation are recovered by the company’s insurance (2)  

 Appliances of heavy electrical load can be staggered, and timed so when used throughout 

daylight hours, the cost of purchasing energy can be significantly reduced. (2) 

 As for any other PV owner, if changes in the FIT cause the company to breach the 

contract with the homeowner, compensation may be provided by the government. 

 The PV panels are left on the roof after the specified 25 year, allowing the homeowner to 

benefit from future energy bill savings, although will be subject to removal costs in future 

(1) 

 Roofs which do not meet the company’s specifications will not be eligible for free panel 

installations. A Shade Greener and Homesun require a roof free from shade and the roof 

direction facing within 30 degrees of south. (2)(3) 

 Typically the free solar panel companies offer one or two systems sized ≤4kW for 

maximum FIT, this would not supply the entire requirements of a household (Table 11, 

Table 12). 

Government 

 Utilising the free panels to generate electricity allows people to invest in less expensive 

solar thermal technologies (such as EST). Receiving the additional RHI means 

homeowners will be motivated to maintain and improve property efficiency.  

 More individuals contribute to the UK renewable energies target, so working to reduce the 

impact on fossil fuels on the environment. 

 Involving the community raises the awareness of the benefits of renewable energy, and 

generating the energy locally promotes interest in sustainable energy culture.  

 The proportion of the national grid framework comprised of renewable energies is 

increased as the number of renewable energy generation systems increases.  

 

Homeowner and Government 

 Generating local renewable energies becomes available to more people, independent of 

their financial background. 

 The company employs an approved MCS installer, and electrical certification is provided, 

which ensures system integrity and all EHS standards are met. 



 Large Scale Solar Energy Complex Group 2 
 

Research Pg 64 of 170  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(1) (Hughes, 2010) 

(2) (A Shade Greener, no date) 

(3) (HomeSun Ltd., 2010) 

 

 

8.2.3 PV 

PV cells have been discussed in detail in the Inception Report (Adesilu et al., 2010). See Section 

XX for more detail on factors affecting PV performance. 

 

 

 

 
 

Company 

 The feed in tariff is not received by the property owner, but the company owning 

the panels. Once the investment is paid back, this earns the company profit (approx 

£20,000 (see Table 12)) 

 The companies own the solar panels, and do not allow the homeowner to purchase 

the panels; therefore the FIT income is contracted to the company for the life of 

the FIT (25years).
(2)

 

 The property is registered with these solar panels, therefore if the property is sold; 

the panels must stay with the house, and contract taken up with the new owner.  

 The free systems offered are not typically tailored for the specific households, but 

the average requirements, therefore receiving maximum tariff for the standardised 

unit.  

Homeowner and Company 

 Only a few days are needed to fit the panels, minimising inconvenience to the 

consumer. This also means energy can be generated on the same day as installation. 
(2)

 

 The system performance is monitored remotely, homeowner-company appointments 

for maintenance are only needed when the system is working at less than optimum 

conditions (minimising inconvenience to the homeowner) 
(2)

. 
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8.2.4 Rechargeable Battery Technologies 

 
Figure 25: Rechargeable Battery Action (Much Simplified) (Woodbank Communications Ltd., 2005a) 

Figure 25 depicts simplified operation of a rechargeable battery. The battery industry is vast; to 

attempt to present all the technologies is impractical and beyond the scope of this section. The 

three technologies discussed below were chosen for a particular reason. Lead Acid battery 

technology is considered as an industry all round favourite; it was the first of the rechargeable 

technologies to be developed and is still the most recognised throughout industry applications. 

The second, NiCd, represented an improvement in the recharging technology offering that little 

bit more in terms of specific energy and specific power at the expense of capital and operating 

costs. NiCd batteries were widely used until the technology was subject to health and safety 

concerns. The third, Li-ion, is seen as the future of rechargeable batteries with the current 

drawback of expense which is forecasted to decrease year on year and become more competitive 

in price ref to graph.  

 

Figure 26: Forecast for the price of lithium batteries (Sufiy, 2011) 
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Further technologies that were considered are highlighted in table () which shows an overall 

comparison. 

 
Lead Acid  

 

Figure 27: Lead Acid Battery Diagram (REUK, 2011a) 

Lead acid batteries were the first of the rechargeable batteries; invented in 1859. These consist of 

a lead-dioxide cathode, a spongy metallic lead anode and a sulphuric acid electrolyte. The main 

advantages of this battery are its robust nature and a proven track record of over 100 years of 

industry use. It is reliable, with most applications exceeding their expected lifetime. It can be 

trickle charged (Refer to section X on charging methods) for long periods which simplifies the 

charging circuitry, reduces capital costs and lowers the risk of explosion and damage. It is a low 

cost technology; currently still the cheapest of all rechargeable batteries. It is manufactured 

worldwide, making it easily accessible no matter the location of operation. It is also available in a 

wide range of sizes and capacities, which improves its applicability to different systems 

(Woodbank Communications Ltd., 2005b). 

 

The main disadvantage is that it is generally heavy and takes up lots of space; this could be a 

problem where footprint greatly affects the cost of the system. 

 

There are also a few battery phenomena which lead acid batteries may be subjected to, these are 

the following:  

 Gassing is the result of excessive charging: The electrolyte releases gasses which, in lead-

acid batteries are hydrogen and oxygen. On a large scale the release of these gases can 

cause explosions. 

 Shedding  is when holes develop in the plates and bits of lead appear at the bottom of the 

cell this effect occurs when the battery is charged too quickly or cycled excessively. This 

reduces the lifetime of the battery.  
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 Sulphating is the increase of internal resistance of the battery as a result of lead sulphate 

crystals being formed. The crystals may cause distortion and shorting of plates. The effect 

is as a result of batteries being left in a discharged state for long periods of time. 

Based on the Lead Acid technology a variety of other batteries have been developed to improve 

the technology, some designs solve a variety of the problems mentioned above. They are 

generally based around the use of VRLA (Valve Regulated Lead Acid) batteries: This is a type of 

battery which uses pressure valves to replace the vent caps on typical lead acid batteries making 

for a much more robust system. They also have a specially designed electrolyte zone which 

reduces gassing through a recombination process. For these reason they significantly reduce 

maintenance requirements and cost and do not require regular addition of water to the cells. AGM 

(Absorbed Glass Mat Battery)/ Gel Cell types are different forms of VRLA batteries. Deep Cycle 

Batteries are batteries specifically designed to operate at low DOD values.  

 

Nickel Cadmium and Nickel Metal Hydride 

The nickel cadmium battery is a 

technology which was invented in 

1899 (40 years after Lead Acid), but 

market production only developed in 

the 1960s. It consists of nickel 

hydroxide Ni (OOH) as the cathode, 

cadmium as the anode and a potassium 

hydroxide (KOH) electrolyte.  

The advantages of this technology are; 

low internal resistance, toleration of 

deep discharges mean more of the 

rated capacity can be used. It's largely 

available as it has been (produced and) 

used worldwide. Additionally, the sealed version can be stored in any state without the effect of 

sulphating as discussed in the lead acid section.  

 

The main disadvantage of this technology is that it is known to suffer from the memory effect. 

The memory effect is the act of remembering a previous state of charge when constantly 

recharging before being fully discharged. This causes a gradual decrease in the energy capacity of 

the battery, thus allowing it to store less energy with each charging and discharging cycle. To 

reduce this effect the applications which use these batteries must include a reconditioning circuit. 

Reconditioning is the act of fully discharging the battery after a period of time, and can 

sometimes involve switching batteries during use, requiring a backup circuitry. This means extra 

 
Figure 28: Nickel Cadmium Battery Diagram (Battery 

Association of Japan, 2004) 
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batteries will be required and extra expenses/complexity experienced with the charging 

mechanism. Another disadvantage of this battery is the proposed EU ban on the use of cadmium, 

making any long term investment risky. Cadmium is considered a potential environmental hazard 

and is part of the Restriction on Hazardous Substances (RoHS) directive. This currently bans the 

use of cadmium in electrical and electronic components with some exemptions.  

 

NiMH (Nickel Metal Hydride) is an almost identical technology to NiCd the only difference is 

hydrogen is used as the element in the anode. This has eradicated the primary HSE concern it also 

has improved energy density by 50% in comparison to NiCd, and has also reduced the memory 

effect in comparison. Prices are presently similar to NiCd, and it is seen as a direct replacement 

for many of the applications which use NiCd (ENDS Europe, 2010).  

 
Lithium  

Lithium battery technology was introduced 

in the 1970s, the lithium element is ideal 

because of its light nature so light that it 

actually floats on water. This makes for light 

batteries. While there are many forms of 

Lithium batteries, such as Lithium 

Manganese, Lithium Cobalt, Lithium Nickel, 

Lithium (NCM) Nickel Cobalt Manganese, 

Lithium Iron Phosphate etc. the following 

discussion focuses on the most commonly 

used Lithium battery in the industry which is 

Lithium ion. The reader can refer to 

(Woodbank Communications Ltd., 2005b) 

for more details. Lithium-ion batteries consist of a lithium cobalt dioxide cathode, a carbon anode 

and a lithium salt electrolyte. It is generally seen as the future of battery technology and is 

currently used in a number of portable applications such as laptops and mobile phones. The 

advantages of this battery are exhaustive and include the following: very high energy and power 

densities because of its light nature, in general four times that of lead acid, can be discharged at 

high rates, can be deep cycled, cycled to DOD values of 80%, has low self discharge rate 

improving the efficiency, immunity from leaking as it has a solid electrolyte rather than liquid, 

does not suffer from memory effect, as a result does not require reconditioning. The main 

disadvantage and key drawback which is holding this technology from a stronger market position 

is cost. This is changing the project reduction in cost shown in figure x, making the technology 

more competitive each year.  

 

Figure 29: Lithium Ion Battery Diagram (Battery 

Association of Japan, 2004) 
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Other Battery Types 

The area variety other batteries such as; Nickel Iron (NiFe), Nickel Hydrogen (Ni-H2), Redox 

Batteries, Silver Oxide these are compared in the table below.  
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Battery Charging  

Battery charging is a key issue when considering which battery technologies to use. The charging 

is usually accomplished by a particular module or unit designed for that purpose. In addition to 

charging, the charger has to stabilise (control the charge rate) and terminate charging when the 

battery is fully charged. Described below are some of the considerations that were made before 

choosing both the charger and the technology.  

 

Charge Rates  

Batteries are charged at different rates usually expressed as a fraction of C, where C is the 

nominal capacity of a battery in (ampere-hours), for example if a battery is rated 50Ah charging it 

at a rate of C would be an equivalent charge current of 50 amps. Anything between 1C- 0.3C is 

usually considered quick charging. Slow charge is around 0.1C. Trickle charge (see above for 

definition) is considered around or below 0.01C. Increasing the charging rate generally increases 

the risk of overcharging and overheating, but it gives the user faster results. Lithium/NiMH 

batteries do not tolerate overcharging; more safety measures should be in place with these types of 

batteries such as lithium ion protection circuits (batteryfacts.co.uk, no date) Lithium ion batteries 

are not normally sold without protection circuits but this generally adds to the cost compared to 

other batteries. NiCd/ Sealed Lead Acid batteries due their recombination process can be left on 

trickle charge rates for prolonged periods of time. 

 

Charging Methods 

Several methods of charging batteries are discussed below. 

 Constant Voltage Charging; using this method the battery is charged by applying a 

constant voltage between the terminals. Charging is complete when the current continues 

to be stable for a few hours.  

 Constant Current Charging; in this method a constant current is applied to the battery. 

Charging is complete when the voltage reaches the level of full charge.  

 MPPT Charging; in this method the current is varied to match the peak power of the input, 

this method is the most ideal for PV systems as the power output is constantly changing 

(Reddy, 2009). This can improve efficiencies from 70% to up to 97%. 

 Trickle Charging compensates for self-discharge of a battery. This method is sometimes 

called long term constant current charging. Most systems which use the above three 

charging methods also have a trickle charge phase, if the battery technology permits 

trickle charging. To avoid damage to a battery trickle charging is normally done at a very 

low rate e.g. <C/100  

 



 Large Scale Solar Energy Complex Group 2 
 

Research Pg 72 of 170  

The need to consider Storage 

Research throughout this report has suggested that as a storage medium for electrical energy, in a 

PV application of this size, batteries still present the cheapest option per unit energy. The question 

is why there is a need for storage at all, where there is an available national grid. Also what is the 

best battery to use for the applications in question? In brief, a system which incorporates the use 

of the national grid and its transmission lines is known as a grid-tied system. In a solely grid-tied 

solar system, where there is no storage mechanism such as batteries, in order to satisfy the entire 

energy demand, some energy will have to be bought from the grid. As a consumer of energy the 

particular rate we buy energy can vary based on the following; the energy supplier we use; the 

time we use that energy day/night; the amount of energy we use etc. In this same system we can 

sell the excess energy produced back to the grid at a defined rate of 3p/kWh. From a cost 

perspective if the rate at which we buy energy from the grid is cheaper than the levelised cost of 

storing the energy in batteries for use at a later date, then the use of the grid is clearly the cheapest 

option. But there are other factors involved; one being the risk to the unexpected changes in the 

price of electricity.  

 

A scheme that heavily depends on the price of electricity, such as a solely grid-tied system will 

suffer in market difficulties. Another factor is the risk of grid overloading and the subsequent 

impact this could have on costing. Grid overloading is one of the technical phenomena which puts 

a damper on the use of solar grid-tied systems as a replacement for your current electricity 

generation systems, on a national scale. A recent article by Stephan Kohler, an energy advisor to 

the German government, expresses some of these concerns. He warns that surges from solar 

power could take down power grids (Daily Mail Reporter, 2010). The problem arises because of 

the nature of solar energy; at a particular moment in time more energy is produced than is 

required (e.g. at midday in summer), likewise at different moments in time more demand exists 

than energy produced (e.g. at supper time in winter). On a national scale, without the use of 

storage, this problem is multiplied, rather than eradicated, as numerous solar farms experiencing 

high sunshine and routing this power straight to the grid could overload it. It is difficult to 

estimate the impact this problem will eventually have on a farm, but it is fair to assume it will be 

negative. This could be through the government introducing legislations, increasing costs or 

reducing tariff benefits.  

 

In contrast to this is an off-grid system known as a standalone system. This type of system 

incorporates the use of storage; when there is excess energy this is stored in a medium such as 

batteries for example. When there is little generation or when the energy demand exceeds the 

energy supply, the stored energy is then used to supplement or fully supply the demand. The 

advantage of this system is the energy is free running, and thus once initial capital is invested 
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there is little change or effect to the model during its lifetime because there is no purchase of 

electricity. The disadvantage in a fully off-grid, battery dependent system for this PV application, 

is that the storage medium has to be overdesigned such that it provides the demand in the winter. 

This can be very expensive and in some cases unachievable. The section on System Integration 

(see Section XX p XX) analyses these cases in depth in order to determine the most cost effective 

scenario.  

8.2.5 GSHP 

Ground Sourced Heat Pumps have become increasingly popular over the last decade as a rise in 

traditional energy prices and a move towards more sustainable energy culture forces us to look 

into alternative energy sources. Ground sourced heating systems use the heat found within the 

relatively shallow depths of the earth's surface to provide space heating and hot water for our 

homes, utilising a heat pump to upgrade the temperature.  

 

Figure 30: Horizontal and Vertical Closed CSHP Loops (2010) 

The temperature of the ground at shallow depths (less than 50m below surface/sea level) can be 

seen to follow a trend set by the ambient air temperature. This means that the temperature varies 

dramatically throughout the year at the very shallowest depths, and the effect the air temperature 

has on the ground temperature decreases as the depth increases. As the depth increases the 

temperature of the ground becomes more stable because the ground is insulated from the effect of 

air temperature by the soil above.  
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Figure 31: Seasonal and Depth Related Temperature Variations within the Earth (Banks, 2008) 

 

As can be seen from Figure 31, the temperature of the relatively shallow subsurface is largely 

controlled by the annual average air temperature, and the heat that is extracted by using the 

ground sourced heating system is derived from solar energy absorbed by the earth's surface. 

However there is a small portion of the heat found within the ground which is derived from the 

true geothermal heat flux, generated by the earth's core. This heat is generated due to the extreme 

pressure present in the Earth's core. This pressure is a result of the impressive gravitational 

loading on the centre point of the planet: With the full mass of the earth being held together by 

gravitational attraction at the core, much higher pressures are experienced here, than say at the 

crust, where a lesser mass of earth exerts its force .As a material's temperature increases with a 

heightened pressure, the earth's core is extremely hot. This can be expressed as the geothermal 

gradient and equates to between 1-3 °C per 100m (Banks, 2008) depth from the ground surface 

outside of any volcanically active areas. In the UK the geothermal gradient varies from 0.015 to 
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0.04 K m
-1

 (Banks, 2008) Taking an intermediate value of 0.02 K m
-1

, drilling a borehole 50m 

deep with a surface temperature of 10°C, the temperature at the bottom of the borehole would be 

11°C, with an average temperature of 10.5°C over the length of the borehole.  

 

This temperature is not significant enough to provide much useful heat, however the energy is if 

used in the right way. A temperature of 10.5°C to heat a radiator will not do much, if the ambient 

temperature is 10°C; however should the ambient temperature fall below 10°C this temperature 

difference will prove much more useful. If a working fluid at 10°C is passed through a heat pump, 

then the heat pump will upgrade that heat to a higher temperature, which will more effectively 

heat the house, as described in detail below. 

 

Ground source heating systems are comprised of three sections: First is the heat collection or the 

ground loops, second the heat pump and third the heating circuits. There are a number of ground 

loops that are available to use but all work on the principal of extracting the heat of the ground 

into a working fluid (via a temperature gradient) and delivering this "heat in a liquid medium" to 

the heat pump. Ground loops can be split into two distinct areas; open and closed loops. Open 

loop is where water is extracted from a source and passed through the heat pump before being 

discharged. The source can be an underground aquifer, well, lake or river. Open loops in the UK 

require an abstraction license (to remove water from an underground source) from the 

Environment Agency which has to be renewed after a set time period  (The Environment Agency, 

2010). Because of this legislative requirement open loops are rarely used for domestic ground 

sourced heating systems. 

 

Closed Loops can be split into two distinct systems, direct and indirect circulation systems. Direct 

circulation systems are where the heat pump refrigerant is circulated into the sub-surface in a 

closed loop, normally constructed of copper pipe (The Environment Agency, 2010). This practice 

is becoming less and less popular however with installers due to the fact that a refrigerant is 

circulated though the ground, and many refrigerants contains fluorocarbons, which are generally 

considered harmful to the environment if leaked into the ground or air. To avoid circulating the 

refrigerant directly in the ground, a carrier fluid can be used in the ground loop which will pass 

through a heat exchanger in the heat pump. The carrier fluid is typically an antifreeze solution 

using, in most cases, ethylene glycol, ethanol or salt (Banks, 2008). These systems are called 

indirect circulating systems. A refrigerant is still used in the heat pump to provide effective heat 

transfer.  
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Figure 32: Diagram of Direct and Indirect Circulating Systems (Geo-Pro Design, 2009) 

 

 

Figure 33: GSHP Boreholes Being Installed (Synergy Boreholes and Systems Ltd., 2011) 

The type of ground loop used in both direct and indirect systems is generally the same. Boreholes 

can be sunk into the ground extending hundreds of kilometres towards the earth's core. However 

these boreholes rely more on the geothermic heat rather than ground sourced heat from solar 

radiation. Consequently this collection methodology will not be considered as part of the solar 

energy feasibility study. Pipes can also be laid in shallow trenches in the ground, in straight lines 

or placed coiled like a spring (known as "slinkies") in the ground.  

Comment [c12]: If we run out of space get rid of 
this it doesn’t really add anything other than colour 
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Figure 34: "Slinky" Type Horizontal Closed Loops Being Installed (Cridland ~ Gilder, 2011) 

 

The next part of the ground sourced heating system is the heat pump. To describe a heat pump 

simply, it pumps heat, extracted from a low temperature medium, to a high temperature medium. 

Normally the media are of a liquid form. As with any pump, heat pumps require energy inputs. 

The mechanics of the heat pump use the fact that a liquid, or any substance for that matter, will 

increase in temperature when pressurised, and a decrease in temperature will occur when de-

pressured.  

 

Most, if not all, homes have a heat pump already. A fridge is simple a heat pump which is in a 

cooling mode; drawing excess heat from the cold fridge and rejecting it to the (relatively) hot 

room, thus maintaining a cold environment within the fridge. The four main parts to the heat 

pump cycle are as follows: 

 

A network of pipes in the fridge circulates a refrigerant at a low temperature. Careful 

consideration is given to the choice of fluid which boils at a temperature below 0°C, or below the 

target temperature of the fridge. As the fluid boils, it absorbs a large amount of heat from inside 

the interior of the fridge (as latent heat of vaporisation).  
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The fluid, now as a vapour, has an 

increased temperature and passes 

through a compressor which is 

powered by electricity. As the 

fluid is compressed the 

temperature rises and the 

compressed vapour emerges at a 

higher temperature. 

The vapour now passes through 

another heat exchanger to shed 

the heat to another medium. In the 

fridge analogy, this is the radiator 

grill on the back of the fridge. In a 

ground sourced heating system, 

the heat will be transferred to a heating system circulating fluid round a house. As the vapour 

sheds its heat, it will start to condense back into a liquid, shedding yet more heat as it changes 

state.  

The cycle is completed by passing through an expansion valve, reducing the pressure and yet 

again shedding more heat and the cycle is completed.  

Careful consideration must be given to the circulating fluid in order to choose one which has an 

appropriate specific heat capacity and boiling point tailored to the operating temperatures and 

pressures of the heat pump. Consideration should also be given to the environmental impact of the 

fluids. Many heat pumps and fridges used CFCs (Chlorofluorocarbons) until recently when it 

became apparent that they were leading to a destruction of the ozone layer and increasing the 

effects of global warming: As can be seen from Figure 36, extracted from the IChemE 

Sustainability Metrics' spreadsheets, CFCs, perflurocarbons and hydroflurocarbons (highlighted 

blue) have a global warming potency between 110 and 11700 times higher than CO2. 

 

Figure 35: Heat Pump Diagram (The Encyclopedia of Alternative 

Energy and Sustainable Living, no date-a) 
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Figure 36: Environmental Burdens for Emissions to Air (IChemE, no date) 

The third part of the ground sourced heating system is the heating circuit. This is comprised of the 

radiators, hot air ventilation, or wet under-floor heating systems within the property. The smaller 

the temperature difference is between the input fluid and output fluid (or ground collector and 

heating circuit fluid), the better the efficiency of the heat pump, thus for this reason ground 

sourced heating systems are more efficient when using low temperature heating systems such as 

wet (water based) under-floor heating. In this study the heating circuits have not been designed or 

costed as every new build or existing household would have to install or already have installed a 

heating system. To connect an existing heating system to a ground sourced heat pump requires 

little modification to the existing system, except for extending the feed and return pipes, and 

installing a small buffer tank, the latter of which has been costed. 

 

Ground sourced heating systems qualify for the renewable heat incentive (RHI). The heating 

system has to be installed by a qualified installer and will earn varying amounts of money over 

different life times according to the size of the system installed. See section # on the renewable 

heat incentive for more information. Thus it has the capacity to both save money on heating bills, 

and earn money from the RHI, making it more financially beneficial than would be the case if the 

RHI were not in place. A scenario where the RHI does not exist is also considered in order to 

determine whether the government incentive is essential for financial feasibility. 

 

Comment [c13]: Must be a date, I’ll find it 
somewhere 
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8.2.6 Solar Thermal Hot Water 

Domestic hot water makes up a significant proportion of the energy requirements of any house 

(see appendix XX), accounting for an average of 23% of the gas consumption for a UK house. It 

is therefore well worth investigating whether solar energy can feasibly contribute to reducing this 

energy requirement in order to save money and fuel and consequently lower carbon footprints. 

A typical domestic solar thermal system comprises of: a hot water cylinder with a solar heating 

coil and a secondary heat coil or element; a solar collector; a control system comprising of sensors, 

actuators and control unit; an expansion vessel and a pressure gauge. Figure 37 shows such a 

system. 

 

Figure 37: Solar thermal system diagram (ecoarc, 2005). 

The controller can be programmed to activate the solar circuit at any given temperature difference 

between the cylinder and the collector, usually 5°C or more. 

Solar thermal systems can be divided into three main commercial areas: flat plate collectors, 

evacuated solar tube collectors and integrated tank systems. Flat plate collectors consist of pipes 

running through an insulated box with one side made of glass to allow light to penetrate, see 

Figure 38 below. The heat transfer fluid then passes through a coil in the hot water cylinder and 

then returns to the collector. They are the simplest of the three designs. 
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Figure 38: Schematic of a flat plate collector (Geo Group, 2010). 

The pipes that run through the solar collector can either run parallel through the collector as above, 

which is known as a harp configuration, or wind through the collector. Due to their simplicity 

home-made solar thermal systems often incorporate flat plate collectors, although they are not 

likely to perform as well as manufactured collectors. The absorber plates are painted black in 

order to absorb the maximum amount of solar radiation. Most coatings claim to absorb over 90% 

of the solar energy; galvanically applied coatings such as black chrome, black nickel and 

aluminium oxide give the best performance and of these, black nickel above all. Titanium-nitride-

oxide is a newer development in coatings and stands out not because of its thermal performance 

but because its production has a relatively low carbon footprint.  

Evacuated solar tubes are, especially in recent years, far more common than flat plate collectors 

due to a number of advantages they hold over flat plate collectors, as shown in Table 14 below. 

The collectors in this system are modular and most commonly consist of two tubes with a vacuum 

in between, as shown in Figure 39. Convection and conduction heat loss is eliminated by 

evacuated the air in each tube to 10-5mbar. Inside the inner tube is then a metal collector with fins 

which contain a heat transfer fluid in its core. These fins have high-absorption coatings similar to 

those mentioned above, but most commonly aluminium nitride-aluminium (Al-N-Al) is used. At 

the top of the collector the thermal energy is transferred to a circuit of water which then runs 

through a coil in the main water tank before returning to the collector similar to the process of the 

flat plate collector. Such a system is illustrated in Figure 37. 
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Figure 39: Diagram of a single evacuated tube (Navitron, no date a). kindly provided by Navitron Ltd. 

Integrated tank collectors use evacuated tubes in their design but differ in the fact that their 

storage tank is directly heated by the collectors rather than by an intermediate medium (see Figure 

40). This makes the system heavier and so is rarely found on domestic sloping roofs. They are 

more commonly used at ground level or on the flat roofs of larger buildings. The system is 

completely passive, relying on the density change of the heated water to circulate itself to and 

from the storage tank and tubes. This makes it ideal for off-grid applications as it does not require 

a pump. 

 

Figure 40: An example of an integrated tank collector (Navitron, no date b). 
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Each system works on the same principle of maximising radiation absorption, whilst minimising 

losses from convection and conduction (similar to a thermos flask). There are advantages and 

disadvantages associated with each system which are summarised in the Table 14 below. 

Table 14: Comparison of the advantages and disadvantages of the different domestic solar thermal systems. 

Thermal System Advantages Disadvantages 

Flat Plate 9 Higher efficiency in terms of 

gross area 

10 Simpler 

11 The technology is more 

established 

12 Does not require planning 

permission 

13 Does not track the sun 

14 Non-modular 

15 Poor performance in winter 

months 

16 Has to be installed at the 

angle of the roof 

Evacuated Solar 

Tube 
 Tracks the sun 

 Utilises direct and diffused light 

 Modular design 

 High efficiency 

 Low conduction losses 

 Easy to install 

 Does not require planning 

permission 

 Complex design 

 Less established than flat 

plate collectors 

 Has to be installed at more 

or less the angle of the roof 

Integrated tank 

panels 
 Aimed at flat roofs/land 

 Can be setup at optimum angle 

rather than the angle of the roof 

 Passive circulation system 

therefore ideal for an off-grid 

system  

 Requires planning 

permission 

 Heavier 

 

Of the above three technologies considered, integrated tank panels are the least suitable for 

development in a UK scheme because they require planning permission and do not have any 

further advantages to outweigh this disadvantage. For this reason further study into their 

feasibility shall not be conducted. Evacuated solar tubes appear the most feasible out of the 

remaining two choices but flat plate collectors will not be ruled out at this stage. 

 

Under the current Renewable Heat Incentive scheme (discussed in more detail in section <>) all 

solar thermal collectors qualify for the highest rate of 14.4p/kW.h, which is guaranteed for 20 

years. 

Both evacuated solar tubes and flat plate collectors are considered 'maintenance free' as the only 

moving part is a standard central heating pump. For the purpose of the financial calculations in 

this report it will be assumed that the pump will be replaced every ten years. Evacuated solar 

tubes, being modular, are easily replaced if one should break and only cost around £25 to replace 

(Navitron, 2010c). This however very rarely happens due to the strength of the glass. What has 

been found to happen is that most failures occur in either transit, installation or in the first year of 

operation. The first two instances would usually be down to poorly followed handling procedures 
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and the last due to imperfect tubes failing after an annual heat cycle. Damages during transit and 

installation would be covered by the installer (therefore an additional risk to those considering 

DIY installation) and the manufacturer's warranty would cover the latter as most tubes have at 

least a five year warranty (Navitron Ltd., no date-b). 

Both systems are easy to install, especially the evacuated solar tube collectors as the tubes can be 

taken up to the roof in small numbers rather than the whole collector in one go as with the flat 

plate collector. Installation of evacuated solar tube collectors can be performed by an experienced 

DIYer but if carried out by a certified installer can take 20 or 35 man-hours depending on whether 

a new water cylinder is required.  

Payback for domestic solar thermal systems range from as quickly as 3 years up to 15 years 

(Eccleston, 2007) and costs vary from around £2,500 to £4,500 for a full system (Navitron Ltd., 

no date-a). Taking all the above into account solar thermal systems are a promising choice for the 

implementation of solar power and will be one of the technologies investigated further. 
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179 System Design 

17.19.1 GSHP 

The design of ground sourced heating systems starts with calculating the heating demand of the 

building to be heated. Temperature data was collected as described in section #. An average sized 

house, as detailed in Table 15 below, was designed and data obtained for the coefficient of heat 

transmission, U value, was obtained from Diydata.com (2010). The floor area of a home has been 

calculated by taking the total area of domestic buildings in England (Office For National Statistics, 

2007) and dividing it by the total number of households in the UK (National Statistics, 2001). The 

height of buildings have been measured on a number of buildings in the south east, with the area 

of windows, doors and roofs being calculated from these values. The following table displays the 

area and U values for the various surfaces for each home. 

 

 Area m
2
 U value Wm

-2
 k

-1
 

External Walls 200 0.6 

Windows 15 1.7 

Floors 64 0.7 

Roof 75 0.3 

Doors 4 1.7 

Table 15: Thermal U Vales and Areas for the Building Model (Diy Data, 2010)  

Time Heating on? Temp (°C) 

00:00 No 13 

01:00 No 13 

02:00 No 13 

03:00 No 13 

04:00 No 13 

05:00 No 13 

06:00 Yes 20 

07:00 Yes 20 

08:00 No 13 

09:00 No 13 

10:00 No 13 

11:00 No 13 

12:00 No 13 

13:00 No 13 

14:00 No 13 
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15:00 No 13 

16:00 No 13 

17:00 Yes 20 

18:00 Yes 20 

19:00 Yes 20 

20:00 Yes 20 

21:00 Yes 20 

22:00 No 13 

23:00 No 13 

Table 16: Times and Temperatures the 

Heating System is Designed Around 

 

 

The heating system was designed to heat the building to the temperatures and the times in Table 

16 above. The model was constructed to take into account the temperature loss of the building due 

to the temperature gradient between the internal house and external ambient values. The model 

uses ambient temperature data collected as described in section #  

 

The model, output of which can be found on the attached CD appendix # uses three different 

heating modes to calculate the demands: The first mode is when the heating system is maintaining 

a minimum temperature of 13°C, the second heating mode is when the heating system is 

increasing the internal temperature to the higher 20°C, and then third and final heating mode is 

when the heating system is maintaining the temperature at 20°C. All the time the building will be 

trying to equalise the internal temperature with the external temperature. The heat loss through the 

building materials is calculated from the area and U values given in Table 15, multiplied by the 

difference in temperature between the internal and external temperature (Q=UAΔT)(Plumbing 

Pages, 2010). In heating modes 1 and 3 the heat loss of the building, calculated above, is the 

heating demand for that hour. Should the heat loss be zero or negative, which occurs when the 

external temperature is greater than or equal the internal temperature; the internal temperature will 

actually increase, and this calculation is built into the model. The model's calculation outputs a 

series of heating energy demands per hour for every day of one year. 

 

The model uses manually inserted parameters, namely; 

 Mains electricity cost and carbon (CO2) emissions 

 Gas price and carbon (CO2) emissions 

 Mains water temperature 

Field Code Changed

Field Code Changed

Field Code Changed
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 Domestic hot water tank temperature required 

 Borehole lengths, specific heat capacity 

 Heat pump co-efficient of performance (COP) 

 Costs of installing the various aspects of the systems 

 

The model has been designed to include calculations for providing domestic hot water and/or the 

space heating for the building by selecting an option from the dropdown menu on the data input 

page. The domestic hot water demand was calculated by Tom Brown in section#. The model uses 

the heating energy demand and the co-efficient of performance of the heat pump to calculate the 

electricity demand. The model then calculates the electricity required to run the heat pump, and 

the corresponding CO2 emissions. This is achieved by taking the total energy demand and 

dividing by the COP. This then provides the number of kWhs needed, and is further multiplied by 

the cost per kWh of electricity to produce the running costs of the system. The electricity demand 

is further multiplied by the carbon emissions per kWh to provide a carbon emission figure for the 

running of the system. 
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Figure 41: Heat Pump Size versus Cost Data obtained from (Greenworks Energy Ltd, 2010) 

 

The selection of a suitable heat pump comes from the maximum required heating demand of the 

building and, if applicable, domestic hot water. The maximum designed for in this property was 

6.4kWh, obtained from the output of the model. After researching available domestic heat pumps 

and comparing COP values and initial capital costs, it was decided that the NIBE range of heat 
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pumps were the most suitable for the project at hand. This is because the NIBE range of heat 

pumps provides the best value for money when compared against COPs over a range of heat 

pump manufactures NIBE are also a large producer and installer of gas boilers in the UK and thus 

many plumbers are familiar with their arrangement and service requirements.  

The average input and output temperatures of the fluid to the heat pump are set at 0°C and 35°C 

respectively the COP is approximately 4.44. For an output water temperature of 45°C, the COP 

falls to 3.55 (NIBE, 2010). An average COP of 4 will be assumed throughout the analysis, as it is 

in the middle of the COP ranges given in the heat pump specification. However it is noted that the 

COP of a heat pump changes with the varying input and output temperatures and thus the COP is 

likely to change throughout the year. Modelling the temperature variations would require analysis 

of numerous complex systems, with accurate input values costing large sums of money due to the 

precise soil testing required; hence the model has been simplified by using one value for the COP. 

A sensitivity analysis has been conducted on the variation in COP and the results can be found 

later on in this section (Table 22:). 

NIBE produces a range of heat pumps in size from 5kW up to 40kW. Above 12kW however the 

heat pumps require a three phase power supply. Therefore these heat pumps are not suitable for 

use in domestic situations due to the increased cost of installing a three phase supply. This also 

necessitates a large rise in the capital cost of the heat pump due to the larger three phase 

compressor required.  

 

Once the maximum heating demand for the installed system has been calculated, along with the 

electricity demand, the remaining portion of energy required can then be calculated by simply 

subtracting the electricity demand from the total energy demand. This then gives the amount of 

energy required to be abstracted from the ground loops. For example; if the maximum peak 

heating demand for a building is 4kW, and a heat pump with a COP of 4 is selected, 1kW of 

energy comes from the electrical supply and work of the heat pump, and the remaining 3kW of 

energy is required to be abstracted from the ground loops. 

 

As vertical boreholes require a much smaller amount of land for installation than any other 

ground collectors it was decided that vertical boreholes be used on this project. The Isle of 

Wight's ground aquifers are not warm enough for the water to be used in an open looped heat 

pump (see section xxx), and the negative impacts of installing many individual abstraction 

boreholes on the island's ground water would be dramatic. The island relies on ground aquifers as 

part of its drinking water supply and thus any reduction in the ground water could have a dramatic 

affect on the drinking water supply on the island. Therefore the remaining option is to install 

vertical closed loop boreholes as the ground collectors; consequently only vertical boreholes have 

been designed for.  

Field Code Changed
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As stated earlier in this report boreholes will be limited to a depth of fifty meters to ensure the 

energy abstracted remains solar thermal energy only. The energy required to be abstracted from 

the ground loops is 4.8kW, and the thermal abstraction rate per meter of borehole is 75W/m. 

Therefore the total length of borehole required is 4.8(kW)*1000(W/kW) / 75(W/m) resulting in a 

total length of borehole of 62.5m. This would be split between two boreholes, each to a depth of 

33m, to allow for the top 1.5m to be neglected due to reduced ground temperatures in the window 

and to allow for the pipes to be buried below ground level. Each borehole will contain a single U 

pipe made from high density polyethylene 32mm in diameter, and filled with a high thermal grout.  

 

The system has been priced based on installation into a new-build property: This is due to the ease 

and reduced cost of installing the system, and it will also ensure that all of the properties can buy 

into the system at the same time. It will also enable the designer to find out more accurately the 

heat loss of the building than would be possiable on an existing building with no plans, and it is 

easier to install insulation into buildings when it is being built opposed to retrofitting. It will also 

ensure that the optimum heating system within the house in installed: Namely low temperature 

water based under floor heating. It is much easier and cheaper to install new heating systems into 

a new-build than it is to retrofit into a building due to the fact that floors and gardens do not have 

to be taken up, old heating systems will not have to be removed etc.  

 

The major components have been priced as follows: 

Table 17: Table of Installation Costs 

Item Cost (£) 

Borehole 33m Installation 2,640 

Heat Pump 7,620 

Electrical Installation 300 

Buffer Tank 350 

Heat Pump Installation 1,800 

Total Heat Pump Installation 2,450 

Total for System 12,710 

Hot Water Tank 500 

Hot Water Tank Installation 300 

Total Additional for Hot Water 800 

 

These prices have been calculated based on discussions with a number of suppliers and installers 

of ground sourced energy systems to find an average range of prices. Consideration was given to 

ensure that the prices obtained included the same items and additional fittings, for example 
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connectors, valves etc Many suppliers believed a discount would be applicable and this ranged 

from 15% to 25% should the number of installations be in the region of 800-900, and thus a 

discount of 20% has been taken into account in the above. A sensitivity analysis was carried out 

on the capital costs of the system and the results of this can be found later in this section. 

 

As the system will be installed instead of a traditional heating system, i.e. gas boiler, the savings 

compared to traditional systems have been calculated. The two alternative heating systems which 

have been compared against the GSHP system designed here are gas and electricity. The savings 

have been calculated in a cumulative cash flow spreadsheet which can be found in Figure 42 

below. 

 

 

Figure 42: Cumulative Cash Flow Comparison of GSHP, Electric Heating and Gas Heating 

The above graph has been created using the cash flows each year compared against gas and 

electricity, with and without renewable heat incentives. Cumulative cash flow curves are then 

drawn onto the graph. The cash flows are calculated using the capital costs, any maintenance costs, 

if the renewable heat incentive is being used or not, and the cost of running the system, i.e. 

electricity input required to run the heat pump. The cash flows are then compared against the cost 

of providing the same amount of heat using gas or electric heating. The energy costs are increased 

annually inline with the expected increase in energy price of 6%.  

 

A net present value analysis was carried out on the finances. The NPV analysis does not take into 

account the increase in energy prices or inflation, and has a discount rate of 7%. The discounted 

cash flow system then calculated how much more financial gain would be achieved if the RHI 

was used as a business tool, i.e. install a system in a property, sell it with no additional cost to the 

buyer but retain the RHI payments for the installer. Another option was to, see if the cost of 

installing the system would provide a profit for the user after taking the RHI and not having to 
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pay conventional heating bills from gas or electric heating systems. Table 15 below shows that 

when using the net present value analysis, it is only feasible to make money when installing 

compared to electric heating. This has been shown below as Net Present Value improvements, i.e. 

how much money you would make from each case. 

Table 18: Net Present Value Improvements (see Appendix X on CD for full set of results) 

Do Nothing £ 9,335.32 Improvement 

RHI £6,047.91 -£3,287.41 

Electric £17,175.18 £7,839.86 

Gas £1,374.28 -£7,961.04 

 

Discounted Cash Flows
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Figure 43: Discounted Cash Flows for Net Present Value 

A series of sensitivity analyses were carried out on a number of different values to calculate the 

effect they have on the feasibility of the installation. The items analysed were RHI, annual 

increase in energy price, capital cost and coefficient of performance. The RHI has a dramatic 

effect of the viability of the ground source heating scheme. The tables produced below from the 

sensitivity analysis include the net present value of the cashflow over 25 years. 

 Table 19: shows the net present value improvements and price per kWh of the heating scheme 

when the Renewable heat incentive changes between 2p/kWh to 9p/kWh. With the current 

uncertainty of the Renewable heat incentive at the time of writing it is clear that the RHI could 

play a major part in deciding which option is best to carry forwards. Currently the price payable 

stands at 4.8pence per kWh of heating produced. 

Table 19: Sensitivity Analysis – How RHI Price Affects Financial Viability 

RHI Price (p)  NPV  Cost of a kWh 

 RHI Electric Gas (p) 

2 -£6815.36 £783.96 -£15016.94 10.35 

3 -£5555.37 £3303.92 -£12496.98 9.20 

4 -£4295.39 £5823.89 -£9977.01 8.04 



 Large Scale Solar Energy Complex Group 2 
 

System Design Pg 92 of 170  

5 -£3035.41 £8343.85 -£7457.05 6.89 

6 -£1775.43 £10863.81 -£4937.09 5.74 

7 -£515.45 £13383.78 -£2417.12 4.58 

8 £744.54 £15903.74 £102.94 3.43 

9 £2004.52 £18423.70 £2622.81 2.28 

 

Table 20: below shows how the Net Present Value changes with the annual rise in energy prices. 

Should the annual energy prices rise more than the estimated 6% then, as can be seen below, the 

cost per kWh increases. However the profit made from installing the system and running it 

compared to electric heating almost doubles with a 3% increase. The loss compared to gas heating 

reduces but not as much as it does compared against electric heating and the RHI payments are 

not affected by the rise in energy prices. 

Table 20: Sensitivity Analysis – Effect of Annual Increase in Energy Prices 

RHI Price (p)  NPV  Cost of a kWh 

 RHI Electric Gas (p) 

3% -£3287.41 £3031.17 -£8565.46 4.88 

4% -£3287.41 £4417.66 -£8391.19 5.51 

5% -£3287.41 £6009.26 -£8191.14 6.25 

6% -£3287.41 £7839.86 -£7961.04 7.12 

7% -£3287.41 £9949.07 -£7695.93 8.14 

8% -£3287.41 £12383.28 -£7389.97 9.35 

9% -£3287.41 £15196.76 -£7036.33 10.76 

10% -£3287.41 £18452.98 -£6627.05 12.43 

 

The capital cost has a dramatic effect on the viability of the systems, and this is why a sensitivity 

analysis was carried out on the capital cost of the scheme per household. As can be seen from 

Table 21:, the higher the capital cost, the less profitable the scheme is. 

Table 21: Capital Cost Sensitivity 

Capital Cost 
NPV Cost of a 

kW (p) RHI Electric Gas 

£       10,000 -£1,211.28 £12,775.99 -£3,024.91 5.83 

£       11,000 -£1,937.20 £11,050.07 -£4,750.83 6.28 

£       12,000 -£2,663.12 £9,324.15 -£6,476.75 6.73 

£       13,000 -£3,389.04 £7,598.23 -£8,202.67 7.19 

£       14,000 -£4,114.96 £5,872.31 -£9,928.59 7.64 

£       15,000 -£4,840.87 £4,146.39 -£11,654.51 8.09 

Field Code Changed
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£       16,000 -£5,566.79 £2,420.47 -£13,380.43 8.55 

£       17,000 -£6,292.71 £694.55 -£15,106.35 9.00 

 
As has been discussed previously, the higher the COP, the less the system costs to operate, and 

hence the cost of a kWh of heating reduces, and the more profitable the system is. The COP does 

not affect the RHI payments, other than allowing the heat pump to generate heat more or less 

effectively. As was shown earlier in the report, generally the lower the capital cost of a heat pump, 

the lower the COP, and thus this combined with the Table 22: shows that it is not worth reducing 

the capital cost of the installation by choosing a less efficient heat pump as, in the long run, the 

system would cost more to run. 

Table 22: Sensitivity Anlaysis – COP Value 

COP 
NPV Cost of a 

kW (p) RHI Electric Gas 

2.5 -£3,287.41 £4,597.68 -£11,203.22 11.16 

3 -£3,287.41 £6,004.19 -£9,796.71 9.36 

3.5 -£3,287.41 £7,042.59 -£8,758.31 8.08 

4 -£3,287.41 £7,839.86 -£7,961.04 7.12 

4.5 -£3,287.41 £8,470.89 -£7,330.01 6.38 

5 -£3,287.41 £8,982.61 -£6,818.29 5.78 

5.5 -£3,287.41 £9,405.84 -£6,395.06 5.29 

6 -£3,287.41 £9,761.67 -£6,039.23 4.88 

 

17.29.2 Solar Thermal Hot Water 

The domestic hot water requirement of a house is defined by BS 15316 and is dependent on the 

total floor area. Based on an average three bedroom house (whose dimensions can be found in 

section <>) this is 101.5 litres/day. The temperature of the mains water is taken to be 10°C 

throughout the year (Sirret, 2000) and the required tank temperature to be 50°C. This is a colder 

tank temperature than most households would normally have but it is argued that the average tank 

temperature will fall due to growing trends in responsible energy use. This temperature is hot 

enough for all applications of hot water (such as washing up and cleaning) and crucially not cold 

enough to cause concern regarding legionnaires' disease, which is killed off at 45°C (Durham 

University, 2006). Increasing the temperature of 101.5 litres of water by 40°C requires 4.72kWh 

(Q=m.CpΔT) of energy: Taking into account total losses in the system (such as heat loss through 

pipes and the hot water cylinder) over the course of a day of 1.5kWh (Navitron Ltd., 2010) 

amounts to a total daily energy requirement of 6.22kWh. This is in agreement with current data 

(ref to appendix XX). 
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The heating power, Q, of a solar thermal collector is determined by its area, A; its efficiency, η 

and the irradiation level, G, as shown in Equation 7 (Institut für Solartechnik, 2006a). The 

efficiency is affected by the system and ambient conditions, shown in Equation 8, Equation 9 and 

Equation 10 (Institut für Solartechnik, 2006a). Where ηo is the thermal efficiency of the collector 

and a1 and a2 are both absorption coefficients, all specific to a particular collector. Tm is the mean 

collector temperature determined by averaging the inlet and outlet temperatures of the collector, 

Tin and Tex respectively. Tr is then the reduced collector temperature. 

 Equation 7 

 Equation 8 

 

Equation 9 

 

Equation 10 

Where: Q = thermal power (W) 

 η = collector efficiency (%) 

 G = irradiation level (W.m-2) 

 η0 = thermal efficiency (%) 

 a1,2 = absorption coefficients (W.m-2.K) 

 Tm = mean collector temperature (K) 

 Ta = ambient temperature (K) 

 Tr = reduced collector temperature (K.W.m2) 

 Tin = collector inlet temperature (K) 

 Tout = collector outlet temperature (K) 

Using the above requirements and calculations along with the temperature and irradiance data (see 

appendix <>), the performance of different collectors can be calculated and compared. Table 23 

shows efficiency parameters of two evacuated tube collectors (SFB (Institut für Solartechnik, 

2006a) and SFC (Institut für Solartechnik, 2006b)) and one flat plate collector (FKA 240 SPF 

(Institut für Solartechnik, 2007)). Often each collector has three different values for each of the 

below parameters which reference different areas: the aperture area, absorber area and gross area. 

For design purposes the aperture area and its parameters are used. 

Table 23: Efficiency parameters of three solar collectors. 

Collector Model 

a1 

(Wm-2K-1) 

a2 

(Wm-2K-1) Thermal Efficiency 

SFB 1.61 0.004 0.561 

SFC 1.07 0.0171 0.59 

FKA 240 SPF 3.59 0.0096 0.778 
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The performance of each of these collectors varies depending on Tr as shown in Equation 8. It is 

therefore useful to know how exactly the efficiency of each collector is affected by Tr. Figure 44 

below shows the efficiencies of the three collectors with varying Tr values. An irradiance value of 

800Wm-2 was used. It can be seen that the SFB collector performs in a wider range of Tr values 

than the other two collectors and is the worst performer below 0.1Km2W-1. The flat plate collector 

has the best efficiency of all three collectors and is most efficient, like all the collectors, at lower 

values of Tr. Where the efficiency of the system drops below zero the collector loses more thermal 

energy from convection and conduction than it collects from radiation. In this instance the control 

system would not operate the pump and therefore the collector would effectively be switched off. 

 

 

Figure 44: The collector efficiencies of three solar thermal collectors with varying values of Tr and an 

irradiance value of 800W/m2. 

 

Tr is affected by irradiance and ambient temperature and therefore varies over the day and year.  

which is shown in Figure 45 belowshows the calculated Tr values at different times throughout the 

day and the year. It is clear from Figure 5 that during the brightest and hottest times of the day 

and year the value of Tr is the lowest and during the darkest and coldest times of the year and day 

Tr is the highest. A solar thermal system that is designed to capture energy throughout the year 

will over perform in the summer and under perform in the winter. It is therefore desirable to have 

a system with a low efficiency in the summer, when Tr is low, and a high efficiency in the winter, 
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when Tr is high. Additionally over the period of a day a system designed with better efficiencies 

at higher Tr levels will start absorbing the sun's energy earlier in the day and continue later into 

the evening.  

 

 

The SFB collector has the desired performance characteristics; working with greater efficiency 

above a Tr value of 0.1 in comparison to the other collectors. It will be no surprise to learn that the 

SFB collector was specifically designed for use in the UK. The maximum efficiency of a collector 

will be when Tr equals zero and will be equal to the thermal efficiency; 56.1%, for the SFB 

system. Where the efficiency of the system drops below zero the collector loses more thermal 

energy from convection and conduction than it collects from radiation. In this instance the control 

system would not operate the pump and therefore the collector would effectively be switched off. 

 

 

Figure 45: Tr values through the day and yearas it varies over the day and year (see appendix XX) N.B. 

Red text indicates extrapolated values. 
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The evacuated tube systems are available in varying diameters, tube numbers and prices which are 

shown below in Table 24. The numerical suffix (10, 15, 20 etc.) relates to the number of tubes in 

that system and the measurement in mm is the tube diameter. The system costs are based on the 

price of the collector plus the costs which do not vary between collectors. This includes 

installation, registration for the RHI, hot water cylinder, piping, insulation, pumps, the control 

system and the roof mounting. This cost is for a standalone system only. For installation on a 

scale of 840 houses a 15 to 20% discount was quoted (Walsh, 2010), of which the conservative 

15% was applied. 

Table 24: System parameters and costs (see appendix <>). 

Collector 

Model 

Area 

(m2) 

Collector 

Cost (£) 

System 

Cost per 

House (£) 

Town wide 

Cost (£) 

SFB10 

58mm 
1.310 339.12 2,908.89 2,076,947.46 

SFB15 

58mm 
1.965 478.25 3,048.02 2,176,286.28 

SFB20 

58mm 
2.621 521.73 3,091.50 2,207,331.00 

SFB30 

58mm 
3.931 782.60 3,352.37 2,393,592.18 

SFB10 

47mm 
0.874 226.08 2,795.85 1,996,236.90 

SFB15 

47mm 
1.310 365.21 2,934.98 2,095,575.72 

SFB20 

47mm 
1.747 391.30 2,961.07 2,114,203.98 

SFB30 

47mm 
2.621 582.60 3,152.37 2,250,792.18 

SFC10 

70mm 
1.013 283.19 2,852.96 2,037,013.44 

SFC20 

70mm 
2.026 550.05 3,119.82 2,227,551.48 

FKA 240 

SPF 
2.244 525.41 3,095.18 2,209,958.52 

 

The performance of each system was then calculated at every hour of the day for each month, 

summed and multiplied by the number of days in that month to give the power output of that 

month and hence the year. The deficit of power which was not met by the solar thermal collector 

was met by a secondary heat source (either gas or electric). The average monthly performance of 

the above systems in shown in Figure 46 below along with the average required daily energy. 
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Figure 46: Average monthly performance of each solar thermal collector system with the average monthly 

energy required shown (6.22kWh) (see appendix <>). 

It is clear from Figure 46 that the SFB30 58mm system out performs the other systems both in 

terms of the total energy delivered and the range over which the energy demand is met. The 

system does however deliver a very high amount of thermal energy during the summer months 

which translates to a temperature increase of 86°C. This means that the tank temperature would 

increase to 96°C during the summer which, although high, systems have been safely tested at 

(Cooper, 2006).  

The percentage of energy saved per year is presented below in Table 25. Generally the evacuated 

solar tube systems have been found to outperform the flat plate system. The SFB30 58mm system 

saves a full 8% more energy than the next best system and is also the most cost effective in terms 

of saving per capital invested. This is why the SFB30 58mm will be the chosen collector for the 

domestic solar thermal solution.  

Table 25: Yearly performance of various solar thermal systems (see appendix x). 

Collector Model 
Energy saved 

per year (%) 

Saving per capital 

spent 

(%/£1,000,000) 

SFB10 58mm 41 19.7 

SFB15 58mm 58 26.7 

SFB20 58mm 65 29.4 

SFB30 58mm 73 30.5 

SFB10 47mm 27 13.5 
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Collector Model 
Energy saved 

per year (%) 

Saving per capital 

spent 

(%/£1,000,000) 

SFB15 47mm 41 19.6 

SFB20 47mm 54 25.5 

SFB30 47mm 65 28.9 

SFC10 70mm 34 16.7 

SFC20 70mm 61 27.4 

FKA 240 SPF 53 24.0 

 

17.2.19.2.1 Initial Financial Analysis 

A cash flow analysis was performed on installing the EST system instead of an electric or gas 

system. The cash flow over 25 years is shown in Figure 47. Electricity was taken to be 12.2p/kWh, 

gas to be 4.2p/kWh, boiler efficiency to be 90% (Energy Saving Trust, 2010), yearly increase in 

energy prices to be 6% and inflation to be 2%. 

The system provides the best return when replacing an electric only water cylinder, both with and 

without the RHI. When replacing a gas system it takes longer to break even and a smaller final 

return is made. Little financial incentive is available when replacing a gas system without the RHI. 

Solar thermal systems realistically last a lot longer than 25 years but from a financial point of 

view performing analysis beyond this is unnecessary. TBecause the uncertainty increases with a 

longer as the length of the analysis grows because it can be difficult to predict changes in markets 

or unforeseen events., iIt also makes the various solar projects more comparable if they are all 

executed within the same time scale. If a project is found to not be worthwhile after 25 years, 

extending the project further would not be sensible. 
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Figure 47: Yearly and cumulative cash flows for a solar thermal collector when replacing electric and gas 

systems. 

The cost of a kWh of energy (assuming a system life of 25 years) was calculated to be 6.19p 

which is significantly lower than the price of electricity but higher than that of gas. The ROI for 

the system (at the end of year 25) was: 557% for replacing an electric system (332% without the 

RHI), 291% if replacing a gas system (65% without the RHI) and 226% if the RHI is to be taken 

as the only income (i.e. not including the saving in heating bills as an income stream). See 

appendix <> for calculations. 

17.2.29.2.2 Implementation 

The technology has proved itself technically and financially but a business model has to be 

conceived in order for the project to be realised. Several schemes could be implemented either 

through retrofitting or through a new-build. 

After studying other retrofitting schemes the most effective way to implement via retrofitting 

would be to install the system for free and then to retain the RHI from the customer. This is a 

similar model to the companies mentioned in section<>.  The home owner benefits from lower 

energy bills and no capital cost but has no hot water supply for half a day and technicians on site 

for two days during the installation. The installer would benefit from a steady, reliable and 

predictable income over 18 years. There are however associated risks to both the home owner and 

the installer, shown in Table 26 alongside the benefits. 
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Table 26: Benefits, drawbacks and risks of retro-fitting to the home owner and to the installer. 

 Installer Home owner 

Benefits  Steady, reliable and 

predictable income from RHI 

 Low energy bills 

 No capital cost 

Drawbacks  Large initial cost 

 

 No RHI 

 Disruption during installation 

Risks  RHI changes or is eliminated 

 Low demand 

 System under performs due to the 

house being at the wrong angle 

 Systems could be poorly installed 

as the company has no long term 

interest in its performance 

 

To implement this system on a new build the installer would work with a developer on an already 

proposed housing project. This insures that no extra carbon footprint from construction has been 

caused by the solar project. It also effectively outsources the construction responsibilities to a 

third party. Working with the developer during the design and construction phase would allow the 

houses to be orientated facing south in order to ensure the maximum possible amount of energy to 

be captured. The RHI could be retained by the installer, developer or home owner. The developer 

would pay a fixed cost for the design and build of the solar scheme (£2,393,592 as mentioned in 

Table 24) and pass this cost onto the home owner by increasing the property value.  

17.2.39.2.3 Orientation sensitivity 

The major difference in performance of the above two schemes is in the variability in the 

orientation of the retro-fitted houses. It is therefore useful to know to what extent the performance 

is affected by this. Figure 48 shows the energy output of a collector at any time during the day 

averaged over the course of a year. Values for an identical system orientated in south, southwest 

and southeast directions are plotted to show the effect of mounting a system at a non-optimum 

azimuth.  
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Figure 48: Average energy output when the collector is orientated south, southeast and southwest (see 

appendix <>). 

Both the thermal output of the system and the yearly percentage of energy saved are reduced by 

16% by moving the orientation ±45°. This may, at first glance, appear to be a small amount but it 

reduces the NPV improvement of replacing an electric system from £969,229 to -£183,634 (see 

appendix <>) making the project unviable. 

17.39.3 PV 

17.3.19.3.1 Introduction 

To predict the feasibility of a photovoltaic solar system, accurate estimation of the power output 

from a solar panel is required. In the inception report (Adesilu et al., 2010) the theory behind the 

solar cell was introduced, therefore this report concentrates on the factors affecting the 

performance of the solar cell. Solar panel behaviour is strongly dependent on the environment in 

which they are installed and the equipment that makes up the rest of the solar system. Solar cell 

manufacturers measure the performance of the solar cell under Standard Test Conditions (STC) 

(see below) however STC do not accurately represent the real environment in which solar panels 

are installed. Therefore the quoted power output of solar modules must be adjusted accordingly, 

with respect to the environment in which they will operate, to represent the actual power output of 

the system. For this reason a good understanding of factors that affect the efficiency of solar 

panels and lead to losses is necessary. Commercially available sizing programs use a variety of 

algorithms to estimate the energy yield of solar panels; however the programmes do not 

necessarily take into consideration all the parameters that affect the efficiency and performance of 

a photovoltaic solar system. At the same time the level of accuracy and uncertainty of such 

programmes are not easily determined. For this reason a model has been developed in the MatLab 
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environment to estimate the power output of a solar system under real-world conditions and to aid 

with accurately sizing the system. The results from the developed model are then compared to the 

results from another solar power sizing program, named HOMER, to ensure the level of accuracy 

of the program. This section describes the major parameters that affect the performance of the 

photovoltaic module. These parameters comprise some of the factors accounted for in the MatLab 

model. The power output of the solar module is based on the output voltage and current of the 

solar module (P = IV), therefore variation in the performance of solar module can be related to the 

change in the output current and voltage of the solar module. Many publications describe the 

variation in performance based on changes in the short circuit current and open circuit voltage of 

solar module. The same method has been adopted in this section.  

Furthermore different types of solar cells are introduced, compared and, based on the comparison; 

the solar module chosen for this project is introduced. 

17.3.29.3.2 Standard Test Conditions (STC) 

Solar panel manufacturers measure the performance of solar cells under conditions known as 

Standard Test Conditions (STC): irradiance of 1,000W.m-2, solar spectrum of AM (Air Mass) 1.5 

and cell temperature of 25°C. The standard test conditions are quoted in majority of solar panel's 

data sheets.  

17.3.39.3.3 Effect of Insolation Levels 

The short circuit current of a solar cell is directly proportional to the insolation level under which 

it operates so that as the insolation level increases the short circuit current of the solar cell also 

increases in a linear manner. The short circuit current for a given insolation level can be 

calculated by (Luque and Hegedus, 2003): 

 

Equation 11 

Where , , ,  are the short circuit current (A) and irradiance levels (W.m-2) 

under operating and STC respectively. As the insolation level increases the open circuit voltage 

slightly decreases. 
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Figure 49: I-V Curves of PV Trina PA05 Module under Different 

Irradience Levels (Trina Solar, no date) 

However due to the very small variation in the open circuit voltage, this effect can be neglected. 

From Equation 11 and Figure 49 it can be observed that the power output of a solar cell is also 

directly proportional to the operating insolation levels and therefore can be calculated by: 

 

Equation 12 

Where  and  are actual module output power and the quoted module output power (W).  

17.3.49.3.4 Effect of Temperature 

The power output of solar cell is strongly affected by the variation in the operating temperature of 

the solar cell Tc. The operating temperature of solar cell is dependent on the ambient temperature 

Ta, the characteristic of solar module, the characteristic of the frame in which it is encapsulated, 

the solar irradiance on the module and other environmental factors such as wind speed (Wenham 

et al., 2007).  

Short circuit current ISC and the open circuit voltage VOC of the solar cell are dependent on the 

temperature of the solar cell; thus variation in the solar cell operating temperature directly affects 

the power output of the solar cell. As the temperature of the cell increases the short circuit current 

also increases. This is due to the decrease in the band gap energy of the solar cell semiconductor 

which results in an increase in the number of photons that have sufficient energy to create 

electron-hole pairs (Wenham et al., 2007). However the increase in the short circuit current, even 

though taken into consideration in the model, is negligible (in order of 0.053%/°C) (Wenham et 

al., 2007). 
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Figure 50: I-V characteristic graph for Trina PA05 Solar module 

at different temperatures (solarelectricsupply.com, no date) 

On the other hand the open circuit voltage of the solar cell is considerably reduced as the 

temperature of the cell itself increases. This effect dominates the increase in the short circuit 

current of the cell and results in an overall decrease in the power output of the cell (Figure 50). 

Open circuit voltage for given cell temperature Tc can be calculated using  (Luque and Hegedus, 

2003, ITACA, no date): 

 

Equation 13 

 

Where  is the open circuit voltage temperature coefficient, , , , are open 

circuit voltage and cell temperature under operating and standard conditions respectively. In order 

to determine the variation in the open circuit voltage of solar cells and in turn the power output of 

the solar cells, the ability to calculate the change in the operating temperature of the solar cells 

throughout the day and year is required. The operating temperature of the solar cell is mostly 

dependent on the ambient temperature and the incident irradiance from the sun. Therefore the 

operating temperature of the solar cell can be approximated using (Luque and Hegedus, 2003): 

 Equation 14 

Where  is the insolation level (W.m-2) and the constant is given by (ITACA, no date): 

 

Equation 15 

Where NOCT (nominal operating cell temperature) is the solar cell temperature operating under 

the standard operating condition (SOC) which are: insolation level 800 W.m-2, 20°C ambient 

temperature and wind speed of 1 m.s-1. The value of NOCT is unique for each solar panel model 

and is provided by the manufacturer. 

Equation 15 corresponds to a mounting scheme which allows for air convection on the both sides 

of the solar cell. This is not normally the case for roof mounted arrays. It has been shown that 
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NOCT increases by 17°C if back ventilation is provided and up to 35°C if solar modules are 

mounted directly on the roof with little ventilation (Luque and Hegedus, 2003).  

17.3.59.3.5 Effect of shading and Hot Spots 

Partial shading of a solar module leads to reduction in the power output of the module and in 

some cases permanent damage. The extent of this effect is strongly dependent on the type of solar 

module and the orientation in which it is installed. Therefore when choosing the installation site it 

is important to avoid any obstacles that can cast a shadow on the solar module. It is also equally 

important to remove any obstacles such as leaves that may fall on the panels.  

When solar modules are partially shaded the shaded solar cell becomes an electrical load as no 

more current is generated by the cell and the direction of the voltage across the cell is reversed. 

The current from the un-shaded solar cell passes through the shaded solar cell (due to the potential 

difference now present between the two) and is dissipated as heat. If the current is high enough 

this effect can permanently damage the solar module. At the same time the short circuit current of 

the solar module is dictated by the short circuit current of the shaded solar cell. Therefore if ISC of 

a solar cell reduces by half, ISC of the module, and therefore the output power of the module is 

also reduced by half. To increase the shading tolerance of solar modules, bypass diodes are 

connected in parallel with solar cells. The greater the numbers of bypass diodes installed the 

better the tolerance of the system however due to manufacturing reasons, bypass diodes are 

typically connected in parallel across a string of 15 to 20 solar cells (pveducation.org, no date, 

GREENPro, 2008). In this case when a solar cell is shaded only the current of the string of solar 

cells containing the shaded cell is limited by the current of the shaded solar cell (Figure 51): 
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Figure 51: Effect of shading on the current and voltage of string of solar 

cells (pveducation.org, no date) 

17.3.69.3.6 Spectral Response 

The energy carried by photons of light is determined by the spectral properties of the source of 

light. The energy of a photon can be calculated by  

 
Equation 16 

Where h is Planck's constant, c is the speed of light and λ is the wavelength of photon of light. 

From Equation 16 above it can be observed that the energy of photon of light is inversely 

proportional to the wavelength of light. When solar cells are illuminated, only photons of light 

with energy Eλ greater than the semiconductor band gap energy Eg can move some of the 

semiconductor electrons from the valance band to the conduction band, creating electron-hole 

pairs. At the same time it must be noted that photon energy greater than the band gap of the 

semiconductor is dissipated as heat in the cell. Therefore the longest wavelength of light under 

which the solar cell can produce power is dependent on the band gap of the semiconductor used. 

This effect, known as the Shockley-Queiser limit, strongly limits the achievable efficiency of the 

semiconducting solar cells. It can be seen that solar cell performance is strongly affected by the 

wavelength of light; therefore the spectral content of sunlight directly affects the output power of 

the solar cells. Spectral properties of sun as observed from earth's surface are dependent on the 

properties of the atmosphere and the surrounding landscape as well as the distance of the earth 

from the sun. Therefore performance of different solar cell technology is dependent on the 

location in which they are to be used. The spectral sensitivity of mono-crystalline and poly-

crystalline silicon on annual energy production can result in deviations in the power output of the 

system by up to -5% (Luque and Hegedus, 2003) while amorphous silicon cell sensitivity to 

variation in solar spectrum can affect the power output of the system by up to -20% therefore by 

looking at the spectral response alone it can be concluded that mono- or poly-crystalline silicon 

solar cell technology should be chosen for application in England. 
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Figure 52: Solar Cell Spectral Response (RF Cafe, no date) 

17.3.79.3.7 Effect of Solar Module Orientation 

Total irradiance levels received on any given surface are dependent on the orientation and 

location of the surface. As mentioned in chapter X the power output of a solar cell is directly 

proportional to the irradiance levels received by the cell. Therefore an understanding of the effect 

of solar module orientation on the power output is necessary. This is especially important for 

designing a solar farm; where there is a freedom in choosing the orientation of solar modules to 

ensure the maximum power output from the solar farm. Equally analysing this effect is important 

for domestic use where the orientation of the solar module is limited to the direction and slope of 

the roof which can strongly limit the power output of the system. To analyse the effect of the 

orientation on solar module power output three angles are introduced. Azimuth angle is defined as 

the angle between the direction of the solar module and the south and the inclination angle is 

defined as the angle between the solar module and horizontal surface. Angle of incidence is the 

angle between the normal of solar module and the direction of solar irradiance.  
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Figure 53: Angles between a PV Panel and the Sun (GREENPro, 2008) 

It can be shown that the solar irradiance level on a given surface is proportional to the angle of 

incidence by: 

 Equation 17 

Where θ is the angle of incident of light on a surface, Gs (kWm-2)   is the insolation level on the 

surface and G (kWm-2) is the global insolation level on a horizontal surface. For a fixed surface 

the angle of incidence varies due to the motion of the sun during a day and the change in the arc 

of the sun during the year. The angle of incidence can be calculated as (Duffie and Beckman, 

2006): 

 

 

Equation 18 

Where δ is the declination, β is the inclination of the module, φ is the latitude, ω is the hour angle 

and γ is the module azimuth angle.  
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Figure 54: variation in the optimum inclination and azimuth angle of solar panel at solar noon during a year 

(modelled in Matlab) 

Optimum orientation angle is dependent on the design criteria of the system. Two design criteria 

can be considered. If the design criteria is to maximize the yearly power output of the system, 

optimum angle should be chosen to maximise the energy capture during the period when high 

insolation levels are available i.e. summer. In this case the desired inclination angle is calculated 

to be 38° and azimuth angle is -1°. Information about the calculation is given in appendix A. If the 

system is designed to provide constant power throughout the year, optimal angle should be chosen 

to maximise the energy capture during the period of least insolation i.e. winter. Therefore it has 

been calculated that the solar module must be installed at an inclination angle of 65° and azimuth 

angle of -1° (appendix A).  

17.3.89.3.8 Solar Cell Types 

Photovoltaic solar cells can be divided into different classes based on the semiconducting material, 

method of crystal growth and fabrication used for their production. For this project initially 5 

different classes of solar cells were considered: 

 Mono-crystalline solar cells: Mono-crystalline solar cells are typically made by the 

Czochralski process from a single large crystal of silicon. Mono-crystalline solar cells are 

widely available and used in solar farms and houses. They can have an efficiency of up to 

25% (Green et al., 2010) however it was found out that commercially available mono-

crystalline solar module typically have an efficiency of 14%-17%. 

 Poly-Crystalline solar cells: Poly-crystalline solar cells are also made from silicon; 

however during fabrication silicon is melted and carefully cooled to form silicon crystal 

with a variety of grain sizes. The fabrication process creates crystal defects which reduce 

the efficiency of poly-crystalline solar cells compared to mono-crystalline solar cells. 

However less silicon is wasted during production of solar cell wafer and therefore poly-

crystalline solar cells are typically cheaper than mono-crystalline solar cells. Poly-
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crystalline solar cells are also widely available and used in solar farms and houses. They 

have an efficiency of up to 20% (Green et al., 2010) however after research it was found 

out that the commercially available poly-crystalline solar modules typically have an 

efficiency of 14%-17%. 

 Multi-junction solar cells: multi-junction solar cells are comprised of layers of different 

semiconductor materials; allowing the solar cell to absorb and convert energy from a 

wider band of solar spectrum. Multi-junction solar cells are far more expensive to 

produce and less commercially available than mono- or poly-crystalline cells. Therefore 

they must be used in conjunction with solar concentrators and sun tracking devices to 

ensure the maximum output from the system. Multi-junction solar cells can have 

efficiency of up to 32% (Green et al., 2010) however by using solar concentrators this 

efficiency can be increased to 40% (Emcore Corporation, 2011) 

 Amorphous silicon (Thin film cells): Amorphous silicon solar cells are different from the 

other cells mentioned above as they are made up of microcrystalline silicon. Amorphous 

solar cells are much cheaper than the previously mentioned solar cells as less silicon is 

required for their manufacturing. However the low efficiency (typically about 7%) and 

thin structure is one of the main disadvantages of these types of solar cells. Due to their 

high cost and low availability multi junction solar cells are not considered for this project. 

 Hybrid solar cell: Hybrid solar cells a mono-crystalline layer by an amorphous silicon 

layer. This combination allows the solar panel to function under wider solar spectrum. 

These solar cells are more sensitive to lower light levels in comparison to the previously 

discussed solar cells. However Hybrid solar cells are up to twice the price of poly – mono 

crystalline solar cells. Commercially available hybrid solar modules have efficiency of 

more than 17% (SANYO Electric Co. Ltd., 2009). 

17.3.99.3.9 Maximum Power Point tracking 

Maximum power point tracking (MPPT) a high efficiency DC to DC converter that allows the 

maximum power to be drawn from a solar module. To understand this concept, the maximum 

power point voltage and current of the solar module must be defined; these are the operating 

voltage and current which leads to maximum power output for solar module. Conventional charge 

controllers allow direct connection between the solar module and the storage medium, in this case 

batteries. This forces the solar module to operate at the same voltage as the battery. Normally this 

is not the same voltage as the maximum power point voltage of the module. For example Sharp 

NU-180 solar panel under STC can produce maximum power of 180W when operating at 23.7V. 

By connecting the solar panel to a 15V battery the solar panel is forced to operate at 15V and the 

power output is limited to 120W.  
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Maximum power point tracking systems actively calculate the voltage at which the module is able 

to produce maximum power. The MPPT system then operates the solar panel at the maximum 

power point voltage, in this case 23.7V, regardless of the battery voltage. A DC to DC converter 

converts the 23.7V solar panel voltage at the input to the desired battery voltage at the output 

resulting in an increase of the charge current (Blue Sky Energy Inc., no date). This is particularly 

important if the charging batteries are highly discharged and therefore there is a greater difference 

between the maximum power point voltage and the battery voltage. 

As mentioned in chapter X the voltage of solar cell is strongly dependent on the temperature of 

the solar cell. The temperature of the solar cell while operating can vary from sub zero to anything 

above 70°C (Based on Equation 14). Returning to the previous example, for the Sharp NU-180 

solar panels this change in temperature is equal to roughly 30% change in operating voltage 

corresponding to the maximum power point of solar module (Sharp Energy Solution Europe, no 

date). It can be seen that the optimum operating voltage of solar panels change throughout the 

year due to changing ambient temperature and insolation levels. The battery operating voltage 

remains constant, forcing the solar module to operate at constant voltage which results in 

significant power lost in the system. To resolve this issue and increase the efficiency of the 

system a MPPT system is required.  

In the MatLab model developed for this project, and in HOMER, it has been assumed that all 

solar modules are connected to a MPPT and therefore operate at their maximum power point 

throughout their life time. MPPT system costs and efficiencies vary depending on the MPPT 

functionality (i.e. maximum voltage, maximum current input, and maximum current output). 

From research it was concluded that the efficiency of MPPT is about 95%.  

17.3.109.3.10 Concentrator 

Concentrators use mirrors or lenses to focus solar radiation onto a collector. Photovoltaic 

concentrators focus the sun's energy onto a photovoltaic cell. This increases the efficiency of the 

solar cell and in return decreases the solar cell area required for producing a given amount of 

energy. The goal of this approach is to reduce the cost of electricity by replacing large expensive 

solar cells with cheap mirrors and lenses. Reduction in solar cell area required allows the use of 

more expensive photovoltaic cells that would have been too expensive to use without 

concentrators. By using concentrators multi-junction solar cells can operate at efficiencies of up to 

40% (Amonix Inc., 2010). 

Amonix, Emcore and SolFocus are major producers of concentrator photovoltaic systems. For the 

purpose of research of this project, the companies were contacted but failed to provide any 

information about the performance of there system under low direct solar radiation and the initial 

and maintenance cost of the system .Therefore concentrators are not considered for this project 

due to two main reasons: Firstly concentrators perform best in regions with high levels of direct 
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solar irradiance. As shown in Apendix X, south east England has  high levels of diffuse irradiance 

and relatively low levels of direct irradiance, Secondly insufficient data could be found regarding 

the performance of concentrator systems under diffuse irradiance and the cost of these systems 

therefore no strong conclusion could be made regarding the feasibility of these systems.. 

Therefore based on the limited data available these systems are not recommended.  

17.3.119.3.11 Tracking devices 

Solar tracking devices increase the power output of solar modules by following the movement of 

the sun across the sky and changing the inclination and azimuth angles of the solar module 

accordingly to ensure that the surface of the solar module is facing the sun at all times. There are 

various types of tracking systems available; however they can be broken down into two main 

groups of single axis and two axis tracking devices. Two axis tracking devices ensure that the 

solar module is at an optimal orientation relative to the sun and that the angle of incidence 

between the solar irradiance and solar module is kept to a minimum. This is achieved by changing 

the inclination and the azimuth angle of the solar module. Single axis trackers only have one 

degree of freedom about which they can rotate the solar module to improve the power generated. 

Typical single axis trackers are: 

 Vertical single axis trackers: The axis of rotation is horizontal relative to the ground 

 Horizontal single axis trackers : The axis of rotation is vertical relative to the ground 

 Tilted single axis trackers: The axis of rotation at a tilted angle relative to the ground 

Two axis tracking devices are more effective in improving the power output of solar modules 

however in some cases single axis tracking devices are preferred as they are technically less 

complicated and easier to maintain (GREENPro, 2008). The increase in the power output of a 

solar module is dependent on the location of the system. Different literary sources quote different 

values of improved percentage in power output. As a rule of thumb two axis tracking systems can 

improve the power output of the system by up to 30% and one axis trackers improve the power 

output by 20%. However tracking devices are more costly to install. Tracking devices are more 

complex to build and may require civil work to ensure they can withstand wind loads. At the same 

time tracking devices, in general, require a larger area compared to fixed frames to ensure 

minimum shadowing of one tracking system on the other (Luque and Hegedus, 2003). Quotes for 

performance of the system are not based on data from England, therefore the actual output is 

unknown, and likely to be much lower (due to insolation). It has been calculated that if the power 

output improvement, due to installation of tracking devices, is less than 15%, the extra cost of 

installation outweighs any potential financial gain (extra income) and the system becomes 

unfeasible. 
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17.49.4 Electrical System 

This section is concerned with the analysis of various systems; these systems consist of different 

combinations of the electrical components brought forward for further study: PVs are the 

generation method considered, batteries are the storage method considered, and the National Grid 

is the option considered for buying, selling and transmitting electricity. The systems are split into 

two main categories, solar farm and individual house. In the solar farm case the PVs and 

subsequent system are connected together and isolated in one area of land. In the individual house 

case the PVs are assumed to be mounted on each individual house distributed across the village. 

Two simulation programs have been used to model the different systems; one in house developed 

program using MatLab (see section XX) and one external program called 'HOMER'. HOMER is a 

powerful tool for designing and analysing hybrid power systems. The program is used and 

recommended by NASA and was developed by the prestigious National Renewable Energy 

Laboratory (NREL) (HOMER Energy LLC, 2009). The benefit of using two different programs to 

conduct the same analysis means this study can take into consideration different factors for 

example the MatLab programme considers the effect of shading from adjacent panels where as 

HOMER does not. HOMER is designed to allow easier optimisation, for example balancing the 

number of batteries against the size of the PVs for the lowest levelised cost of energy, which is a 

far more difficult analysis in MatLab. The different models also allow the findings to be verified 

against each other. The systems are analysed based on financial viability, technical achievability 

and from the point of view of both an individual using the system, and a company making a profit 

from the system.  

 

The feasibility of each system is considered with and without government incentives, the most 

obvious of these being the current feed in generation tariff incentives. (Refer to tariff table). The 

obvious design direction is therefore to consider systems of the maximum permissible size within 

the tariff framework, due to potential financial gain for every kWh generated. For an individual 

retrofit house this is a 4kW system and for a farm this is a 5MW system (REF). For theses cases 

the PV size is kept fixed at either of theses two values during the optimisation process 
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17.4.19.4.1 HOMER Program Breakdown 

This section aims to the give the reader an idea of how HOMER works and more importantly how 

this study has used HOMER. For a more extensive understanding the reader can refer to (Lambert 

et al., 2006) . There are three primary functions in HOMER; simulation, optimisation and 

sensitivity analysis. During simulation 

HOMER analyses the performance of a 

system on an hourly basis to determine 

whether it is technically feasible and then 

presents the life-cycle cost. The 

optimisation process allows the user to 

enter a variety of component sizes to 

consider; HOMER searches for all those 

which satisfy the constraints imposed at 

the lowest life-cycle cost. In the sensitivity 

analysis HOMER performs multiple 

optimisation algorithms within the range 

of the sensitivity defined by the user to 

gauge the effects of uncertainty: For example if three values for energy demand are entered 

covering +/-10% including the original value then HOMER provides three different system results, 

one for each value. Figure 55 highlights the conceptual relationship between the three functions. 

The sub-section below looks further in detail into the simulation process. For other processes 

again refer to the (Lambert et al., 2006) 

 

Simulation  

HOMER can simulate a variety of systems combining any of the following; PV array, wind 

turbines, battery banks, converters, electrolyzer, hydrogen storage tank. Theses system can be 

grid-connected or standalone and can serve AC, DC, and thermal loads. For the purpose of this 

study HOMER will be used for looking at a combination of PV array, battery banks, converters 

and both grid-tied and standalone systems. The load served is AC because this is the typical 

operation of an average house. To configure a system there are a variety of parameters which the 

user has to input.  

 

A few screen shots are available in appendix X to show some of the fundamental information 

required for this solar based system.  A summary and description of this information is shown in 

Table 27 below. Note HOMER displays results and accepts cost information in dollars, to 

simplify conversion all information has been entered into the program as pounds. Therefore the 

 

Figure 55: HOMER Simulation Visualisation Diagram 
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displayed information should be taken as pounds. Where price information has been found in 

dollars a conversion of $1.59-£1 pound is used throughout the costing phase. 

Table 27: Brief description of HOMER inputs for this PV system 

Inputs into 

HOMER 

Description  

Load Hourly values taken from the demand section of the report.  

Grid info Includes price of electricity and sell back rate. For this study price of 

electricity assumed to be constant at all times during the year. 

Solar resource Longitude and Latitude information entered into HOMER to obtain daily 

radiation and clearness index from 'NASA Surface Solar Energy' website 

PV  Capital/Replacement Cost, Size, Lifetime, Derating factor, 

Slope(degrees), Azimuth, Ground reflectance, Temperature coeff of 

power, Nominal operating cell temp, Efficiency at std test conditions.    

Battery  Capital/Replacement Cost, Option is then available to create your battery 

specification with all relevant battery information or use the available 

batteries.   

Converter Capital/Replacement Cost, Size, Lifetime, Efficiency 

Economic  Project lifetime, Annual real interest rate, System fixed capital cost 

Temperature Monthly temperature 

Constraints  Eg Maximum annual capacity shortage, Minimum renewable fraction 

Sensitivity  Option to enter in alternatives on all data inputs 

 

Once a particular system has been entered by the user, HOMER performs hourly series 

simulations over one year. It calculates the available solar power, compares this to the electric 

load and where there is excess power it decides how best to deal with it. If there is an energy 

deficiency it purchases from the grid if the system is grid-connected, or uses the stored energy if 

the system has batteries. Two of the key formulas relevant for this system that HOMER uses are 

shown below:  

Equation 19 determines PV output power (ref HOMER program help file (Gilman, 2004)) 

Equation 20 determines Battery bank life (ref HOMER program help file (Gilman, 2004)) 

 

 

Equation 19 
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Equation 20 

 

17.4.29.4.2 MatLab Program Breakdown 

This section will briefly discuss the methods adopted to model the performance of the 

photovoltaic solar farm and photovoltaic house system in MatLab. It also gives the reader an 

indication of the factors included in the model to simulate the performance of the photovoltaic 

solar system under real world conditions.  

The MatLab model requires data about the insolation levels, ambient temperature and the 

household power demand. These data have been found with varying levels of resolution. For 

example the data regarding the power demand of a household has a resolution of 30 minutes for 

365 days while the available data regarding inoslation levels is based on the average insolation 

levels per month with a resolution of 15 minutes. Therefore for this model the data is averaged to 

represent the insolation, temperature and power demand levels per hour for an average day within 

each month. This level of accuracy is in line with other simulating programs discovered. The 

normalised data for insolation levels, power demand and ambient temperature can be found in 

appendix X. The power output of a solar panel is calculated based on these set of data and 

information regarding the solar panel characteristic such as: 

 Peak power  

 Nominal operating cell temperature  

 Temperature Coefficient of power 

 Solar panel degradation level 

 Solar panel dimension  
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Solar panel degradation level reduces the power output of the module in the model as the solar 

panel ages. After calculating the power output, other losses due to inverters, cables, shading, 

battery and charge controller are also considered. The system power output is represented as the 

average performance of the module in each month on an hourly basis for 25 years.  

17.4.39.4.3 System Configuration  

The electrical components are considered in three different configurations; case (a), (b) and (c). 

The block diagrams are shown below these configurations are then further considered on a farm 

or individual basis.  

 

(a) Batteries/PVs 

 

Figure 56: PV – Battery System Diagram 

 

In this configuration the system provides power to the load through the PV, the excess energy in 

the day is used to charge the battery bank. The energy stored in the battery is used when the 

demand exceeds the generation from the PV; normally during night time and winter periods. A 

charger is required for the reasons discussed in section (XYZ). The inverter is used to convert the 

DC (direct current) from the PV into AC (alternating current) required for the various loads. 

 

(b) Grid/PVs 

 

 

Figure 57: PV – Grid System Diagram 

Charger/ 

Discharger 

Battery 

Inverter Load 

(energy 

demand) 

PV 

Buy from 

Sell to 

Grid 

Inverter 

Load 

(Energy 

demand) 

PV 



 Large Scale Solar Energy Complex Group 2 
 

System Design Pg 119 of 170  

 

In this configuration there is no storage medium, the excess energy produced is sold to the grid 

and additional energy is bought when the demand exceeds the supply.  

 

(c) Batteries/Grid/PVs 

 
Figure 58: PV – Battery – Grid System Diagram 

 

This system considers a combination of all the aforementioned components with three 

independent routes for satisfying the demand: Either PV to Inverter to Load, Battery to Inverter to 

Load or Grid to Load. The study decides if and when it is best to use the routes above. 

17.4.49.4.4 PV Design Considerations  

Solar panel configuration 

As mentioned in chapter X the power output of a solar module is strongly dependent on the 

orientation of the solar module. Many different texts and algorithms can be found to calculate the 

optimum angles for solar module orientation. For this project the azimuth and elevation angle of 

the sun throughout the year on hourly bases is calculated [Apendix]. The optimum orientation 

angle of solar module is defined, on a daily basis, as the azimuth and inclination angle that 

ensures the solar module faces the sun at solar noon; where solar noon is the time when the sun is 

highest in the sky. The variation of azimuth and inclination angle of the solar module to face the 

sun at solar noon is shown in figure 6 The average inclination and azimuth angle of the solar 

module during spring and summer is calculated to be 36.8° and -3° respectively while the average 

inclination and azimuth angle of solar module during autumn and winter is 65° and -0.59° 

respectively (Calculated in MatLab). This set of values is used to define the considered orientation 

of solar modules for analysing the feasibility of the photovoltaic solar farm.  

In chapter X the effect of shadow on the power output of solar module was introduced. To reduce 

power loss due to shadowing solar panels should be ideally installed with a gap between each row 

of solar panels. This gap must be large enough to ensure that a given row of solar panels does not 

shadow the previous row of solar panels. However increasing the gap between each row of solar 
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panels increases the area and the cost of the photovoltaic solar farm. In this project it is proposed 

to find the optimum distance between each row of solar panels by solving the following equation: 

 

 Equation 

21 

Where  and  represent the change in power output of the system (kWh) and the 

area (m2) as a result of changing the distance between the rows of solar module. M represents the 

income from producing 1kWh of power and C is the cost of land per meter squared. For the 

purpose of solving the above equation the length of the shadow cast by the each row of solar 

panels on the previous row for every hour throughout the day for a year is calculated. This was 

achieved by modelling the movement of the sun across the sky for any given hour for a year. The 

result of modelling the sun path across was compared with data from the NOAA (National 

Oceanic and Atmospheric Administration, no date) to ensure the accuracy of the model. The 

power loss is then proportional to the ratio of solar panel area overcast by shadow to area clear of 

shadow. Step by step detail on modelling the position of the sun and calculating the variation in 

the length of the shadow over each module is provided in Apendix X. The results of this 

simulation for solar panels are shown in Figure 59:. 

 

Figure 59: Cost per unit Income variation with distance between Solar Panels (MatLab output) 

From the graphical representation it can be seen that each row of the solar module should be 

separated by 13m, the point at which the (green) increase in cost equals the (red) increase in 

income (with FIT applied) or 5m (without FIT) depending on the applicability of the FIT. Based 

on the optimum calculated orientation and distance of solar panels the configuration of solar 

panels for the theoretical solar farm is completed.  

Solar panels 

Solar panels define the efficiency of a photovoltaic system and make up the major proportion of 

the photovoltaic system cost. Based on the price, size, efficiency and spectral response of different 

type of solar cells it was concluded that poly – mono crystalline solar panels are the best choice 

for this project. It is beyond the scope of this project to compare the entire range of different poly 
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– mono crystalline solar panels. The study instead compared over 100 solar panel models from 17 

solar panel manufacturers. The solar panels were compared based on several factors namely: 

 Efficiency  

 Cost / Wp 

 Power output tolerance  

 Temperature coefficient of power 

 Degradation levels  

 Warranty 

Based on the comparison Trina (235W) PA05 solar panel was chosen. The data sheet regarding 

this panel is included in the appendix. Although a poly-crystalline solar panel, the Trina PA05 has 

a cell efficiency of 14.4%. This panel was chosen due to its low cost (  1.5 £/Wp), lower power 

output tolerance and high efficiency. Study of the panels also showed that Trina solar panels have 

been used for individual and commercial applications of up to 4.7MW (Trina Solar Ltd., 2010).  

Inverter, MPPT and cables 

Incorrect sizing of inverters, MPPT and cables can lead to efficiency losses and even failure of the 

system. Inverters, MPPT and cables must be able to perform under the highest expected power, 

voltage and current output. The designed system for the individual house uses 17 Trina solar 

panels connected in series. Modelling the grid tied system shows that the maximum expected 

power output and current from the solar panel string is 2598W and 8A in summer, and the 

maximum expected voltage will be 540V during winter. A margin of 20% is added to ensure the 

safety of the system. Therefore an inverter is required with power input rating of around 3110W 

and voltage input greater than 540V. In a similar manner the required inverters, MPPT, control 

chargers have been selected for the off grid and the photovoltaic solar farm. For the solar farm it 

is proposed to use several (40) 90kW inverters instead of two industrial size inverters. This 

ensures the contingency of the power plant in case of failure. A list of the inverters chosen for 

each application is shown in table X.  

When choosing power cable dimensions it is important to ensure that the cable can handle the 

output current from the solar panel string. Thicker cables reduce the power loss of the system, and 

can handle higher current; however they also increase the cost of the cable. To ensure the safety 

of the system the rated short circuit current of solar panel is chosen as the maximum current in the 

system. This is a good indication as the output current of solar panel under real operating 

condition cannot exceed this value. The cable dimension is based on the published guide lines 

from the IEC (International Electrotechnical Commission). 

17.4.59.4.5 Battery Design Considerations 

Battery Technology  
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The nature of this solar based system means that batteries will have to meet a large amount of the 

energy demand. Therefore ideally they will require a technology which has a high energy density 

per unit cost. They will need to be cheap and safe to use given that they may be stored in a home 

(see system integration section). All EHS regulations will need to be complied with, such as 

COSHH (relevant to the chemicals inside the batteries) and Disposal of Waste Electrical and 

Electronic Equipment (WEEE). They will need to be as maintenance free as possible to bring the 

cost down, and increase the selling point from an individual perspective. Other key considerations 

of great import are commercial maturity and cost certainty. These two concepts have a large 

impact on additional costs not always considered or factored into the initial cost estimate. To 

obtain the best price for the chosen technology and also reduce risk of changes to the initial 

costing additional time would be required to research into this best price, as a large number of 

suppliers exist within the market. 

 

 

Figure 60: Commercial maturity and cost certainty of different electricity storage technologies (Schoenung 

and Hassenzahl, 2003) 

 

For the reasons discussed above the technology considered for the rest of this study is the valve 

regulated lead acid battery: It is widely accepted as the best, and still cheapest, storage option for 

this application: "Lead-acid batteries are the most commonly used in photovoltaic (PV) and other 
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alternative energy systems" according to the Encyclopedia of Alternative Energy and Sustainable 

Living (no date-b) 

Battery Size and Number of Batteries 

There are many sizes of batteries that can be used, and determination of the optimum size is 

another important consideration. Normally in a given PV system the rule of thumb is to design a 

battery bank such that it can handle 3 days worth of full system power output. Even with this 

knowledge the decision of how many batteries, and what size, to make up this battery bank is the 

designer's. 

 

There are two scenarios in this application for which these lead acids batteries will be considered, 

therefore two different battery sizes have been chosen. The first was for the farm scenario and is 

3000Ah, 2V battery. Given that this battery will be considered in a system where the average load 

for the farm is 12MWh per day, the aim was to find the largest single battery, as this will limit the 

number of batteries connected simplifying connections and improving performance. It was also 

assumed that finding the largest battery would result in the lowest cost per unit of power.  

  

The second scenario is a house system, in this case the average load is a lot lower and so a smaller 

battery was chosen. These PV systems on a house scale are far more common and are sold as 

packages throughout the industry. Therefore this study took the advice of a few proposed systems 

for example that of Wholesale Solar (no date) and settled on a 200Ah, 6V battery for this case 

study. The number of batteries required is system dependant and is analysed in the system 

sections.     

Battery Manufacturer 

As discussed in the research section there are many manufacturers of lead acid batteries. Some of 

the prices found for the two types of battery sizes are shown below. The common finding is that 

going through a distributor and/or purchasing batteries manufactured within Europe or America is 

expensive. The battery chosen is subsequently from a Chinese supplier, NPP, and is up to 6 times 

less expensive (see Table 28:). Larger shipping costs will have to be factored in, but this is still 

significantly less. The batteries are quality assured and licensed. Note there is a minimum order of 

100 units for the 3000Ah battery and    

 

Table 28: Lead Acid Battery Cost Comparison 

Size Make Cost Country of 

origin 

Reference 

3000Ah, 

2V 

Victron 

Energy  

£2328 Netherlands (CCL Components, 2007) 
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3000Ah, 

2V 

OpzS 

Tubular 

Plate 

(24 

OpzS-

3000) 

£1897 Netherlands (CCL Components, no 

date)http://www.thepowerstore.com/product.asp?ID=1699 

3000Ah, 

2V  

NPP 

VRLA 

NP2-

3000 

£395 China (Guangzhou NPP Power Co. Ltd., 2011) 

200Ah, 

6V 

Trojan 

6V 

AGM 

£150 America (Civic Solar, no date) 

225Ah, 

6V 

Amstron 

AP6-

225 

£133 America (At Battery Company, 2011) 

200Ah, 

6V 

NPP 

VRLA 

NP6-

200 

£63.7 China (Guangzhou NPP Power Co. Ltd., 2011) 

 

17.4.69.4.6 System Analysis 

In this section financial feasibility is based on the comparison with investing equal capital in 

government bonds. Similarly payback of longer than 10 years is not favourable as the owner of 

the house may want to re-locate, and is not likely to have sufficient income to lock it into an 

investment for such a period of time. 

 

17.4.79.4.7 Farm System Analysis 

After consideration the study concludes that two of the above systems case (a) and (c) shown in 

the system configuration section which involve the use of a battery cannot be implemented on a 

farm basis. The problem arises with modelling the inverter to load transmission. Transmitting 

energy from the farm to the separate houses without additional costing is impossible. To avoid 

being grid connected a set of isolated transmission lines from the farm to the individual houses 

would be required. If a village is 1mile away from the solar farm, the basic cost of just the pylons 

and wires is estimated to be £1.6 million per mile. Should this be undergrounding or tunnelling 
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this can be up to 12 times as much; over £20 million per mile (Hawkins, 2010). Case (b) which is 

achievable is modelled by HOMER and MatLab as shown below; the size of the farm is 5MW for 

both models. This is the limit on the size of the farm to qualify for the FIT generation incentives. 

 

The case considers a grid tied system (no batteries) where it is not part of design criteria to meet 

100% of the energy demand at all times, and instead will meet at least 29%. This would mean that 

"a significant proportion" of the energy of a village of 2,000 people would be generated; however 

it would simply enter the National Grid and not be routed to the village itself. This is a revenue 

generating option, good from a business perspective, but not altering the state of affairs in the 

aforementioned village. All the energy produced is sold to the grid which means it qualifies for 

both the generation and export tariff. Because every kWh produced is sold, the inverter is sized to 

handle the maximum output power of the PV. The revenues are affected by inflation for the 25 

years. 

 

Farm - Grid/PVs  

HOMER Analysis 

HOMER has calculated that the maximum power output of the PV for the demand of the village 

is 4449kW refer to appendix. This results in a requirement of 50 inverters, each rated at 90kW 

shown in the costing table in appendix.  

 

With both the export and feed in tariff as shown in table X, revenues for a 5MW farm in the first 

year are calculated by HOMER to be £1,777,812. This is calculated based on (5,504,064kWh 

*(29.3+0.03)p/kWh), where 5,504,064 is HOMER's expected yearly generation from a PV array 

of this size. All cases computed by HOMER can be referred to in the appendix section for an 

individual in-depth report.  

 

According to HOMER this system satisfies 30% of the demand, if the demand is considered on an 

hourly by hourly provision: For each hour of the year, the proportion of the energy demand that 

can be met by the generated solar electricity has been calculated. This percentage is averaged to 

be 30% of the hourly demand. While the actual amount in terms of quantity of energy satisfies 

126% of the demand. Using the initial cost and yearly power computed by HOMER a cumulative 

cash flow is computed and shown in Figure 61:. For details on rates used to model the 25 year 

period refer to the costing table.  
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Figure 61: HOMER Cumulative Cash Flow Analysis 5MW farm 

The last reading point above zero on the cumulative cash flow diagram represents the projected 

profit after 25 years. The Do Nothing case represents putting the initial capital in the bank. Refer 

to costing table in appendix for interest rates used  

 

MatLab Analysis 

The initial financial analysis and the average power output of the solar farm are presented in 

figure X. It has been calculated that the solar farm is able to provide power output equal to 137% 

of yearly power demand of two thousand people and provide 44% of power demand on a daily 

basis. This number is different to the 30% calculated by HOMER, but the difference has not been 

considered significant enough to warrant further investigation. 
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Figure 62: MatLab Analysis 5MW farm 

 

The financial analysis of the system shows that the solar farm is feasible with the FIT grant 

applied. As seen in Figure 62:, the payback time of the project is just over 7 years and cumulative 

profit generated is £43,243,000. It can also be seen that the project is not feasible without the FIT 

grant. Simple calculations show that for a solar farm to be feasible without the FIT grant the 

efficiency of the system must be increased by 250%. This corresponds to solar cells with an 

efficiency of roughly 35%, which is above the Scotty limit for silicon based solar panels and 

above the Shockley-Quieser limit (see section xx). This indicates that in the future affordable 

multifunction solar cells are required to allow the use of solar farms without any grant applied. 

N.B. however the increasing trend in energy prices makes this financial infeasibility without FIT 

less and less challenging as time progresses. 

Conclusion/Summary (Farm-Scale) 

Table 29: Summary of Model Output for Grid-Tied PV Farm with/without FIT 

 
Generated 

(kWh/yr) 

Initial 

Capital (£) 

Generated profit with 

FIT(without FIT) (£) 

Do Nothing 

(£) 

HOMER 5,504,064 10,587,715 
41,055,646 

(-10,599,322) 
28,225,115 

MatLab - - - - 

 

In both models there is a significant difference between actual demand met hourly and quantity of 

demand met annually this is the result of the nature of a PV system without storage. It generates a 

large amount of excess energy in summer and little energy in the winter and during the night. 

Both models show that the solar farm can provide a significant proportion of the power demand of 

2,000 people. Both models result in similar profits. Table 29: shows the system financial output 

comparison between the HOMER and MatLab models. The findings conclude that it is profitable 

to invest in this project as both of the modelled profits are higher than comparably investing initial 

cash into a bank for the 25 year period. This project considers renting the land required for the 

solar farm instead of purchasing. Although this increases the cost of project, it can be argued that 

purchasing 35 acres of land might not be possible. At the same time renting allows a greater 

flexibility on chosen the solar site. This is important as the solar farm should ideally be placed 

close to transmission lines/substations. The increase in cost as a result of connecting to a remote 

transmission line can outweigh the increase cost due to renting the land.  

17.4.89.4.8 House-Scale System Analysis 

This section analyses the performance and feasibility of the different systems installed on an 

individual house. The study considers the designed 3995W photovoltaic solar system based on 17 

Trina PA05 solar. Using 17 panels in combination with the EST designs from section X, falls 
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within the roof space available on an average size house (see section xx on house design MG). 

3995W is also a convenient number as this is below the limit of the feed in tariff for retrofit 

properties (section xx or ref website). This study considers both a new-build and retrofit property 

and then scales this by 840 homes to propose a scheme, however the data presented in this section 

is for 1 house only.  

 

(a) Batteries/PVs  

HOMER Analysis 

HOMER computes that to satisfy the constraints imposed this system requires a minimum of 1640 

batteries on those shown in the costing table. A realistic system with this number of batteries will 

cause a physical space problem for storage in a regular sized home. The cumulative cash flow for 

this system is shown in Figure 63: below. 

 

 

Figure 63: HOMER analysis 4kW House Standalone System 

Initial results suggest that it is far too expensive to attempt to meet the total demand with batteries 

alone; one would never make a return. The initial cost of this system is £146,827. Out of interest 

to the reader if the maximum permissible annual energy shortage was increased from 0% to 30%, 

the number of batteries for the system drops from 1640 to 160 and the initial cost drops 

significantly to £23,910. 

MatLab Analysis 

The section above analysed the feasibility of the system by varying the storage size to meet the 

demand, this section conducts a slightly different analysis and concentrates on the performance of 

the system by changing the number of solar panels installed. The financial analysis and the 

excepted power output of the designed system along with 3 off-the-shelf systems are presented in 

Figure 64:. Other than the system designed previously, the feasibility of three other off-the-shelf 
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systems of different sizes have been analysed. It can be seen that fully off grid systems are a 

feasible option however they cannot meet the entire power demand of an average house. Off grid 

houses' generating reliability suffer strongly in England due to high cloud index/clearness index 

levels during winter and the possibility of successive heavily cloudy days which limits the rate of 

charging the battery. For this reason the system must be heavily oversized or an extra power 

generating source such as a generator may be required. Although this is in no way implausible, 

the current study focuses on systems that use the solar power on and as such does not consider 

other options for micro generation to augment this. For an average house power demand to be met 

during winter when the insolation levels are lowest, it has been calculated that more than 100 

solar panels are required and installation of a backup generator is strongly recommended. 

Therefore solar panels are only recommended if the end user has an average roof size of 40m2 and 

an annual power consumption of less than 3000kWh (and the large capital required to invest in so 

many panels). This calculation was based on performance of 20 Trina solar cells operating after 

degrading by 20%. A safety margin of 50% has also been included. (Standard deviation) 

 

 

Figure 64: MatLab analysis House PV/Battery system 

The system shows a payback duration of approximately 5 years with FIT, and between 15 and 25 

years without FIT (15 years for the designed system). A net cash position in year 25 is found to be 

just over £10,000 without FIT or approximately £45,000 with FIT. The information about the 

performance and energy saved by each system is shown in figure X. 

 

(b) Grid/PVs 

HOMER Analysis 

Refer to appendix for the HOMER simulation results for a grid connected to a PV system. The 

initial cost is £10,627. The renewable content is 55%, this represents the amount of the house 
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demand satisfied through solar based energy, the other 45% is grid purchases. The cumulative 

cash flow for this system is shown in Figure 65:.  

 

Figure 65: HOMER analysis 4kW system for a House (PV/Grid) new build and retro fit 

The graphs show that either system results in a profit, slightly higher if it is a retrofit system 

which is due to higher FIT rates for retrofit houses. Note this is the only case where a retrofit 

system results in better tarrif rates. The same initial capital and kWh/yr generated is used in both 

of the systems. A saving is still made without FIT but is not feasible compared to investing the 

intial capital in the bank. 

MatLab Analysis 

 

Figure 66: MatLab analysis house PV/Grid system 

Figure 66: represents the performance of the designed grid-tied system versus other available off-

the-shelf systems. Figure X shows that the grid-tied system is feasible to be installed on a retrofit 

or a new-build house under the FIT. In the case of the new-build house it has been shown that the 

income from the system is directly proportional to the size of the system. (check performance of 
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retro fit with size) The system, however, is not feasible without the FIT. It is interesting to note 

that, without the FIT applied, the income generated from the system does not increase 

proportionally with the size of the system. This is because without the FIT applied every kWh of 

power generated can only be sold for 3p under the export tariff while every kWh generated that is 

used up by the demand generates 12.2p of saving for the owner. Therefore it is not beneficial, 

economical or environmentally friendly for the owner to buy a larger system and generate high 

levels of excess power because they are only making 3p rather than saving 12.2p. This 3p revenue 

stream does not offset the extra investment required for a larger system. 

 

(c) Batteries/Grid/PVs  

HOMER Analysis 

This optimisation phase concludes that 12 batteries are required to result in the lowest cost. The 

initial cost is £11,632. Compared to the previous case there is less dependency on grid purchases 

with a renewable content of 73%. This means that the system would not be as heavily affected by 

an increase in electricity prices compared to the previous model. This model is also closer to 

being feasible without incentives. The cumulative cash flow with/without incentives is shown on 

the graph below.  

 

 

Figure 67: HOMER analysis 4kW system for a House (PV/Battery/Grid) 

Figure 67 shows that the use of batteries in a grid connected system helps to reduce the gap 

between the Do Nothing case and the system without FIT visible on the graph in green. The 

battery equipment used is considered to have no maintenance cost because it is a VRLA battery 

(refer to battery section). Although simple maintenance will be required it is assumed this can be 

conducted by the homeowner. This analysis was conducted using HOMER only.  
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Conclusion/Summary (House-Scale) 

From the findings shown in Table 30: below without feed in tariffs all projects are not currently 

feasible. Case (a) values are not comparable because HOMER and MatLab have conducted two 

different analyses on the same system (Refer to the individual section). The PV and battery 

system (Case (a)) does not meet the demand of an average sized home and therefore is not 

feasible in either case. However according to the MatLab analysis if the demand is a lot lower it 

becomes feasible. The most profitable case is Grid/PV retrofit system. To apply the retrofit 

findings to a scheme which encapsulates 840 homes will have additional costs not factored into 

these findings; such as site analysis and Front End Engineering Design. The chance of finding 840 

homeowners in any given village who agree with the scheme has a level of uncertainty. Also each 

house will not have optimal roof angles and will suffer more from the effect of shadowing. In 

some cases this can make the system proposed unfeasible. As a recommendation this study does 

not propose retrofit systems for this business scheme.  

 

Although PV/Batteries/Grid is not the most economically feasible system, it is still proposed as 

the recommended system because it meets the highest percentage of power demand from solar 

power which is 73%. Therefore the system is the least affected by the varying electricity prices. 

Equally it is the greenest solution for meeting the average house power demand. As a system 

without FIT it results in the highest profits after 25 years.  

Table 30: House-Scale System Costs per house (HOMER and MatLab output) 

17.59.5 Integrated Solution 

17.5.19.5.1 Thermal Solution 

Domestic hot water can be supplied by both EST and GSHPs. It is therefore necessary to compare 

the two systems' ability to deliver hot water and how they perform financially. The figure below 

  
Generated 

(kWh/yr) 

Initial Cost 

(£) 

Generated Profit with 

FIT (without FIT) (£) 

Case (a) 

Battery/PV 

4kW HOMER 4403 146,759 -211,510 (-252,832) 

MatLab - - - 

Case (b) 

Grid/PV 

4kW HOMER 4403 10,639 56,018 (5,107) 

MatLab - - - 

4kW 

HOMER(Retro) 
4403 10,639 63,352 (5,107) 

MatLab(Retro) - - - 

Case (c) 

Battery/Grid/PV 

4kW HOMER 4403 11,632 53,290 (11968) 

MatLab - - - 
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compares the cumulative cash flows of an EST system for hot water, a GSHP system for hot 

water and heating, a GSHP system for only heating and using a combination of GSHP for heating 

and EST for hot water.  

Comparison of the Various Solar Thermal Solutions
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Figure 68: Cumulative cash flows for implementing an EST system for hot water, GSHP for heating, 

combining the two systems and using a GSHP for both heating and hot water. The systems replace an 

electrical system and includes the payments from the RHI 

It can be seen from Figure 68 that a lone EST system provides the smallest long term return, 

although it requires a far smaller capital payout and has a lower payback period than the other 

options considered. Using a GSHP system for both DHW and heating yields a better return 

compared to just utilising the system for heating as additional savings are achieved with very 

minimal extra capital investment. Combining the systems to have EST deliver the hot water and 

GSHP the heating has a better return than using GSHP for both requirements, whilst maintaining 

the same payback period. The Return on Investment (ROI) for each thermal system can be found 

in Table 31 below along with the cash position after 25 years. 

Table 31: Return on investments, cash position after 25 years and the proportion of total thermal energy 

saved for the four thermal systems 

System ROI 

(%) 

Cash Position 

after 25 years (£) 

Proportion of Total 

Thermal Energy Saved 

(%) EST 692 19,356 14.9 

GSHP Heating only 434 42,299 59.6 

GSHP DHW 343 57,141 75.0 

Combined EST and GSHP 408 61,655 74.6 
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The combined system breaks even at the same point as using just the GSHP for heating and DHW 

and delivers similar energy savings. Hot water, unlike heating, is required both in the winter and 

in summer. Combining the two systems allows the homeowner to make the most of the free 

summer energy for DHW in the summer but still have heating in the winter. It does however 

mean that the homeowner will have to rely on non-renewable sources of energy to supplement the 

DHW requirements during the winter months. The combined system offers the best compromise 

between energy saving and ROI and is thus the thermal energy system recommended by this 

feasibility study. 

The scheme suggested earlier in section <> for implementing EST via an existing new-build 

project would also be suitable for the combined solar thermal solution. The points mentioned 

earlier in section <> about installation of GSHPs further support this. 

17.5.29.5.2 Electrical Solution 

As discussed in section xx, there are two electrical solutions posed: 

If the reader has a business motivation and desires high rates of return for the capital invested, a 

5MW grid-tied solar farm with FIT is suggested. 

If the reader is a homeowner, or has the objective of supplying the largest feasible amount of 

green energy direct to a community of 2,000, 4kW roof mounted PV installations, with batteries 

for additional storage and grid connection for balancing load and demand is suggested. These 

should be installed on a new-build, so that optimisation of roof angles and roof space may be 

achieved on consultation with the property developer. 

17.5.39.5.3 Optimisation of Roof Space 

EST and PV systems both show promise as a feasible solar technology for an individual 

household. Since both systems are mounted on the roof of the house it needs to be determined 

whether both systems can be used together or whether one of the systems by itself will be used a 

more effective use of the roof space.  

The roof area of the design house is 40.6m2 (see section <>). The maximum sized PV system that 

can be mounted on this area is a 4.47kW system. The EST system (see section <>) has an area of 

3.6m2 therefore if implemented with a PV system would restrict the PV system to a maximum 

area of 37m2. A PV system this size has a power output of 4kW. This qualifies for a generation 

tariff of 29.3p/kWh (see section <>). Figure 69 below shows the cumulative cash flows for each 

system and it can be determined that the combined system is the optimum choice as it provides a 

larger final return for a relatively modest extra capital investment. The addition of an EST system 

to the roof raise the ROI from 373% to 404% (see appendix <>). 
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Cumulative Cash Flows for Roof Systems

-£20,000

-£10,000

£-

£10,000

£20,000

£30,000

£40,000

£50,000

£60,000

£70,000

£80,000

0 5 10 15 20 25

Year

C
u

m
u

la
ti

v
e
 C

a
s
h

fl
o

w
 (

£
)

PV and EST

PV only

 

Figure 69: A comparison of cash flows for two roof mounted systems. 

 
By making a modest reduction in PV output, solar energy can be utilised for domestic hot water 

as well as electricity making the applications of solar energy in the home more diverse. 

Additionally the homeowner becomes less dependent on any one government subsidy. 
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1810 Final Recommendations 

18.110.1 Intro 

Throughout this feasibility study a number of unfeasible technologies and systems have been 

eliminated from the final conclusions. The reasons for eliminating these have been discussed 

throughout the report. Two final solutions to the original brief have been chosen: a 5MW solar 

farm and an individual small-scale system. These two schemes have different approaches to the 

solution. The most feasible location in SE England is the Isle of Wight due to its high irradiance 

levels and high proportion of agricultural land. 

18.210.2 5MW Solar Farm 

Due to the introduction of the feed-in tariff a large number of 5MW solar farms are currently in 

development. As of November 12th 2010 27 companies alone have expressed interest to the Isle of 

Wight Council about developing solar farms. Of these it is known that at least five sites have gone 

through to the planning application stage and public consultations for two sites have been held. 

Additionally over 100 planning applications were placed for sites in Cornwall before December 

2010 with at least one being granted permission (see appendix <conversation with estate agents> 

and <solar farm case studies>). The surge in proposals for these farms underlines how viable 

these projects are with the government funded financial incentives available.  

 

Details of the solar farm can be found in section<> along with the financial outlook of the 

project.  

 

Figure 70: Solar Farm modelled in location at Isle of Wight 
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This scheme has been presented as the most feasible way to generate a profit while using 

solar energy to provide the energy demand of a village of 2,000 inhabitants. The size of 

the farm in this study is 5MW which is capped for the reasons discussed in section X, 

should the concerned party be unavailable to generate the initial capital or want to lower 

the risk and implement a smaller system at a lower initial capital this is possible with a 

similar ROI. The reasons for doing this project are quite clear it's fairly simple to 

implement, profitable and portrays a positive environmental attitude. The main risk or 

disadvantage to implementing this project is the possible large scale effect this could have 

in the UK. As discussed previously a solar farm without storage, connected directly to the 

grid, raises the risk of grid overloading. The problem arises due to the nature of solar 

energy, providing excess power on a sunny day and no power during the night. Should 

1000s of theses schemes be implemented across the country, on a sunny day for example 

all these farms would simultaneously provide excess and cause a problem to the national 

grid system. While the rates are currently guaranteed for 25 years, there is still the risk of 

a government reform affecting the project/s. The risk discussed is drastic and a worst case 

scenario, but highlights that this project is not a sustainable solution to increasing solar 

energy in to the energy supply market.  

Individual Small-scale Systems 

The second proposal for a feasible solar scheme is that of an individual house system. The system 

consists of three parts: a PV and battery system connected to the grid, an EST system and a GSHP 

system. This meets all three types of energy needs of a house: electricity, hot water and heating 

respectively. All of the systems can be installed into a new build or retrofitted to an existing 

building; however the scheme proposed is to install the various systems onto a new build property. 

Figure 71 below is gives an example of a house that is part of this scheme. The PV cells and EST 

collectors can be seen on the south facing roof. 
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Figure 71: Modelled building showing the PV and EST cells on the roof 
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Figure 72: Cash flow for the entire village scheme based on savings made and any subsidies given. 
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As can be seen in Figure 72, the initial capital outlay is £19,200,000, however the pay 

back is only 6 years and the scheme generates £72,300,000 over 25 years, a return on 

investment of 289%. The net present value of the system over 25 years is £4.2million. 

The way in which this scheme will be realised (by working in partnership with a housing 

developer) would not however mean that this is the financial outlook for the solar design 

and installation company. This however does give a very clear indication to the installer 

of how much the project is worth; to which they can derive a fee to charge the housing 

developer. Dividing the initial capital and generated profit by 840 homes, is a better 

representative to 2000 homerowner's of how much this project is worth to them.  

 

 
There are a number of reasons for providing the scheme on an individual basis. The first is that 

the system is resilient due to it having multiple collection technologies and thus should one 

collection method fail; there will not be a complete energy failure within the property. For 

example the heating systems are able to operate independently so if the EST system fails then the 

heating within the building will still operate. By being connected to the grid the home owner 

benefits from the export tariff and can also rely on the national grid for energy when the PV is 

supplying insufficient power. The installed small scale system has very low maintenance. The end 

user has the benefit that the house will be more marketable when it comes to resale and thus the 

house is more likely to retain its price.  The end user will benefit from having vastly reduced 

energy bills and reliance on the national grid. The end user will also be more resistant to energy 

price increases which will inevitably going to occur in the future.  

 

A village whereby all of these technologies have been installed onto all of the properties will 

benefit from an increase in the local amenity value and thus increased house prices. This is 

because the properties with the solar technologies installed are more sought after than those 

without. 

 

The disadvantages of installing this scheme is the increased construction time for the properties as 

well as getting the buy in from the building developers. The occupants of the home will be 

restricted on what extensions will be available due to the location of the cells and tubes on the 

roof of the premises, but also the presence of the ground loops for the heat pump. The heating 

demand and hot water requirement for the home may also change with an extension; so the 

systems installed may not suffice for the relevant demands.  
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 Large Scale Solar Energy Complex Group 2 
 

Final Recommendations Pg 140 of 170  

Project Gantt charts have been compiled for the individual solar thermal solutions incorporating 

both EST and GSHP along with the 5MW solar farm. Both of these highlight the important 

phases of the projects and key milestones. The timescales used in the combined solar thermal 

solutions do not include the time periods for constructing the houses. During the first phase of 

instillation, the production rate has been decreased to account for the learning curve that will have 

to be overcome. A reduced production rate has also been used in the 8th final phase due to the 

natural drop in production observed on repetitively phased projects.  The borehole instillation rate 

has been estimated by Synergy(2010) and are based on a borehole rig drilling 4 33m boreholes 

per day, and thus with three rigs being utilised onsite, a total of EST tubes onto a building per day, 

and thus the project is based on 4 teams of installers working on the project. The solar farm 

timescales are based on a number of case studies (xxxx).  
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Figure 73 Gantt Chart for Combined Solar Thermal Solution 
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Figure 74 Gantt Chart for 5MW Solar Farm 
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The table below shows how the project objectives mentioned in section X have been met.  

 

Objective Extent to which the Project Objectives 

have been met 

To advise on solar technologies which are not 

feasible to implement in the south east of 

England. 

A number of possible collection technologies 

were ruled out due to different reasons, some 

financial, some technical and some practical. 

These included: 

 CSP, 

 solar up draught and 

 slinky GSHPs. 

In addition to the solar collection 

technologies a number of storage methods 

were eliminated, which were: 

 super capacitors, 

 molten salts and 

 pumped water storage. 

This objective was met. 

To advise on solar technologies which are 

feasible to implement in the south east of 

England. 

Three technologies were found to be feasible 

which include: 

 PV cells, 

 ESTs and 

 borehole GSHPs. 

Batteries were found to be feasible if 

incorporated into an appropriately designed 

system. Lead acid batteries were the most 

feasible battery for this application. 

This objective was met. 

To detail how these technologies would best 

be realised. 

Two schemes have been proposed to best 

implement the above technologies. The first 

scheme is a 5MW solar farm consisting of 

21,300 235W PV panels. The second scheme 

is to use PV and EST systems mounted on 

the roof of a house in conjunction with a 

borehole GSHP. 
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1911 Sensitivities 
Throughout this feasibility study, several assumptions have been made such as using averaged 

data and simplifications made in the simulations performed. In addition to these assumptions, 

uncertainties exist which cannot be adequately predicted and consequently have not 

previously been taken into account; therefore the results stated in section xx cannot be 100% 

accurate. Examples of these uncertainties are: the cost of equipment or agricultural land, the 

withdrawal or release of subsidies and fluctuating energy prices.  

 

Sensitivity analyses have been performed on the proposed schemes for the solar farm and the 

optimum small-scale scheme. Changes to the factors which affect the overall output have 

been made in order to investigate the impact of these assumptions on the schemes' feasibility. 

This includes a more detailed assessment to quantify the risks associated with the project's 

sensitivity studies. These include studying the effects of varying: capital cost, power output 

(solar farm), demand (small-scale), generation tariffs and delayed installation. Calculations 

can be found in appendix <>. Changing the assumed factors can influence the NPV from each 

system. This can illumintate the level of risk involved in the scheme, and consequently 

feasibility of implementing the proposed scheme.  

19.111.1 Delayed Installation  

It is known that the principle income when installing PV panels and the feed in tariff scheme 

is the generation tariff. The generation tariff is forecast to drop in April each year after 2012, 

as described in the digression table in appendix ##. Projects which are not fully installed, 

generating energy and therefore registered with the FIT before April 2012, will not receive as 

much profit over 25 years, and may not be worthwhile (see section <> for further explanation). 

Figure 75 shows the NPV for both proposed projects at given years of installation. If the 

project misses the installation date (April 2012), the subsequent delay in installation is shown 

in figure ##.  

 

The figure shows that the small scale system is less sensitive to this delay than the 5MW solar 

farm: The house-scale project continues to be worthwhile a year after the solar farm ceases to 

be feasible. The NPV of the solar farm falls by 48% from 2012 to 2013 making it very 

important to install and register the solar farm before April 2012. The solar farm has a higher 

associated risk, as is most sensitive to delay in installation date. 

Comment [c47]: Don’t quite get this sentence 
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Affect of Delayed Installation on the Two Schemes
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Figure 75: The affect of delayed installation on the NPV of the two schemes. The NPV represents the 

project NPV if the projects are installed before April of that year. The corresponding generation 

tariff is shown for each year. 

19.211.2 Varying Capital Cost  

The final capital cost of a project can vary from the predicted cost due to fluctuating plant 

costs, errors (or omissions) in original costing of the project as well as other factors. Changes 

have been made to the price of capital costs for each proposed scheme, to assess the severity 

of the associated error. Five variations were performed; two optimistic values 5 and 10% 

below the predicted cost value, and three pessimistic values 5, 10 and 15 % above the cost. 

Figure 76 shows changes to the NPV, due to the variations in capital cost, for the 5MW solar 

farm. Changes to the capital cost for the small-scale scheme are shown in Figure 77.  
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Affect of Varying Capital Cost on a 5MW Solar Farm
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Figure 76: The affect of varying capital cost on the NPV of a 5MW solar Farm. 

It can be seen that the 5MW solar farm is more resilient to changes in capital cost; remaining 

financially feasible with up to a 10% increase in capital cost whereas the small-scale scheme 

is not financially feasible with 5% elevated costs. The solar farm is less vulnerable to risk, 

when changing capital cost. 

Affect of Varying Capital Cost on the Small-scale Scheme
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Figure 77: The affect of varying capital cost on the NPV of the small-scale scheme. 
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19.311.3 Varying power output (Solar Farm)  

A number of factors affect the annual energy output of a solar farm, as discussed in section <>. 

Power output will vary from year to year as a result of factors such as weather, and the 

average output over the project lifespan may vary due to the other assumptions previously 

mentioned in section <>.  

Changes in the factors affecting the power output are represented in % change of the overall 

output. The different outputs plotted below in Figure 78 range from -20% to +10% with 

intervals of 5%. The trend in Figure 78 shows how the NPV varied with the annual output.  

Affect of Annual Energy Output on the 5WM Solar Farm
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Figure 78: The affect of the variation in average annual output of the solar farm on its NPV. 

The project can experience poor performance and produce an average output up to 15% lower 

than the calculated output over the 25 years, and still be a viable solution. Variance in output 

performance is therefore considered a low risk to the project. 

19.411.4 Effect of Subsidies 

There are two reasons for comparing the cumulative cash flows of both projects with and 

without subsidies; firstly the subsidies may be abolished due to government reform and 

secondly it is important to determine whether or not the scheme is financially feasible without 

external subsidies. Figure 79 shows that the solar farm is not feasible without the government 

subsidies. In fact the project only manages to pay for its operating costs. In contrast the small-

scale scheme does in fact become profitable even without the subsidies, although it does take 

16 years to break even. This raises the question whether the government should have in fact 

introduced the subsidy for single installations up to 5MW. With regards to small-scale 
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systems a subsidy encourages growth in the industry, lowering future prices and raising 

product performance factors.  

It could be argued that solar farms therefore need the incentive in order to promote new 

companies to invest money into improving the technology and thereby allowing solar farms to 

be financially feasible independent of government subsidies. Note however the analysis in 

section xx which indicates that given the rising trend in energy prices, solar installations 

become more and more financially feasible, even without government incentives, as time 

progresses. 

Affect of Subsidies on a 5MW Solar Farm
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Figure 79: Cumulative cash flows for a 5MW solar farm with and without government subsidies. 
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Affect of Subsidies on a Solar Housing Scheme
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Figure 80: Cumulative cash flows for the small-scale scheme with and without government subsidies. 
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2012 Future Considerations 

20.112.1 Change in Location 

The boundaries of this feasibility study limit possible sites to the south east of England. Were 

the study to extend beyond this scope the feasibility of the schemes could be improved upon. 

The limit to which projects could extend northwards can also be assessed so that the true 

geographical extent of feasibility could be determined. Insolation data was taken from PVGIS 

for the seven further locations in Table 32: and the annual average energy output determined. 

The variance of this output from the Isle of Wight output is also shown in Table 32:. 

Referring back to Figure XX the financial feasibility can be seen by using the variance given 

in the last column of Table 32:. 

Table 32: Energy output of a 5MW solar farm at different locations in the UK and financial 

implications (JRC European Commission, no date). 

Location Annual 

Energy 

Output 

(kWh) 

Variance 

from the  

Isle of Wight  

(%) 

Cornwall 4,781,500 2 

Isle of Wight 4,708,500 0 

Reading 4,380,000 -7 

Milton Keynes 4,234,000 -10 

Derby 4,161,000 -12 

Newcastle 4,124,500 -12 

Dundee 3,942,000 -16 

John O'Groats 3,759,500 -20 

 

Solar farms situated at similar or more northern latitudes than Dundee are not financially 

feasible as their annual energy output would yield a negative NPV. Farms located between 

Milton Keynes and Newcastle are feasible but have a lower NPV and higher associated risk 

compared to a site developed on the Isle of Wight. The sunniest part of England is Cornwall 

but only a marginal improvement in annual output would be seen here and therefore only a 

small increase in NPV and financial feasibility. 

 

20.212.2 Village of 20,000 

The affects of scaling the energy demand from 2,000 people 20,000 was analysed. With 

respect to the small-scale individual system this is quite simple to implement. Each system is 
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modular and therefore can be applied to housing projects of most sizes. The problem arises, 

however, when the population density is increased. In larger housing projects traditional two-

story houses may not be used but instead flats. This means less roof and garden space per 

person and thus less solar energy available per person. 

The 5MW solar farm proposed already meets a large proportion of the energy demand for 

2,000 people. Scaling to 20,000 would, in theory, require 10 similar sites in order to offset the 

same amount of energy. The problem of location then arises as it would be difficult to procure 

10 suitable sites in within a given radius of the town. Firstly due to the previously discussed 

(see section<>) problems of locating a farm (such as topography, availability of land and 

connecting to the grid) and also due to the increased likelihood of objection from local 

residents. Through attendance of public consultations about the development of solar farms 

(see appendix <>) it has been ascertained that public opinion seems to be largely supportive 

of such projects. Installing 10 sites in close proximity however has a much larger effect on 

local residents as many more views are spoilt and a greater amount of total farm land is 

changed. It is therefore difficult to establish whether such a scheme would ever make it 

through the planning stages (but thought unlikely). 

Another problem associated with larger scale renewable facilites is the disparity between 

demand and supply profiles (mentioned several times in this report, see kat's section and my 

section). When storage methods are not employed and the energy is input to the national grid 

directly on being produced this can lead to surge problems. These have been experienced in 

Germany, whose government subsidies have made solar power a considerable proportion of 

the country's generation portfolio. "A small surge can be accommodated by switching off 

conventional [fossil fuel based] power station generators, to keep the overall supply to the 

grid the same. But if the solar power input is too large it will exceed demand even with all the 

generators switched off." (New Scientist, 2010). These surges can trigger black-outs as they 

overload the grid, causing inconvenience to consumers, higher maintenance costs for the 

overall system and a general feeling of antipathy towards the technology. Therefore installing 

a large number of 5MW farms across the UK will create the need for a large amount of 

storage, such as pumped water storage (see section <>), like that in North Wales. Adequate 

preparation with regards to storage and infrastructure is essential for renewable energy 

generation to integrate successfully with the current energy demand profile of the UK. 

Because "flexibility on the supply side" is lost, there is a need to "gain some on the demand 

side"(New Scientist, 2010, Quoting Tom Green of Imperial College London). This can be 

achieved by storage, a different infrastructure, such as "a grid that balances the sun in the 

south with the wind in the north" (New Scientist, 2010, Quoting Tim Nuthall of the European 

Climate Foundation), or changes to the current energy culture, such as "encouraging people to 



 Large Scale Solar Energy Complex Group 2 
 

Future Considerations Pg 153 of 170 AUTHOR 

charge their electric cars when the sun shines" (New Scientist, 2010, Quoting Tom Green of 

Imperial College London). 

 

20.312.3 Energy Demand 

20.3.112.3.1 Population Demographic 

The population of the UK is growing and any changes in the number of inhabitants, and in 

regional population densities, will consequently result in changes in the overall energy 

demand of the country. 

According to the BBC (using data from the Office for National Statistics) the UK population 

will reach 71 million in 2031 (based on the principle, i.e. most likely, projection) (Figure 81). 

This is approximately a ten percent increase compared to today's habitation level, and would 

suggest (at the very least) a similar percentage increase in energy demand. 

 

Figure 81: UK Population Projections (BBC News UK, 2007b) 

 

"The ONS [Office for National Statistics] comes up with different models of how the 

population could change, based on variations in migration, birth rate and life expectancy" 

(BBC News UK, 2007b). There are numerous factors affecting the validity of such much 

models, and "Experts… say it is extremely difficult to accurately predict how the population 

will change beyond the next few years" (BBC News UK, 2007b) 
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As well as this predicted rise in population, subsequent increase in population density and 

energy demand, the proportion of elderly within the 

population demographic is likely to rise as life 

expectancy increases (Figure 82). 

This increasing dependent (elderly) population is likely 

to further increase the energy demands of the UK as 

mobility aids, effort saving gadgets and higher levels 

of household heating add their impacts to the load. 

20.3.212.3.2 Transportation 

There is an upward trend in the volume of 

transportation present in the UK. As Figure 83 shows, 

freight traffic is increasing, as are the number of 

passenger kilometres travelled in the UK (Figure 84).  

 
Figure 83: Goods moved by domestic freight transport: 

by mode (National Statistics, 2006, p.183) 

 

 

Figure 84: Passenger kilometres: by mode (National 

Statistics, 2006, p.176) 

 

With the Renewable Transport Fuels Obligation in place (Renewable Fuels Agency, 2010) it 

is likely that some of this increasing trend is to be met by biofuels (such as bioethanol and 

biodiesel). However, due to increased emissions targeting and social attitudes the electric, or 

electric hybrid vehicle (EV) is likely to "play an important role in the Age of Energy, 

 

Figure 82: UK Projected Population 

By Age Group (BBC News UK, 

2007b) 
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eradicating emissions at street level at the same time as cutting costs for motorists" (Cave, 

2010). Numerous predictions exist about the future proportions of the UK transport fleet that 

will be comprised of such electric vehicles: An article by The Telegraph states that "The King 

Review of low-carbon cars, published in March 2008… recommended that 1.7m electric cars 

should be on the UK's roads by 2020, making up perhaps 5pc-6pc[%] of all cars on the road 

in the country" (Cave, 2010). A report by the WWF explains that just to meet the emissions 

reduction targets in Scotland "by 2020 we will need to replace at least 290,000 petrol-driven 

cars with electric vehicles"(WWF, 2010). This is a minimum figure dependent on "reversing 

the projected increase in car use"(WWF, 2010). If this is rising trend continues, the report 

projects over 1.5 million electric vehicles would be required in 2020 (WWF, 2010). Yet 

another article, by The International Business Times, quotes a study by Deloitte which 

predicts that by 2020, "EVs and other "green" cars will represent up to a third of total global 

sales in developed markets and up to 20 percent in urban areas of emerging markets" 

(IBTimes Staff Reporter, 2010). Whichever of these perspectives is closest to the truth, it is 

clear that EVs will make up a considerable proportion of the emerging road transport vehicle 

fleet. This will require significant energy input in order to develop necessary infrastructure 

(such as battery charging stations), and will increase the electricity demand of the nation 

substantially, in order to power such vehicles. As such, future expansion capacity (in order to 

meet such elevated energy needs) should be considered vital for the PV farm developed. 

20.3.312.3.3 Social Attitudes 

Attitudes towards how electricity is generated and used will doubtless change towards higher 

energy efficiency in future years. A significant factor in this predicted change is the higher-

than-inflation yearly increase in energy prices (inflation is assumed to be 2%). Energy prices 

(as mentioned in section <>) fluctuate constantly but it was calculated that a 6% annual rise 

was a good approximation for the forthcoming 25 year period. Figure 85: below shows how 

the generation tariff is set to increase with inflation over the next 25 years, along side a 

standard electricity tariff increasing at previously mentioned rate of 6%.  
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Electricity and Feed-in Tariff Rate Increase

0

10

20

30

40

50

60

2010 2015 2020 2025 2030 2035 2040

Year

U
n

it
 P

ri
c

e
 [

p
/k

W
h

]

Generation Tariff

Electricity Tariff 

 

Figure 85: Growth rate of the average electricity tariff and generation tariff. 

In approximately 24 years, there becomes a point when the financial incentive for investing in 

solar technology, without the government subsidy, becomes equal to the 2010 government 

subsidy. It is therefore thought that the uptake of similar solar schemes to the small-scale 

scheme will increase in the future if the current energy trends continue. 

 

As electricity tariffs are increasing significantly more than the rate of inflation alone, it can be 

seen that the government FIT and a standard electricity purchasing tariff equal one another in 

the year 2035. This shows that in approximately 24 years the amount of money a consumer 

would save on their electricity bills (if they installed a renewable generation system such as 

the one suggested in section xx) would equal the government incentive payments. The 

financial incentive, simply from reduction in energy bills, is enough to make installing a solar 

system worthwhile, even without government incentives. It is therefore surmised that the 

uptake of solar schemes similar to the small-scale scheme will increase in the future if the 

current energy trends continue. 

 

20.412.4 Energy Supply 

20.4.112.4.1 Global Dimming and Brightening 

Global Dimming is the phenomenon whereby solar radiation (light levels) received at the 

earth's surface decrease over time. This is due to increased particulate emissions acting as 

seeds for the formation of clouds; the increased cloud cover, and the more reflective nature of 
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these particular emission seeded clouds (more water droplets), leads to more sunlight being 

reflected back out into space, and less received at the surface (Haywood, 2009, Sington, 2005). 

Conversely, Global Brightening is where, usually due to emissions limiting legislation, the 

number of particulates decrease and fewer such clouds form, allowing more light to the earth's 

surface. 

"Air quality regulations introduced in many western countries reduced atmospheric aerosol 

pollution between 1980 and 2000 causing brightening over Europe… However, atmospheric 

aerosol pollution has continued to increase in the developing countries since 1980, causing 

continued global dimming" (Haywood, 2009). 

 

Blue = dimming, yellow and red = brightening. 
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Figure 86: Global Dimming and Brightening (Haywood, 2009) 

These phenomena are of relevance to the current study as Dimming/Brightening has been 

found to affect the hydrological cycle, and thus rainfall characteristics (Sington, 2005, quoting 

from Prof Veerhabhadran Ramanathan, SEPS Institute of Oceanography) and (Stanhill and 

Moller, 2008, p.1132), light levels at the earth's surface, and consequently the insolation 

available for PV panels, GSHPs and ESTs, and the rate and impacts of global warming, and 

therefore the local ambient temperature (Wild, 2009, p.25). A 2007 study on Evaporative 

Climate Change in the British Isles (Stanhill and Moller, 2008) concluded that received 

radiation levels exhibited "decreases on the western coasts of southern Ireland and Wales, 

increases in the eastern coastal regions of southern Ireland and England and no changes in 

northern regions." (Stanhill and Moller, 2008, p.1131). This indicates possible future 

aggrandisement of PV generating capacity in the present location (SE England) due to 

elevated irradiance levels (Brightening). However it is expected that such Brightening will 

reach a maximum level, and that relatively quickly as "aerosol levels stabilized since about 

2000 at low values" (Wild, 2009, p.26). The study by Stanhill and Moller also notes 

"significant increases in annual rainfall; expressed relative to their mean annual totals the 

significant increases ranged between 0.39 and 0.44% per year" (Stanhill and Moller, 2008, 

p.1128). (SADRA, HOW WOULD THIS AFFECT THE PV CELLS???) 

20.4.212.4.2 LCIA 

Conducting a full Life Cycle Impact Assessment (LCIA) on the system is a vital step in the 

process of ensuring an efficient and truly sustainable product and is strongly recommended as 

part of the next phase in the decision making process.  

As beneficial as it may be to produce energy from sustainable, free sunlight, if the minerals 

required to produce the collection medium, and the processing required to turn such elements 

into the finished design, are so energy intensive that their environmental burden is greater 

than that of simply providing the same amount of energy from a fossil fuel based power 

station, then there was no environmental gain to using the sunlight. 

It is important to note that specific and up-to-date data is vital for an accurate LCIA (Duda 

and Shaw, 1997, Jungbluth et al., 2008). For example, "LCAs use standard conversion factors 

to translate, for example, gallons of oil into kilowatt-hours of electricity. Yet, efficiency in 

performing this conversion varies greatly among different power plants." (Duda and Shaw, 

1997, p.40). Similarly, improvements in technology mean that the emissions burden 

associated with producing something (e.g. a PV panel) 5 or even 2 years ago may be 

drastically different to that of today. For these reasons no LCIAs have been conducted within 

this feasibility study, however as they are deemed a necessary step in the development of an 

informed decision on the most sustainable option, the main methodology is highlighted here. 
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The key steps in LCIA are: 

1) Determine the scope (system boundaries), goals and functional unit. For example studying 

"the costs imposed on society by packaging that are not reflected in its market price" (Duda 

and Shaw, 1997, p.39), and measuring the energy and resources required to produce and 

deliver a packaging that safely and securely cushions a standard glass tumbler. It is vital that 

the final product being considered (the functional unit) is measured in terms of the product 

goal rather than simply a physical quantity (such as the energy required to produce 1m
2
 of 

packaging material). This allows comparison on a like-for-like basis: For example packaging 

A may have a lower environmental burden associated with the production of a 1m2 area than 

packaging B, however in order to adequately protect a glass tumbler, one may discover that 3 

layers of packaging A are required, and thus, for the required function, packaging B is the 

more environmentally friendly of the two options. 

The system boundaries allow the LCIA practitioner to define the level of detail required and 

the cut-off point for consideration. Any assumptions made at any point in the LCIA, but 

especially here, must be clearly stated. For example, a system may be defined as cradle-to-

grave if one is considering the life cycle from the point of minerals extraction to the point at 

which the material has been biodegraded, but cradle-to-gate if the LCIA only considers from 

extraction to e.g. delivery at the customer's home address. A typical boundary assumption 

might be that, although the energy consumption, pollution and local biodiversity effects are 

considered during the 'mining and minerals extraction' phase, the environmental impact of 

engineers, using energy in an office whilst carrying out Front End Engineering Design and 

Feasibility Studies for the mining company, are not. 

2) Produce an inventory of "energy and raw material requirements and environmental 

emissions of the product, process or activity" (Duda and Shaw, 1997, p.39). At this stage a 

clear diagram of life cycle phases and stages is useful: 
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The "ecoinvent" database is a useful tool for determining such environmental impacts, as are 

the IChemE Sustainability Metrics. 

3) Analyse possible improvements to the overall system, and compare systems to determine 

the most beneficial. 

20.4.312.4.3 Solar Tiles  

When designing an individual system for using solar energy for electricity generation, the 

structural integrity of the roof must be taken into account. Additional weight from regular 

solar PV panels, (a 4 kW system, with 18 panels would weigh 360kg (Free Green Electricity, 

2010) may cause the roof to be unstable, therefore an MCS accredited installer (structural 

engineer) should check the roof load bearing capacity. Replacement roof tiles to prepare the 

roof for the PV panels can add a significant cost to the investment. These additional costs 

from replacement or maintenance of traditional house tiles, means it is worth considering 

installing solar electric tiles, as they would offset the cost of replacing the roof.  

 

Solar thermal tiles can be installed for hot water generation. When used alongside solar 

electric tiles, a single roof can maximise the energy generated from the sun, any additional 

energy needed can be supplemented by the national grid. A 'Total Solar Roof' has been 

designed to incorporate the benefits of PV electric solar tiles and solar thermal tiles (Atlantic 

Electric and Gas, no date) to make a single optimised renewable solar energy roof.  
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Solar tiles have a similar appearance to traditional roofing tiles, and can be integrated, 

inconspicuously, with the existing roof materials, and have a lifespan of 25 years. As the solar 

tiles are built into the roof, they become less susceptible to vandalism. A roof housing the 

solar tiles should meet the criteria for optimum performance for regular PV panels such as 

roof direction and shading. Solar cladding (Marley Eternit Limited, no date) is under 

investigation for installation on the exterior walls of buildings to increase the area exposed to 

the sun, in order to increase energy generation. This has been implemented by Solar Century 

in a large scale project, the CIS Tower in Manchester (Solar Century Holdings Limited, no 

date-b)  

 

Additional planning permission is not required as the Solar Tiles do not protrude from the 

roof, improving installation time. However, as they are not mounted, the tile performance is 

highly dependent on the roof pitch. The power per unit area for the electric solar tiles offered 

by Solar Century (C21e), is 8m2/kW (Solar Century Holdings Limited, no date-a), with an 

efficiency of 20% (REUK, no date). Alternatively the entire roof can be replaced or simply 

designed with this technology in mind for new build properties.  

Although solar tiles make good use of PV technology, these installations are more expensive 

than traditional solar panels. The tiles could be a valuable addition when designing a new 

housing development, in replacement of traditional roof tiles. Installing solar panels on a new 

build or retrofit can provide the same energy production at a cheaper cost, but are more 

intrusive in appearance than solar tiles. Therefore until the price of integrating solar tiles 

reduces, or the roof for installation needs complete replacement, the solar tiles are not a good 

financial solution for energy generation on a domestic property.  

20.4.412.4.4 Solar Lighting Tubes 

Solar lighting tubes utilise diffused solar energy to provide light inside the house (REUK, 

2011b). This passive technology has no moving parts, so no noise, and no electricity is 

required to power it. The lighting tube is a useful technology to provide light inside the 

property, during the hours of daylight and works to reduce the overall energy consumption of 

the property.  

There are three main sections to the solar lighting tubes.  
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Figure 87: Three Main Sections of Solar Lighting Tubes (REUK, 2011b, SolaLighting Ltd., 2011a) 

Daylight is captured by the external dome, redirecting as much solar energy (including low 

level light) towards the reflective tube. This tube is highly reflective (REUK, 2011b) and 

works to transfer the light down the tube towards the internal room. The light is received by 

the diffuser which distributes the light evenly within the room.  

This process lightens a room, and is more secure from intruders than the more typical skylight 

(SolaLighting Ltd., 2011b). It can be utilised in commercial environments, such as offices or 

supermarkets, and in properties which are typically active during daylight hours. Throughout 

the system the damaging UV light has been blocked so furnishings should not be affected 

(SolaLighting Ltd., 2011a). 

 

 
Figure 88: Schematic of Light Channelling into house interior through Solar Lighting Tube (Lee, 2006) 

The main disadvantage of solar lighting tubes is that they do not produce additional light, but 

simply capture light, focus and direct the light into the property.  Modern tubes are 

constructed from inexpensive thin walled materials ranging in materials from thin coasted 

hardboards to galvanised steel. Ref Matt? The thin walls of the tubes are very fragile and are 

prone to damage from other loft uses (for example household storage) as the tubes can be 

positioned throughout the roof space. The light exterior can be subject to damage from 

interference of animals such as birds and squirrels.  

 

The lifetime of the materials used must be considered, for example the dome is typically made 

from plastic as an alternative to more expensive glass but can suffer from UV degradation, 

and become brittle over a period of time.  
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Ensuring the joints are waterproof during installation, and remain waterproof during 

maintenance, can become costly as the majority of the waterproof flanges are made from rigid 

and brittle material, prone to expansion and contraction with temperature variations. Should 

this flange leak or become damaged, there is a high risk that water ingress may occur into the 

property cause water damage including staining and rot of wooden roof and ceiling trusses.  
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