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1 Summary

In this report we analyse the possibility of installing a solar photovoltaic (PV) system
on the main south facing roof of Bath Abbey. First, we look at the orientation and
tilt of the roof, local climate and shading, and select an appropriate system size.
Then, we take three typical module types and appropriate support hardware and
determine the suitability of each given the available space, performing a financial
analysis to determine the expected cost and saving from each system. Lastly, we
consider a PV installation on the lower roof and some alternative renewable energy
possibilities. Our simulations use the commercially available software PVsyst [1].

We found a suitable system configuration using readily available poly-crystalline
silicon modules, installed flush with the Abbey’s south facing roof. A 28.8 kW
system, costing £44,000, would pay for itself within 16 years and likely reduce the
Abbey’s annual electricity bill by over £1,000. A smaller system size is also possible
with a smaller upfront cost and thus smaller saving, but would perhaps be easier to
obtain permission for.

It is crucial to note that a photovoltaic system is a long-term investment, and is not
financially viable if it is only to remain in the short-term; the panels would have to
be in operation for 13 years in the best case scenario to break even. We understand
that the primary purpose of such an installation would be to set an example of a
environmental friendliness and to improve the Abbey’s footprint and so profit is not
the most important factor at play. We can confirm that a large PV system is indeed
credible if it will remain for most of its lifetime; if a system will only be active for
a short period, say on a trial basis for a few years or less, we would advise keeping
the system size very small as there will very little return on investment.
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2 Weather

The local climate, especially the year-round level of solar irradiation (sunlight), is
a crucial factor in calculating the output of any PV system. Within PVsyst, the
nearest city to Bath with weather data is Cardiff: it is, therefore, important to ensure
the climates of the two cities are comparable. The sunshine and rainfall over the
period 1981 to 2010 was compared using the Met Office online climate comparison
tool [2], and the data shown in figure 1. For solar panels, the amount of sunshine
is the most important aspect, while the rainfall is an indicator of sky coverage by
clouds. On average, Cardiff received about 3.8% more sun hours over the timeframe,
but 41% more rain. Despite this, we believe using the PVsyst Cardiff dataset is a
reasonable approximation.

Figure 1: Sunshine at the Bath and Cardiff weather stations [2].

Figure 2: Rainfall at the Bath and Cardiff weather stations [2].
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3 Orientation

Another important consideration is the orientation of the panels – in this section we
will discuss the performance of the PV system in relation to the orientation of the
plane where the solar modules will lie.

PVsyst offers a tool that allows us to simulate the best suited orientation. This is
made using hourly meteo data over one year to evaluate the transposition factor for
a plane: the ratio of the incident sunlight on said plane to the horizontal sunshine.
The transposition factor is an indicator of gains and losses obtained tilting the
collector plane.

The tool computes 475 annual transposition factor calculations for a grid of tilts
(the angle between the panels and the horizontal) and azimuths (the angle between
the panels and south) and outputs a graph with the optimal orientation and the
losses for any given plane orientation and tilt. With data from Cardiff airport, we
can see from Figure 1 that the optimal point would be a plane with a tilt of about
37◦ and an azimuth of 0◦ (i.e. facing south).

Bath Abbey is slightly tilted with respect to the E-W direction; the plane defined
by the roof facing south has a plane azimuth of 6◦, so we need to consider the red
dashed line in the graph. If we were to choose to mount solar panels directly on
the roof, which has an angle of 21◦, we would obtain the point marked with a green
cross. We can see that we would still be above the 95% of the energy collected at
the optimal point. Another solution could be mounting the PV modules on racks
tilted at 15◦ to the roof, which would give an output energy very close to the optimal
point (blue cross in Figure 3).

Figure 3: Transition factors as a function of tilt and azimuth orientations, with
curves of iso-transposition. Black dot: optimal orientation; green cross: panels flat
on the Abbey roof; blue cross: panels tilted at 15◦ to the Abbey roof.
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4 Shading

Shading of the panels from parts of Bath Abbey itself or nearby buildings can have
a major effect on the efficacy of a PV system; shade upon just a small section
of a module can cause a disproportionately large reduction in output power from
the entire module. In some cases the maximum power point tracking (MPPT)
equipment, which applies a voltage across the panels in order to ensure the best
possible power output, may apply the wrong voltage and actually damage the solar
modules. As such, it is important to ensure the system is mounted in a location
that will receive the smallest amount of shading possible.

Within the software a model of the abbey was created using scale drawings. In the
model the parapets around the roof were included along with the major spires at
the corners of the east and west wings. The smaller spires along the length of the
parapets were not included. The pitch of the roof was approximated to be 21◦. The
model of the building was imported into a scene in the software in the approximate
orientation of the abbey – the longest wing facing west and the building with an
azimuth of 6◦ (figure 4). Panels were initially placed such that they covered the
entire south-facing portion of the west and east wing roofs (figure 5). A shading
simulation was run for this layout with a beam linear loss of 22.9% on a clear day
for the 21st December – the worst-case scenario – with some parts of the modules
being shaded at all times (figure 6).

The area covered by the panels was then revised to a lesser coverage, as shown in
figure 7, and the shading simulation run again. Under the same conditions there
was a negligible area of the panels shaded at all times (figure 8). This layout has a
196 m2 active area and was used to obtain the shading data for the full simulations.

Figure 4: Model of Bath Abbey within the PVsyst software.
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Figure 5: View of the Abbey model from the side (left) and top-down (right) with
panels (blue-purple) initially placed to cover all of the south facing roof.

Figure 6: Shading loss for the initial panel layout on the 21st December.

Figure 7: View of the Abbey model from the side (left) and top-down (right) with
revised panel placement.

Figure 8: Shading loss for the revised panel layout on the 21st December.
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5 Modules and Inverters

Selecting appropriate hardware for a PV system is, of course, essential. Most visibly
are the modules (panels) themselves; modules can utilise different materials, over-
whelmingly most commonly silicon. Silicon, as an example, has different varieties
based on the crystallinity of the material and many different models by different
manufacturers. Less noticeably, a charge controller is required to ensure optimal
power output using a maximum power point tracking (MPPT) system and an in-
verter is required to connect a PV system to the national electricity grid (inverters
usually have MPPT built in).

We chose three typical modules, shown in table 1, for simulation.

Model Type Manufacturer
CS6P-260M Mono-crystalline silicon (Si-Mono) Canadian Solar Inc.

FS-395 Cadmium telluride (CdTe) First Solar
CS6P-240PX Poly-crystalline silicon (Si-Poly) Canadian Solar Inc.

Table 1: Model, material type and manufacturer of the modules simulated.

Three simulations were conducted for each module type to determine the produced
energy, specific produced energy and performance ratio for each module (table 2).

The nominal power, also known as nameplate capacity, of the system is the en-
ergy production of the PV array under standard test conditions (STC). Standard
test conditions (STC) corresponds to a temperature of 25 ◦C with an atmospheric
modification to the solar spectrum as would be expected in the temperate latitudes
of Europe, the USA, China, Japan and others (known as air mass 1.5), a total
solar irradiance of about 1 kW/m2. The produced energy is simply the total energy
generated in one year.

The capacity factor is the produced energy as a fraction of the energy that would
be produced if the system ran at nominal power for the entire test period - this
indicates the potential of the system when taking into account irradiance conditions
(e.g. orientation, site location and meteorological conditions). This number can
appear quite low for PV systems; capacity factors for solar installations in the UK
are of the order 10% [3]. This is because a PV installation can only generate during
the day and generation is affected strongly by cloud cover and other meteorological
conditions. For the system to run at near nominal power for the entire year it

Model Type Pnom(kWp) PE (MWh/yr) CF (%) PR (%)
CS6P-260M Si-Mono 31.2 24.83 9.1 71.6

FS-395 CdTe 25.8 19.88 8.8 69.2
CS6P-240PX Si-Poly 28.8 22.94 9.1 72.1

Table 2: The nominal power (Pnom), produced energy (PE), capacity factor (CF)
and performance ratio (PR) for each of the three panel types; see text for explanation
of terms.
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would have to generate at almost full power for the entire year, even at night!
All simulations and financial analyses in this report take account of the expected
capacity factor.

The performance ratio, PR, is an indicator of the quality of the system itself; inde-
pendent of the incoming irradiance, it measures how effectively the system converts
collected light into AC energy, making it useful for comparing systems [4]. It is
defined as the ratio of the actual energy output to the theoretically possible output
[5].

Three inverters, the Sunny Tripower 10000TLEE-JP-10, with a combined nominal
power of 30 kW were used for each simulation. The simulations show that the
monocrystalline silicon produces the most energy per year while cadmium telluride
produces the least. Si-Mono also had the highest nominal power. Polycrystalline
silicon modules had the highest performance ratio (72.1%). However, a good PV
system generally has a PR of 80% or above indicating that the actual system, re-
gardless of the module type, has problems.
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6 Financial

In this section the financial feasibility of the project is evaluated. Estimates of the
costs of the PV modules, inverters and installation have been made, and projected
payback times have been estimated based on current feed-in and export tariffs.
Calculations based on the three different module types mentioned in the preceedings
section are presented: cadmium telluride (CdTe), mono-crystalline silicon and poly-
crystalline silicon.

6.1 Expenditure

Estimates for system cost have been calculated using values taken from the Advanced
Photovoltaic Systems course at the University of Loughborough unless otherwise
stated.

The output from the model gives a calculated system size in terms of array power
(in kWp) based on roof coverage. From this an estimate of the cost of the system
can be calculated. All module installations include fixed charges covering structural
and electrical surveys and system planning. This has been taken as £5,000 for the
three module types. Module costs are dependent on system size and vary with
module type and manufacturer. Each of the systems had roughly equal inverter
capacity requirements, so all use three Sunny Tripower 10000TLEE-JP-10, priced
at £0.08/Wp. The balance of systems (BOS) and installation charges are also based
on system size (here £0.60 and £0.05 per Wp respectively) and include the cost of
other materials required for installation, such as racking, wiring and other electrical
components and labour costs. Other miscellaneous costs are added at 3% of the
total cost.

Table 3 shows the cost breakdown and total cost of the three systems. The total
estimates for upfront system costs are comparable with the reported cost of install-
ation of solar panels on Bradford Cathedral, which was £50,000 [6]. In terms of
system costs CdTe modules are cheaper to install, due to cheaper manufacturing
methods and the slightly smaller system size. However, to determine whether solar
PV module installation is feasible, and if so which technology should be used, income
calculations based on feed-in and export tariffs and estimated power generation must
be taken into account.

6.2 Income

The feed-in tariff (FIT) is a government subsidy paid to small-scale generators of
green electricity, including those with solar photovoltaic systems. The owner of the
system is paid an amount of money based on the quantity of energy they generate,
irrespective of whether they use that energy themselves or export it into the national
grid. If power the power is used by the owner, they save money by not needing to
purchase that energy from their electricity company. If the power is not needed by
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Type Si-Mono Si-Poly CdTe
Model CS6P-260M CS6P-240PX FS-395
Module cost (£/Wp) 0.68 0.57 0.64
System size (kWp) 31.2 28.8 25.84

Fixed charges (£) 5,000 5,000 5,000
BOS (£) 18,720 17,280 15,504
Modules (£) 21,216 16,416 16,538
Inverters (£) 2,400 2,400 2,400
Installation (£) 1,560 1,440 1,292
Other Costs (£) 908 743 721

Total System Cost (£) 49,651 43,144 41,340

Table 3: Cost breakdown and total costs for three possible PV systems. Balance of
systems (BOS) costs are taken as £0.60/Wp, inverters at £0.08/Wp, installation at
£0.05/Wp and other costs at 3% of the otherwise total cost.

the system owner, that power can be exported (sold) to the grid; in this case, the
owner receives an additional export tariff on top of the generation tariff.

The rates an owner recieves is decided by when their application for FIT is approved.
Upon approval, the generation tariff is paid for 25 years and increases in line with
the Retail Price Index (RPI), protecting from inflation - manufacturers tend to offer
a 25 year guarantee on silicon solar panels, although the lifetime is generally longer
than this. For individuals, the payment is exempt from income tax. The intial rate
an owner recieves is updated quarterly by the regulator Ofgem, and published on
their website [7]. The current available tariffs for a solar installation between 10 and
50 kW, valid between 8th February and 31st March 2016, are a generation rate of
4.59 p/kWh and export rate of 4.85 p/kWh [8].

A prediction for the energy generated per year was calculated by the PVsyst program
using a year’s worth of meteorological data to model incident solar radiation and
the taking into account the shading and orientation of the modules. Using the
power generation per year, and taking into account tariffs, a payback time for the
installation costs can be evaluated. This varies depending on how much electricity
is used on site and how much is exported; therefore estimations of payback times for
the three systems where 0, 50 and 100 % of energy generated is exported are given.
The values are reported in table 4. The avoided costs are the savings accumulated by
using free green electricity instead of paying approximately 10 p/kWh to an energy
company over a year and the income generation is money made from the export
tariff.

Taking everything into account, the poly-crystalline silicon system is the most cost-
effective of the three systems tested. This is unsurprising, as poly-crystalline silicon
is the most popular PV material. In the case where all electricity generated is used,
the system will pay for itself in about 13 years. While using all generated electricity
is likely in the winter when the heat exchanger is running and there is less sunlight,
it is unlikely in the warmer, sunnier summer months when most power is generated
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Si-Mono
Generated electricity (kWh/yr) 24,830
Electricity exported (%) 0 50 100
Generation Tariff (£/yr) 1,140 1,140 1,140
Export Tariff (£/yr) 0 602 1,204
Avoided Cost (£/yr) 2,483 1,242 0
Total Income (£/yr) 3,623 2,983 2,344
Payback Time (yrs) 13.7 16.6 21.2

Si-Poly
Generated electricity (kWh/yr) 22,940
Electricity exported (%) 0 50 100
Generation Tariff (£/yr) 1,053 1,053 1,053
Export Tariff (£/yr) 0 556 1,113
Avoided Cost (£/yr) 2,294 1,147 0
Total Income (£/yr) 3,347 2,756 2,166
Payback Time (yrs) 12.9 15.7 19.9

CdTe
Generated electricity (kWh/yr) 19,880
Electricity exported (%) 0 50 100
Generation Tariff (£/yr) 912 912 912
Export Tariff (£/yr) 0 482 964
Avoided Cost (£/yr) 1,988 994 0
Total Income (£/yr) 2,900 2,389 1,877
Payback Time (yrs) 14.3 17.3 22.0

Table 4: Financial breakdown of the expected income from each type of system.
Three scenaria are presented: where the Abbey uses all (0 % exported), half (50
% exported) and none (100 % exported) of its generated electricity. The income
is split into the income from the generation part of the feed-in tariff, money from
exporting unused electricity to the grid and money saved by using generated power
and not having to buy that power from the grid. The length of time required for
the system to pay for itself is also given.

and the heat exchanger may not be running at all or running at a low power. Even
using a conservative estimate for the proportion of generated energy used of 50 %,
the payback time is still less than 16 years against a guaranteed panel lifetime of 25.
Even in the least profitable case where all power is exported to the grid, each system
will still eventually pay for itself. As such, installation of a solar photovoltaic system
on the Abbey roof is a viable long-term investment just from a financial perspective.
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7 Alternatives

So far we have evaluated the possibility of a PV system on the Abbey’s main south
facing roof; here we discuss other renewable energy options available, including PV
installations on the lower roof and elsewhere.

7.1 PV on Lower Roof

The roof of the Jackson extension is flat and on the south side of the main Abbey
building. However it is only one storey high whereas the surrounding buildings such
as the Roman Baths and the tourist information centre are 4 stories high. The
proximity of these buildings causes a great deal of shading on the roof and limits
the maximum power output throughout the year.

Using PVsyst we re-built the relevant sections of Bath Abbey and surrounding build-
ings. We calculated the size from satellite imagery (Google Maps) and estimated
the heights from ground-based photography – compared with information from The
Abbey and the tourist information centre. The produced model is shown in figure
9.

Figure 9: Model of the Jackson extension and surrounding area.

The solar modules are angled at 30 degrees to optimise the solar irradiance using
racks. There are two rows of 23 modules in series on the area shown in figure 9. The
modules used in this model are Canadian Solar EPLS CS6P-270mm modules advert-
ised to be 21.1% efficient. The inverter is an SMA Sunny Tripower 15000TLEE 10
kW inverter. A simulation returned an expected produced energy of 8.52 MWh/yr
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with a performance ratio of 60.3%. The low performance ratio achieved with this
system is due to the shading of the surrounding buildings shown in Figure 10.

Figure 10: Losses from a system on the lower roof.

The shading causes a 32% loss of possible power generation. The remaining 8% loss
is due to other factors such as losses in the inverter. Modules connected in series
are all affected if there is a shadow on one part, whereas modules in parallel are not.
The scenario modelled has two long strings of modules in series.

It would seem, therefore, that the effect of shading means putting solar panels on the
lower roof is not worthwhile. As an additional check to see if our model is accurate,
a camera could be installed on a sunny day in summer and one in winter to take
time-lapse photos of the shadow coverage on the roof, which could be compared
with the video generated by the software for that day.

7.2 Alternatives to PV on Bath Abbey

A PV installation on Bath Abbey’s roofs would be a good advertisement for solar
energy and Bath Abbey’s commitment to renewable energy. However, this installa-
tion may not be the soundest of investments, or necessarily give a sufficient power
output for their needs: we estimate it would not provide the 70 kW to power the
Abbey’s heat pump. While the decision lies ultimately with Bath Abbey, some al-
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ternative options to a central Bath PV installation on an ancient abbey are assessed
here.

Wind Turbines on the Abbey

Another option for renewables mounted on Bath Abbey is micro wind turbines.
These modules typically come with a rated power of around 1 kW. A typical unit
is rated 1 kW at 12.5 m/s wind speed, and costs roughly £3,000. The average wind
speed in Bath at the height of the Abbey tower (the place we thought would be
most suitable) is estimated to be 5 m/s. Given that the power output of a wind
turbine roughly varies as the wind speed cubed, this would give an average power of
about 64 W (around the power of a small traditional incandescent lightbulb) using
a very rough model. Even if four or five turbines were put on the tower this would
not come close to meeting the power requirements of the heat exchanger, or indeed
much else.

Investment in Solar Power Elsewhere

A further alternative to an installation on Bath Abbey at all is to spend the money
off-site and invest in solar power elsewhere, either in the UK or abroad.

Solar for Schools There is an established programme of crowd funding for solar
panels on primary schools in the UK, and Bath Abbey could get involved. The
typical cost per school is £10,000 to £20,000, delivering around 10 to 14 kWp in the
installation. The Solar Schools program is currently raising money for St. Saviour’s
CEVC Nursery and Infant School in Bath [9] for example, and it could be that Bath
Abbey could invest in installations on primary or secondary schools. The schools
could use the power during term or school time, and any excess would be sold to the
grid to make a return on the investment. It would not necessarily be the case that
Bath Abbey participates in crowd funding, but funds outright each installation.

Community Solar Options Another option for investment in PV in the UK is
to invest in community solar installations, for example integration of solar panels
into new builds [10]. An investment on the order of £100,000 delivers power at a
cost of around £1,000 per kWp. In addition these schemes offer a return on the
investment over the course of the scheme of approximately £98,000. If Bath Abbey
were just looking to invest in solar energy in a public way, then this is a possible
option.

Invest in Solar in Remote Rural Villages or Schools in the Developing
World An interesting alternative to putting solar panels on Bath Abbey would be
to install solar panels in remote communities in less developed countries. Companies
such as Eight19 and Autacon provide solar panels for laptop and phone charging,
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schools, and water purification already. NGOs in places such as Africa and Latin
America currently use this technology. This could link in with the Abbey’s existing
outreach programmes in Africa. The cost for a household PV system is estimated
to be £500 per home (such a system could power 3 electric lights and a TV).

8 Conclusion

The viability of installing a solar PV system on Bath Abbey has been evaluated. A
28.8 kW polycrystalline system covering most of the Abbey’s south facing rooftop
would cost approximately £44,000 to install and pay for itself in under 16 years.
This would go a significant way towards powering the Abbey and would likely re-
duce the Abbey’s annual electricity bill by well over a thousand pounds. It would
represent a great improvement in the Abbey’s carbon footprint and provide a great
advertisement for renewable energy and sustainability right in the heart of Bath.
As one of the south west’s most popular attractions, the Abbey has the potential
to set a positive example by showing how even a historical building can tackle the
problems facing society today.
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