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A - Initial Investigation
1. Geographical Analysis
1.1 City location
According to the challenge description, Solent City lies on the shores of The Solent
between Southampton, Portsmouth and the M27.
Map showing the rough location of Solent City:

1.2 Climate Analysis
Average climate of Southampton 1981-2010:
Month

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Average high (°C)

8.4

8.6

11.1

14.0

17.5

20.2

22.4

22.3

19.8

15.6

11.7

8.9

Average low (°C)

2.9

2.6

4.1

5.7

9.0

11.7

13.7

13.7

11.4

8.9

5.4

3.2

Average rainfall (mm)

81.4

58.3

60.0

50.7

49.0

50.4

42.0

50.4

60.4

93.8

94.0

89.2

Sunshine hours

63.3

84.4

118.3

179.8

212.1

211.2

221.8

207.7

148.1

113.0

76.6

52.9

7.2

6.7

6.3

5.4

4.9

4.5

4.5

4.5

4.5

5.4

5.8

6.7

Wind speed (m/s)

(sources: Met Oﬃce, Meteoblue)
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Graph of monthly sunshine hours throughout the year:
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The graph shows that sunshine hours are fairly high from May to August. This means that
solar PV power generation is a possibility and could be eﬀective during this time of year.
However, from November to February sunshine hours are low so solar PV power generation
would be very ineﬀective during winter months. With 1,689 sunshine hours in total each
year, utility-scale solar PV power generation would be possible, however, not extremely
eﬀective.
Graph of monthly wind speed averages throughout the year:
Wind speed (m/s)
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The graph shows that wind speed averages are fairly low from June to September. This
means that wind power generation would be less eﬀective during this time of year.
However, wind speeds are high from December to March so wind power generation would
be more eﬀective during this time of year. With average yearly wind speeds of around
5-6 m/s, utility-scale wind power generation would be possible both onshore and oﬀshore,
however, oﬀshore wind would be a more reliable source of electricity.
1.3 Transport links
Road map of Southampton and surrounding area:

•
•
•
•
•
•

Solent City has easy access to the M3 motorway which gives the city a good transport
link with London as well as many other areas along the motorway.
The city is very close to Southampton Airport, the closest international airport with
destinations in Ireland, the Channel Islands and Europe.
Also in close proximity is Solent Airport, a small non-international airport.
The city has good access to Heathrow and Gatwick airports via the M3.
The city is connected to central London by a train line from Southampton Central to
Waterloo station which follows a similar path to the M3 motorway.
The city has access to international sea ports in Southampton and Portsmouth
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Map showing common public ferry routes to and from Southampton and Portsmouth:

1.4 Protected areas
Map showing the surrounding area of Solent City and national parks:
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The map shows that the surrounding area of the city is bound on the north east by the
South Downs National Park. This area is protected and it could be diﬃcult to have large
scale facilities constructed in it due to regulations. To the south west, on the other side of
The Solent, is the New Forest National Park which is also a protected area. There is no
greenbelt protection in the surrounding area of the city.
1.5 River Test
Map showing the path of the River Test:

The River Test is a small river with its estuary at Southampton. Its size is insuﬃcient for
utility-scale hydroelectric power generation or large-scale shipping.
1.6 Topography and Geology
Topographic map of Solent City and surrounding area:
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The map shows that Solent City lies above a fairly flat area of land. To the north east is an
area of high elevation which would be suitable for onshore wind power generation. This
area, however, lies within the South Downs National Park, a protected area. This area is
also fairly mountainous and unsuitable for building large structures on.
Beneath central Southampton there is a small hot water aquifer which is the source of
power for the Southampton District Energy Scheme, one of the few geothermal power
plants in UK. This plant provides power for the port in Southampton and some nearby
buildings. Most of energy of the aquifer is already harnessed by this power plant and the
remaining area of the aquifer is already occupied by buildings in central Southampton.
Because of this, it cannot be considered as a significant opportunity to supply Solent City
with electricity.

B - Energy
1. Electricity Production Costs and CO2 Emissions
1.1 Total energy demand
UK energy consumption per year per capita in 2015: 5071.93 kWh
(source: World Bank)
Population of Solent City: 2,000,000
Electricity demand per year = 5071.93 × 2,000,000 = 10,143,860,000 kWh
Average power requirement = 10,143,860,000 ÷ (24 × 365.25) = 1,157,161.761 kW
The values used later in the report are rounded up to prevent underestimation of energy
demand and to simplify calculations:
Electricity demand per year: 10.5 TWh
Average power requirement: 1.2 GW
1.2 Production Costs
1.2i Base production costs
Rough base values for cost of production for diﬀerent types of electricity:
Electricity type

Cost of production (£/MWh)

Geothermal

65

Hydroelectric

57

Nuclear

65

Onshore wind

69

Gas

70

Tidal

80

Coal

82
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Electricity type

Cost of production (£/MWh)

Biomass

103

Solar PV

110

Oﬀshore wind

134

(sources: OFGEM, AETA, US DOE, Fraunhofer ISE, BEIS, DECC, IEA, EDF Energy, EIA)
1.2ii Renewables Obligation
The UK has a renewables obligation system in place for systems with a power of 50kW or
higher. Depending on the type of electricity being generated, a certain rate of ROCs
(Renewables Obligation Certificates) per amount of electricity generated is awarded. ROCs
can be sold at a price depending on their market value resulting in payback for electricity
production.
ROC buy out price in 2015: £44.30
(source: OFGEM)
Values for ROC and payback rates for diﬀerent types of electricity in 2015:
Electricity type

ROC rate (ROCs/MWh)

ROC payment rate (£/MWh)

Geothermal

1.5

66.45

Hydroelectric

0.7

31.01

Nuclear

0.0

0.00

Onshore wind

0.9

39.87

Gas

0.0

0.00

Tidal

1.7

75.31

Coal

0.0

0.00

Biomass

1.5

66.45

Solar PV

1.9

84.17

Oﬀshore wind

1.9

84.17

(source: OFGEM)
1.2iii Climate Change Levy tax
The UK has a carbon tax within the Climate Change Levy (CCL) that applies to gas and coal
electricity generation due to high net CO2 emissions from these sources. A generating
station is exempt from the CCL tax if its capacity exceeds 2MW. This makes it likely that the
tax exempt value for cost of production can be used in planning the electricity supply for
Solent City.
Tax rate on electricity production per megawatt-hour of electricity in 2016: £5.59
(source: gov.uk)
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Values for net cost of production for coal and gas:
Electricity type

Cost of production (£/MWh)

Coal

88

Gas

76

Coal (CCL tax exempt)

82

Gas (CCL tax exempt)

70

1.2iv Net production costs
Values for net cost of production for diﬀerent types of electricity:
Electricity type

Cost of production (£/MWh)

Geothermal

-1

Hydroelectric

26

Nuclear

65

Onshore wind

29

Gas

76

Tidal

5

Coal

88

Biomass

37

Solar PV

26

Oﬀshore wind

50

Coal (CCL tax exempt)

82

Gas (CCL tax exempt)

70

(note: the negative values in this table suggest that the production of some types of
electricity has a negative cost, however, when construction costs and other variables are
considered, the cost of production increases significantly)
1.2v Initial construction costs
Rough values for cost of construction of power plants per kilowatt of capacity (assuming
plants are built at utility-scale):
Electricity type

Cost of construction (£/kW)

Geothermal

1900

Hydroelectric

5000

Nuclear

4500
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Electricity type

Cost of construction (£/kW)

Onshore wind

1500

Gas

1600

Tidal

1700

Coal

3500

Biomass

2700

Solar PV

1700

Oﬀshore wind

3500

(sources: EIA, OEERE, Renewables First, Synapse Energy Economics)
1.2vi Cumulative moving average of cost of production
The cumulative moving average of the cost of production each year since construction can
be calculated based on the net production cost and initial construction cost.
The yearly cumulative moving average of cost of production of diﬀerent types of electricity:
Energy type

Cumulative moving average of cost of production (£/MWh)
Years from construction
1

2

3

4

5

6

7

8

9

10

Geothermal

215

107

71

53

42

35

30

26

23

20

Hydroelectric

597

311

216

169

140

121

108

97

89

83

Nuclear

579

322

236

193

168

151

138

129

122

116

Onshore wind

200

115

86

72

63

58

54

51

48

46

Gas

258

167

136

121

112

106

102

98

96

94

Tidal

199

102

69

53

44

37

32

29

26

24

Coal

487

287

221

187

167

154

145

138

132

128

Biomass

345

191

139

114

98

88

81

75

71

67

Solar PV

220

123

91

74

65

58

54

50

47

45

Oﬀshore wind

449

250

183

150

130

116

107

100

94

90

Coal (CCL tax exempt)

482

282

215

182

162

149

139

132

126

122

Gas (CCL tax exempt)

253

161

131

116

107

100

96

93

90

88
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Graph of the table above:

Cumulative moving average of cost of production (£/MWh)
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Simplified bar chart representing the same data:
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The graphs above shows that hydroelectric, nuclear, coal and oﬀshore wind are, in the short
term, the most expensive forms of generating electricity due to their high construction
costs. Meanwhile, tidal, geothermal, onshore wind and solar PV are the cheapest forms of
electricity generation within one year of construction. However, after ten years, gas
becomes one of the more expensive types of electricity generation and coal becomes the
most expensive. Hydroelectric power, although expensive to construct, becomes much
cheaper in the long term. Geothermal and tidal are both extremely cheap forms of
generating electricity, both in long and short term as shown in the graphs. However, these
values may change drastically when factors associated with the location of the city are
taken into account.
1.2vii Levelled cost of production
If we assume that the lifetimes of power plants built to supply Solent City with electricity
exceed ten years, we can use the values for the average cost of production at ten years
from construction as good estimates for the leveled cost of production.
Levelled cost of production for diﬀerent types of electricity:
Electricity type

Levelled cost of production (£/MWh)

Geothermal

20

Hydroelectric

83

Nuclear

116

Onshore wind

46

Gas

94

Tidal

24

Coal

128

Biomass

67

Solar PV

45

Oﬀshore wind

90

Coal (CCL tax exempt)

122

Gas (CCL tax exempt)

88

The values in this table are the main production cost values taken into consideration when
deciding on our plan to supply Solent City with electricity.
1.3 Carbon emissions from electricity production
In order to keep Solent City carbon neutral, CO2 emissions from gas, coal and biomass
sources are taken into account.
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Rough values for mass of CO2 emitted for diﬀerent types of electricity:
Electricity type

Mass of CO2 emitted (kg/MWh)

Gas

200

Coal

340

Biomass*

390

(source: Fachbuch Regenerative Energiesystememe)
* There is controversy over whether biomass electricity production is carbon neutral due to
the fact that biomass fuel comes from a source that sequesters CO2. We have taken the
value of CO2 emitted into account but will consider the debatable carbon neutrality of
biomass power generation in our decision making.

2.Electricity Supply Plan
2.1 Electricity supply composition
The decision made on what sources of electricity to supply Solent City with in this section is
mainly based on two sets of values:
•
•

Levelled cost of production in section 1.2vii
CO2 emissions from production in section 1.3

As well as this, we need to take into account several factors which could aﬀect the values
previously calculated:
•
•
•
•
•
•
•

Solar energy would have a decreased eﬀectiveness due to the lack of sunlight hours
and reduced intensity of sunlight in the climate of the area
Onshore wind energy could have an increased eﬀectiveness if farms are placed near the
coast due to higher wind speeds
Much of the land surrounding the city, although not protected, is near to populated
areas. Because of this it may be diﬃcultly to get permission to build a large scale wind
farm near the city
Initial construction costs of oﬀshore wind power generation could be decreased due to
the proximity of the sea to Solent City
Geothermal power is unlikely to be possible near the city as there are no opportunities
for geothermal power nearby other than the Southampton aquifer which is already
occupied by the Southampton District Energy Scheme
Despite the high tidal range in the area, tidal power is unlikely to be possible on a large
scale due scale or eﬃciency due to obstruction of shallow waters and tidal technology
still being in development
Hydroelectric power is not possible at utility scale near the city as there are no
suﬃciently large flowing bodies of water
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Based on the above, we decided on the following compromise of diﬀerent energy types to
supply Solent City with electricity:
Electricity type

Percentage of total
demand assigned (%)

Average power
requirement (MW)

Electricity demand per
year (GWh)

Oﬀshore wind

33%

396

3465

Onshore wind

11%

132

1155

Solar PV

24%

288

2520

Biomass

32%

384

3360

Pie chart showing our choice of energy composition:
Oﬀshore wind

Onshore wind

32%

Solar PV

Biomass

33%

11%
24%

In making our decision we thought it would be best to use a variety of sources to improve
the reliability of the city’s electricity supply. We chose the above composition of energy
sources as we wanted to take advantage of the city’s proximity to the sea and use a lot of
oﬀshore wind energy. Hence, 33% of our electricity production is from oﬀshore wind. This
would also reduce the CO2 emissions from electricity production. Although onshore wind
energy is cheaper, we decided to use less as it would be diﬃcult to find an area of land
capable of housing a large wind farm. Due to its low cost and lack of CO2 emissions, we
decided to include solar PV in our composition as well. All of these sources can be
unreliable so we decided to also use a fairly large amount of biomass energy, due to its
cheap cost and carbon neutrality. We intend to also use a fair amount of battery storage to
solve the issue of unreliable power sources.
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We spoke to an expert in electricity supply who suggested using nuclear due to the
pollution caused by particulates and the net CO2 emissions. However, after some research,
we decided to stick with our original plan as we found that biomass plants can be installed
with filters that remove particulates and if the source of biomass is BSL verified, we can be
certain that the source is managed on a renewable basis and is therefore carbon neutral. As
well as this we thought it would be useful to have a power source that can easily be
controlled and that has a short start up time to make it easier to match changing electricity
demand. Nuclear has a very long start up time and so would not allow us to have much
control over the power output.
Cost of production and CO2 emissions per year for chosen energy types:
Electricity type

Cost of production per year
(£)

CO2 emissions per year (kg)

Oﬀshore wind

311,102,731

0

Onshore wind

53,422,547

0

Solar PV

113,995,710

0

Biomass

226,369,644

1,310,400,000

Total

704,890,632

1,310,400,000

2.2 Electricity Storage
We plan to use an electricity storage facility to increase the reliability of the electricity
supply. We analysed the power output of our energy composition and compared it to the
power demand of the city throughout an average day. This would show the amount of
energy needed to be stored in the facility.
To estimate the changes in energy output of our supply composition we took into account
the following factors:
•
•
•
•

The average electricity demand is 1200 MW as calculated previously
Biomass power has a fairly short start up time and can be used as a way of supplying
extra power in times of high demand
Wind power is unpredictable and will vary throughout the day but has no daily trend so
its power output is assumed to be constant
Solar power output will vary depending on the intensity of sunlight throughout the day
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Graph showing estimated electricity supply power output and demand throughout the day:
Biomass

Oﬀshore wind
Solar
Estimated electricity demand

Onshore wind
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The graph shows an area of electricity surplus from around 6:00 to 16:00. During this time
excess electricity will be stored in our storage facility. This electricity will then be used from
16:00 to 22:00 when there is a shortage of electricity.
The area between the estimated demand and total estimated power output shows the
amount of electricity excess/shortage throughout the day.
Estimated daily electricity excess/shortage: 970 MWh
As wind power is assumed to be constant in this model, its variable power output must be
taken into account when planning the capacity of our electricity storage facility. Although
onshore wind power will vary greatly, oﬀshore wind, which makes up more of our supply
composition will vary less due to more consistency in oﬀshore wind speeds. We also plan
to use a facility with a greater capacity than necessary for storing excess power in case of
an emergency situation in which more electricity is needed to be supplied to the grid.
Capacity of electricity storage facility: 2000 MWh
We decided to use a pumped hydroelectric storage facility as this would be able to store
this large amount of energy and maintain this energy for large periods of time. This form of
energy storage is also fairly eﬃcient with an eﬃciency in the range of 70-75%. Other forms
of energy storage we considered were CAES (Compressed Air Energy Storage) and battery
storage. We decided not to use a CAES facility as this would require a large underground
cavern for air to be pumped into and CAES technology is still in development. We also
decided not to use a battery storage facility as battery storage would not be capable of
storing the large amounts of energy required in our energy supply system.
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We also intend to use the storage facility as a way of partially coping with a breakdown
situation in which up to 80% of power supply is lost for up to 24 hours. If this is the case,
the following calculations show that the storage facility, with a capacity of 2000 MWh, could
maintain normal electricity supply to the city for roughly 2 hours if 80% of the supply is lost.
Average total power requirement: 1200 MW
Power lost = 1200 × 0.8 = 960 MW
Time of supply from PHES facility = 2000 ÷ 960 = 2.08 hours
This amount of time is suﬃcient for the remaining electricity supply to be reassigned to the
most important facilities in the city. Otherwise, in a breakdown situation with a maximum
power loss of 80% and for a maximum duration of 24 hours, many less important facilities
would have to be shut down or run on reduced power for the duration of the breakdown.
2.3 Plant location planning
Before planning locations for our power plants, we made rough calculations of the area
required by each facility.
Table showing the area of power plants required for our supply composition:
Electricity type

Power requirement
(MW)

Area per megawatt
(km2/MW)

Area required (km2)

Oﬀshore wind (fixed)

396

0.1650

65.3

Onshore wind

132

0.0970

12.8

Solar PV

288

0.0253

7.3

Biomass

384

0.0038

1.5

(sources: NREL, AWEO, NEI, CEA)
The values used in this section are rounded up to prevent underestimation of area required
and to simplify calculations:
Electricity type

Area required (km2)

Oﬀshore wind (fixed)

66.0

Onshore wind

13.0

Solar PV

7.5

Biomass

1.6

2.3i Oﬀshore wind
While planning a location for our oﬀshore wind farm, we needed to take into account the
following points:
•
•

As calculated earlier, the wind farm requires a total area of 66 km2 if only fixed turbines
are used
Current technology only enables fixed oﬀshore wind farms to be built on transitional
water no deeper than roughly 30 metres
19

•
•
•
•

The prevailing wind direction should be taken into account and turbines should not be
built in the wind shadow of land
Oﬀshore wind farms should not obstruct important shipping routes
Oﬀshore wind farms should be constructed as far as possible from populated areas and
should not obstruct scenic views
Floating wind turbines are smaller and have less power but can be placed further out
into sea and are cheaper to construct

We used a nautical map to find areas suitable to construct our oﬀshore wind farm.
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Prevailing wind direction

areas with water depth > 30m
areas containing important shipping routes

Nautical map showing areas suitable for an oﬀshore wind farm:

We decided to use the small ridge of shallow water to the south east of the Isle of Wight to
build a fixed oﬀshore wind farm as the shallow water would reduce the cost of construction
and the area is exposed to the prevailing winds from the south west. The disadvantage of
using this area is that it would cause minor obstruction to the view of the sea from the
south east side of the Isle of Wight. This area alone will not supply enough power to meet
our requirement from oﬀshore wind.
To make up the rest of our power requirement, we decided to build a secondary wind farm
of floating turbines further south west of the island in deeper water where a fixed oﬀshore
wind farm would not be possible. The location of this farm is very exposed to the prevailing
winds but more area will be required as the floating turbines have less power.
Map showing areas of oﬀshore wind farms:

Approximating area of fixed wind farm:

Total area of fixed wind farm = 0.93 + 1.62 + 6.83 + 1.05 + 5.42 = 15.85 km2
Power of fixed wind farm = 15.85 / 0.165 = 96 MW
Remaining power required = 396 - 96 = 300 MW
We plan to use the secondary floating turbine wind farm to meet the power requirement for
oﬀshore wind and make up the remaining 300 MW of power.
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Area per megawatt of power for floating oﬀshore wind: 0.172 km2/MW
(source: NREL)
Area required for floating oﬀshore wind farm = 0.172 × 300 = 51.6 km2
Map showing location and area of floating wind farm:

Map showing the locations of both oﬀshore wind farms:

23

2.3ii Onshore wind
While planning a location for our onshore wind farm, we needed to take into account the
following points:
•
•
•
•
•
•
•

As calculated earlier, the wind farm requires an area of 13 km2
Onshore wind farms should be built at high elevations where wind speeds are higher
and more consistent
Wind farms should not be placed in the wind shadow of any obstructions on land
Wind farms should be built on flat areas of land so where wind flow is less turbulent
If possible, turbines should be located in coastal areas where wind speed are higher
If possible, protected areas such as national parks should be avoided
Wind turbines should be placed far from populated or residential areas and should not
obstruct scenic views

We originally planned on locating our onshore wind farm near Solent City but realised that,
due to its large required area and the lack of space in the south of the UK, this would not be
possible. We then decided to locate our wind farm further north where there would be more
areas that satisfy the criteria listed above.
Because the whole of UK electrical system is connected to the National Grid, the location
of the wind farm does not matter as the electricity generated will create an electricity
surplus which can supply the city. This means that the wind farm doesn't have to be near
the city, but should instead be positioned where the conditions would maximise the energy
production.
Considering the criteria above, northern areas of the UK are more suitable for wind power
as there are many areas of unoccupied land with high elevations and average wind speeds.
Also, the amount of unoccupied land allows us the opportunity to locate the wind farm in a
coastal area, with higher wind speeds.
Taking this into account, we decided on a location on the west coast of Scotland.
Maps showing the location of our onshore wind farm:
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Map showing the topography of the chosen location:

The chosen location is near Cairnryan, on the western coast of Scotland. This location is
chosen to exploit UK's prevailing south-west wind and also the windy climate of Scotland.
According the the topographical map, the area is approximately 587-937 feet above sea
level, meaning that the wind would not be obstructed by the strip of land oﬀ the coast
which is much lower than the chosen area (50-357 feet). The location is also far from
populated areas and does not contribute to visual pollution of any protected areas.
25

2.3iii Solar PV
While planning a location for our solar PV power station, we needed to take into account
the following points:
•
•
•
•
•
•
•

As calculated earlier, the power station requires an area of 7.5 km2
The power station should be built in an area with good exposure to sunlight and no
obstruction should block sunlight at any time of day
The power station should be located on suﬃciently flat land for the facility to be easily
constructed
Areas in the south of the UK have climates with slightly more sunlight hours than further
north
If possible, protected areas such as national parks should be avoided
The power station cannot be placed within highly populated areas
The power station should not interfere with scenic views

Due to the diﬃculty of finding a suitable location with suﬃcient area for the solar farm, we
decided to split the required area into several separate facilities.
Maps showing the locations of our solar farm facilities:
First facility (near Battramsley) - 1.57 km2
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Second facility (near Burley) - 3.20 km2

Third facility (near Downton) - 2.78 km2
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Map showing locations of all solar farm facilities:

Third facility

Second facility

First facility

Total area = 1.57 + 3.2 + 2.78 = 7.55 km2
While choosing locations for the solar farms we searched for large areas of unused land
with suitable flat terrain for constructing solar panels. We decided to locate two of our
facilities in the New Forest National Park as it has many unoccupied areas of land far from
populated areas. The disadvantage to this is that the solar farms cause visual pollution to
the national park. Our third facility, however, is located on farmland which will be converted
into a solar farm. This facility contributes less to visual pollution, however, it is located in
Cranborne Chase AONB which is also a protected area.
2.3iv Biomass
While planning a location for our biomass power plant, we needed to take into account the
following points:
•
•
•
•
•
•

As calculated earlier, the plant requires an area of 1.6 km2
The plant should be far enough from populated areas that it does not cause air pollution
in these areas
The prevailing wind direction should be taken into account as this will dictate where
emissions from the plant will travel
The power station should be located on suﬃciently flat land for the facility to be easily
constructed
The plant should be located fairly close to a highly populated area where workers can
commute from
The plant will cause great visual pollution and so should not be located in protected
areas or obstruct scenic views

Taking the above into account we decided to locate the power plant in a small open area to
the north of Southampton.
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Map showing the location of the biomass plant:

Map showing the area of the biomass plant:
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We chose this location as it is in an open and flat site fairly far from highly populated areas.
It also has space to the north east with no residential areas. This means that emissions from
the plant will not travel over and cause air pollution in populated areas. This location is also
close to the outer edge of the city making it easy for workers from the city to commute to
the plant.
2.3v PHES facility
Before planning a location for our pumped hydroelectric storage facility, we made a rough
estimate of the area required for the facility by considering the volume of water needed to
store the required amount of energy.
As the facility makes a conversion of gravitational potential energy to electrical energy, the
energy converted from the water in the reservoir is equal to its change in gravitational
potential energy:
Er = ΔGPE = mgΔh
Where Er is the energy stored in the reservoir, m is the mass of water in the reservoir, g is
the earth’s gravitational field strength and Δh is the change in the height of the water as it
flows from the reservoir through the turbine.
The mass of water is equal to its density, ρ, multiplied by its volume, v:
m = ρv
Er = ρvgΔh
The energy output of the facility, Eo, will be multiplied by an eﬃciency factor, η:
Eo = ηEr
Eo = ηρvgΔh
To estimate the mass of water required, we rearrange this equation in v and make estimates
for the other values:
v = Eo/(ηρgΔh)
The required energy capacity of the facility, as stated earlier, must be 2000 MWh:
Energy required in joules = 2000 × 3600 × 106 = 7.2×1012 J
Eo = 7.2×1012
The eﬃciency for the conversion of gravitational potential energy to electrical energy using
hydroelectric turbines is usually around 90%:
η ≈ 0.9
The density of water is 1000 kg/m3:
ρ = 1000
The gravitational field strength of the earth is roughly 9.81 N/kg:
g = 9.81
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We can estimate, based on topographical analysis of the surrounding area, that the height
diﬀerence between our two reservoirs could be anywhere from 50 to 200 metres. However,
we make the conservative estimate of 100 metres at this stage to prevent underestimation
of the volume of water required:
Δh ≈ 100
By entering these values into the equation we can roughly calculate the volume of water
required:
v = 7.2×1012 ÷ (0.9 × 1000 × 9.81 × 100) ≈ 8.15×106 m3
By estimating the average depth of our reservoir at 25 metres, we can estimate the surface
area required for the reservoir:
Estimated area of reservoir = 8.15×106 ÷ 25 ≈ 326000 m2
Estimated area of reservoir in kilometres squared = 326000 × 10-6 = 0.326 km2
We made our decision for the location of our storage facility by using this value for the
required area for the reservoir. We also needed to take into account the following points:
•
•
•
•
•

The two reservoirs should be located near each other to reduce the cost of construction
of a tunnel for water to flow
The height diﬀerence of the reservoirs should be maximised to decrease the required
volume of water
Reservoirs should be constructed on stable ground and on flat land to reduce the
possibility of accidental leakage or flooding
Reservoirs should not be built in protected areas or AONBs
Reservoirs should not be built in or near highly populated areas as they create visual
pollution

Taking the above into consideration, we decided to build one reservoir with an intake and
outlet into the sea instead of building two separate reservoirs. This would reduce
construction costs as no secondary reservoir is needed and it also takes advantage of the
city’s proximity to the sea. As well as this, it introduces the possibility of increasing the
height diﬀerence as the water from the reservoir flows all the way down to sea level rather
than a secondary reservoir on land.
We decided to build the reservoir on the Isle of Wight as it has several areas of high
elevation close to the coast. We considered a few rough locations on the island with high
elevation and close proximity to the sea and decided on a location on the south side of the
island near Niton. This location is also suﬃciently far from highly populated areas and is on
stable flat land.

31

Topographic map showing our chosen rough location for our reservoir and other considered
locations:

One location we considered initially, shown on the map, was near Ventnor, which we
decided was unsuitable due to its proximity to the highly populated town. Another location
was near Brighstone, as shown on the map. We decided that this location was too far from
the coast and the cost of constructing a tunnel for water flow would be too high.
We initially planned to build the reservoir at the point in the area near Niton with the highest
elevation of roughly 230 metres. However, as we looked further into this location, we
discovered that there are historical monuments at this point which cannot be destroyed or
constructed on. Because of this we decided to build the reservoir further down the hill at an
elevation of roughly 160 metres.
Map showing the location of our reservoir:
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The average elevation of this location for the reservoir is 168 metres. As the reservoir flows
down to sea level the eﬀective drop is equal to this elevation. To recalculate an accurate
value for the required area, we resubstitute this value into the equation formed earlier:
Eo = 7.2×1012
η ≈ 0.9
ρ = 1000
g = 9.81
Δh = 168
v = 7.2×1012 ÷ (0.9 × 1000 × 9.81 × 168) ≈ 4.85×106 m3
As earlier, if we build the reservoir with an average depth of 25 metres, we can use this
value to calculate the surface area of the reservoir.
Area of reservoir = 4.85×106 ÷ 25 ≈ 194000 m2
Area of reservoir in kilometres squared = 194000 × 10-6 = 0.194 km2
Using this value for the required surface area of the reservoir, we planned its exact location
and shape. We also planned a location for the reservoirs outlet and intake to and from the
sea at the end of Blackgang Beach.
Birds eye view of the reservoir, tunnel path and outlet/intake:
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3D view of the reservoir, tunnel path and outlet/intake:

3. Methods of reducing and sequestering emissions
As our biomass plant has the only significant contribution to carbon emissions from our
energy production scheme, reducing net emissions from this facility is one of our main
objectives. Although the plant will produce over a million tonnes of CO2 every year, we can
source our biomass supply in way which will retain the plants carbon neutrality. We plan to
only use sources of biomass that have been verified by the UK’s Biomass Suppliers List
(BSL) which are confirmed to manage biomass in a renewable manner. This means that the
amount of carbon emissions released from our biomass plant will be reabsorbed by the
new biomass produced by the sources. This makes the large amount of carbon emissions
from our plant a less significant issue in keeping Solent City carbon neutral. We used the
BSL’s website to locate verified sources of biomass near to the city. We also only searched
for sources with the ENplus quality mark to ensure that the source is suitable for industrial
use in a biomass power plant.
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Map of BSL verified biomass sources with ENplus quality mark near Solent City:

Although the biomass plant can be considered to be carbon neutral because of this, there
are particulates released from the plant which contribute to local air pollution. To avoid this,
we plan to have the biomass plant installed with filters that prevent particulates from being
released.
- Large-scale carbon capture and sequestration (CCS): CCS technologies are now far more
sophisticated and eﬃcient, an example of a break-through was the opening of a 110megawatt coal power and CCS plant in Saskatchewan. It is capable of capturing 90
percent of its carbon dioxide and the plant will use the gas to push more oil out of the
ground, a process known as enhanced oil recovery which is essential to keeping the project
financially self suﬃcient. Another newly developed system was by passing air through
anion-exchange resins that contain hydroxide or carbonates groups that when dry absorb
carbon dioxide and release it when moist. The extracted gas is either liquified and stored
underground or converted into a substance either inert or useful.
- Carbon tax: According to the World Bank, about 40 countries including Sweden, Mexico,
Japan and Norway, and more than 20 localities have some sort of carbon pricing scheme.
In Denmark, which has had a carbon tax since 1992, emissions per person went down 15
percent between 1990 and 2005. How should we price carbon? Existing prices around the
world range from $2 to $168 per metric ton emitted.
One method of decreasing net CO2 emission is the burial of CaCO3:
1.3104 x 10^12 g of CO2 is produced per year due to the biomass. We can intercept the
CO2 produced and bubble it through lime water to produce CaCO3.
Ca(OH)2 + CO2 -> CaCO3 +H2O
so 1.3104 x 10^12/44 = around 3 x 10^10 moles of CO2
so 3 x 10^10 x 74 = 2.22 x 10^12 grams of Ca(OH)2 required
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this produces 3 x 10^9 kg of CaCO3
the cost of the Ca(OH)2 is $100/ton
so $222 million dollars per year for sequestration
the CaCO3 can then be buried underground
Another method we thought of was to thermally decompose CaCO3:
CaCO3 -> CaO + CO2
The CO2 can then be sequestered, in a mine for example. The CaO can be reacted with
more CO2 to produce CaCO3, which can then be thermally decomposed and continue the
cycle.
However, after talking to a chemistry teacher at our school, he recommends that we use
NaOH instead. This is because CaO is unlikely to react with the carbon dioxide, with no
further energy input, due to the high activation energy required. To thermally decompose
the CaCO3 also requires a lot of energy. This endothermic reaction uses +178KJ/mol; which
means to sequester the 3 x 10^10 moles of CO2 would require 1.5 x 10^9 KWH. Thus this
method is worse than using NaOH solution.
The NaOH (in high concentration in solution) will react with CO2 to form NaHCO3. The
NaHCO3 will react again with the NaOH to form Na2CO3 + H2O. The reaction has an
enthalpy change of -109.4 KJ/mol so no net energy has to be supplied. The NaOH can be
recovered in by reacting it with Na2O TiO2 and the product hydrolysed:
7Na2CO3 + 5(Na2O 3TiO2) <—> 3(4Na2O 5TiO2) + 7 CO2

ΔH850c = 90 KJ/mol CO2

3(4Na2O 5TiO2) + 7H2O <—> 5(Na2O 3TiO2) + 14NaOH

ΔH100c = 15.2 KJ/mol CO2

So the overall energy required is 105.2 KJ/mol. This amounts to 8.8*10^8 KWH.
The carbon dioxide can be stored in places such as a saline aquifer. A site that could be
used is the saline aquifers in the Southern North Sea, with an estimated CO2 capacity of
unto 14250 megatons.

4. Methods of Increasing Eﬃciency
Combined heat and power is the method of generating electricity and useful heating from a
power station at the same time. This increases the eﬃciency of the power station by around
50%. The waste heat is collected from places such as a cooling tower and can be used to
heat up a local building and other heat sinks. This method increases eﬃciency greatly; as
for example the steam, which is used to turn the turbine, is normally wasted by being
cooled in open air. Thus wasting the energy that was inputed by the burning of biomass.
Insulation in houses:
Most of the heat in houses are lost through the roof. A loft insulation is done using mineral
wool. This insulation will also cut down CO2 emissions due to less heating required. The
window can be double glazed. This works by using the fact that air is a poor conductor of
heat. It is estimated that 30% of heat is lost through the walls (according to the national
insulation association). This is due to the fact that most modern walls have a gap in the
middle to prevent rainwater from reaching inside the house, however, this also allows heat
loss. This cavity can be filled by polyurethane foam which reduces this heat loss.
Another method of increasing eﬃciency is to use LEDs for street lighting. The LEDs can last
up to 100,000 hours compared to 25,000 hours of fluorescent lamps. It is also expected to
have energy saving of around 50 - 80%.
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5. Breakdown Situation
In case of a breakdown, the services we identified as crucial are: the police, fire services,
medical services.
Police:
As solent city aims for no emission, we will use electric police cars which can be supplied
with the power generated by the PHES facility during the lost of power. The Hampshire
Constabulary has 930 patrol cars to a population of 1.9 million (2010). We can use this
figure as a guideline to the number of cars which would be required. However, in the case
of an emergency not all patrol cars will have to be used to cut down electricity requirement.
The Tesla electric model S can be converted into police cars. The model is already in use as
police cars such as in Los Angeles. This car would take around 2h to charge at 240kwh per
car. In emergencies around 500 cars could be used. This would total up to 100,000 KWh
overall. A police station uses around 72000 KWh for 24 hours. We require around 2 police
station so that would be 144,000 KWh.
Medical services:
Hospitals require around 180 KWh/m^2 per year. This would mean that for 24 hours we
would require around 1/365 x 180 = 0.5 KWh/m^2 per day. (according to equipment and
energy usage in large hospital in Norway). In the paper, the hospital is 192,500 m^2 but as it
is a university hospital we can cut the area down to around 150,000 m^2. Southampton has
7 hospitals for a population of around 240,000 people. Solent city would require around 12
hospitals of this large size. This would take up 900,000 KWh.
Fire services:
The fire service is essential during a break down situation. A fire station uses 81 KWh per
day. We need around two of these so 162 KWh. The fire trucks would also require minimal
electricity. A fire truck is around 400 hp which is 300 KW, so 24 hours is 7200 KWh. We
need around 15 so this totals to 108,000 KWh overall.
Total energy used = 1,252000 KWh
This is below the 2 MWh produced by the PHES facility.

C - Transport
1. City Structure
As this will have importance in designing transport networks for the city, we decided to plan
the cities structure. Before doing this, we needed to calculate the total area required for the
city.
To do this, we used the average population density value of Portsmouth and Southampton
combined as these cities are in the same area and have similar population densities to what
we expect Solent City to have.
Average population density of Southampton and Portsmouth: 5206 people per km2
(source: Oﬃce for National Statistics)
Area required for Solent City = 2,000,000 ÷ 5206 = 384 km2
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We then mapped out an area for the city based on the location described in the task
description which has an area of 410.4 km2, meeting the calculated required area.
To then design the structure of the city’s zones, we took into account the following points:
•

•
•
•
•
•

Low class residential areas must be close to the industrial zones and CBD as they have
primary jobs in the industrial area, as well as secondary jobs (for instance, working at a
supermarket) This reduces their commute times as some may not have personal
vehicles.
High class residential is situated in the outer suburbs as this area has a higher quality of
living due to lower pollution levels and more green space. Also, high class residents can
commute further as they have cars and sometimes even work from home.
The middle class residential area is along the coast as this area has a higher quality of
life but is close to the CBD and industry.
The industrial area is on the port as this means exports and imports of goods is easy.
On top of this there are the A3 and A27 roads which run near/in the industrial zone
meaning exporting goods to the wider UK is easy.
The high class residential area is also as far from industry as possible to decrease
pollution
There is also access to the rest of the UK via the M3 motorway, which runs down the
western side of the city.

We also based the structure oﬀ other common city structures used for large cities. Homer
Hoyt created a sectoral city model in 1932, which is a variation of the Burgess model. The
diﬀerence is that Hoyt's model has radii of factory/industry zones as these often follow a
railway or main roads. This model is adopted in both Chicago and the English seaside city
of Sunderland. We were obviously disrupted by the large South Downs National Park as this
protected land restricts the area and shape of the land available.
Map of the area and zones of Solent City:

Central Business District
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Industrial areas
Low class residential
Middle class residential
High class residential

2. Inner City Networks
2.1 Road network
To design a road network for the city, we took into account that the city centre should have
a dense grid like network to make transportation throughout the area easier. As well as this,
from the city centre, there should be main roads extending outwards in a radial network to
other areas of the city, allowing for longer commutes to and from the city centre. Also ring
roads can be used within the city to reduce congestion of traﬃc across the city.
Map of the main road network of Solent City:

In designing this network, we decided to use most of the path of the M27 as a route for a
main road passing through the city. This road then joins onto multiple main roads
surrounding the city, making the city well connected to surrounding areas. The city centre
has a grid like network and a road surrounding it acting as a ring road. There is also a main
road from the city centre extending into residential areas and connecting to the main road
passing through the city. This road is responsible for the majority of commutes into and out
of the city centre and is connected to many smaller roads within the central business
district. Within residential areas there is a less dense network of roads which are spread out
allowing access to the outer edges of the city. This also involves the construction of a
bridge across the River Itchen in the middle class residential zone. The industrial zone has a
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less complex road network but has good access to a main road and the port next to it. This
allows for easy transportation of supplies and products to and from the industrial zone.

2.2 Bus routes
Map of the bus network of Solent City:

Bus stops
Bus routes
The bus routes uses the same network as the road system. The bus stops are considered
by the location of the areas. For example, the central business district contains more stops
than other areas to accommodate for the increased density of people compared to other
districts. The bus times could also be made more frequent during the day to transport a
larger quantity of people. The aim of the buses is the same as that of trams: the mass
transportation of people to reduce congestion on the road.
The bus model we are using is the Alexander Dennis Enviro200EV. This bus is fully electric,
so it does not emit any carbon dioxide. The bus also has low floor which gives it easy
access. The buses are charged overnight and are expected to cover around 260 km in a
single charge or approximately 18 hours of service. The buses are charged in a depot at
80kW AC of charging power for 4 hours. The vehicle is also eﬃcient as it has a regenerative
braking system. This means that during braking the kinetic energy is converted and stored
in a battery for further use. No emissions and pollutions are produced during the production
of the battery. The bus has a passenger capacity of 90 overall, with 21 seats. We will use
130 units of this model in our bus network.
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Image of the Alexander Dennis Enviro200EV:

2.3 Tram routes
To design the tram network, we have to take into account:
• the type of tram that would be the most cost-eﬃcient and environmentally-friendly
• the location of important places e.g. area of oﬃces, tourist attraction and airports
• the location of residential areas
• the connectivity between diﬀerent transports
The aim of the tram system is to provide a quick and fast way around the central business
district, which would prevent car congestion as the number of total car trips would be
reduced.

41

Map of the tram network of the city centre:

Tram stations
Tram routes
Škoda 15 T tram model will be used. The tram is electric, meaning that it is environmentallyfriendly. This model is also 100% low-floor (no steps between one or more entrances),
which would improve the accessibility of the passengers. The tram also consists of three
very similar low-floor sections, or segments, which oﬀer a compact, but spacious interior.
The entire tram can seat 61 passengers and contain up to 239 standing passengers.
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Image of the Škoda 15 T tram:

3. Outer City Networks
3.1 Rail network
In designing a rail network for the city, our main aim was to connect the city to other
surrounding areas and other rail lines in a radial network. As well as this, we wanted to have
the network centred around the CBD of the city and have a large station near the city
centre. This would allow journeys from outside the city to the city centre.
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Map of the rail network surrounding the city:

Planned railways
Already existing railways
Planned stations
Already existing stations
We decided to plan three railways from the city centre connecting with other lines
surrounding the city. One of these connects to Petersfield Station which then leads to
Waterloo Station in central London. Another travels through some of the residential areas of
the city and then connects to Eastleigh Station. This line leads up to Basingstoke Station
which has connections to Reading and Waterloo Station. The third line connects to Cosham
Station which leads to Brighton. We decided to build a large station at the edge of the city
centre where our three lines meet and terminate. This allows commutes from outside the
city into the city centre.
For the railway vehicle we decided to use the British rail class 387. This model of the train
runs on electricity so there won't be any carbon emissions given oﬀ by the train. It also has
a max speed of 175km/h, this means that that it takes 21 minutes to go from one end
(Haslemere) to the other (Winchester). It was recently implemented this January in Didcot so
we can transfer the technology and infrastructure. The train has a 4 carriage formation so it
can carry up to 80 people at once. The additional lines will use 20 units of this model.
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3.2 Sea transport
Map of local ferry routes:

One of the reasons we are using this route above for the local ferries is due to the fact that
this route will allow our battery powered ferry to travel through the parts of the sea that will
be deep enough whilst travelling the shortest distances. This prevents the chance of the
ferry hitting the sea bed. The lowest section of the sea the ferry will travel through will be
5m, which should give enough depth to allow the ferry to travel smoothly. The reason we
have these stops is so that the ferry can recharge its battery at reasonable intervals.
We plan to use “Ampere”, the world’s first electric powered car ferry constructed by the
Norwegian Shipyard Fjellstrand. It does not produce any CO2 emissions, so we can use our
own generated electricity, which is also renewable and green. It began operation in May
2015, and it operates on a 5.7 km crossing, makes 34 trips a day, and each trip has a 20
minute duration. The distance between Southampton and Portsmouth is 30 km, so 100
minutes is the estimation of the duration of the trip. However, this excludes the 10 minute
loading and unloading time for cars and passengers. The vessel can hold up to 120 cars
and 350 passengers, and its dimensions are 80 metres long and 21 metres wide. This
vessel will be mainly used to transport people, but due to its big capacity, we can utilise it
to transport goods around the region. The local ferry network will use 6 units of these
ferries.
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Map of international ferry routes:

We are using these routes for the international ferry travel because these are the shortest
and most eﬃcient routes to get to the ports of France from Portsmouth. Also these ports in
France link to the major road networks.
One of the modes of transport researched are cruise ships. One of the reason for their
usage is the fact it can attract tourists from abroad (mainly the rich).
This can then boost the economy in the new city we are building. Nevertheless the expense
to build one in the first place is very high. The pay back time tends to take between 2 to 7
yrs depending on the number of trips the ship will take and the price of the ship. For
instance a cruise ship capable of holding 500 people will cost 200 million pounds, plus a
ship that's able to carry 6,500 people it will cost roughly around 1.1 billion pounds.
Although it will bring the city high reliable income after a while we decided that the initial
cost was too much for it to be included in the plans.
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3.3 Air transport
There are currently 7 major UK, international airports in the Southern region around the
Solent City. They are all within 150 km of the city, so are therefore feasible for use by
citizens. There is currently an airport in Southampton which has an annual number of
passengers of 1,947,052 in 2016 with a total of 42,824 flights. This was an increase of
157,582 passengers and 3445 flights on the statistics from 2015.
Map showing the locations of the major airports in the Southern Region of the UK:

In 2016 the total number of passengers across the UK top 20 airports was 262,434,090
which were on a total of 2,295,930 flights. At Heathrow the peak number of passengers for
a single day was recorded 31 July 2016 with 257,922 passengers passing through the
airport, this is 0.34% of the total annual passengers. Due to an increase in population of the
area around Southampton and Portsmouth being 1,550,000 people, the number of
passengers passing through the airport would need to increase to 8,653,564 passenger per
year. This means the peak number of passengers traveling through the airport would be
29,480 passengers.
(sources: https://www.world-airport-codes.com/uk-top-20-airports.html , https://
www.heathrow.com/company/company-news-and-information/company-information/factsand-figures)
No. of citizens of solent city x No. of current Southampton airport passengers = No. of passengers required to pass through the airport
No. of citizens in area currently

2,000,000 x 1,947,052 = 8,653,564 Passengers/year
450,000
Southampton's airport is situated just oﬀ the M27 meaning it is convenient to get to from
nearby towns and villages. The current airport has just one 5653 ft runway meaning it is
limited to a lower number of flights. The addition of another runway would allow a plane to
depart and another to arrive at the same time which immediately doubles the number of
flights and passengers. The new runway should be larger as this means the new larger
planes are able to land in the airport. Another limiting factor of Southampton Airport is the
size of the terminal. This is possibly a larger limiting factor so building an extension to the
terminal or creating a new second terminal is the highest priority. There is plenty of space
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for expansion of the terminal and also the addition of an extra runway as the surrounding
area is undeveloped. The destinations of flights from Southampton airport currently are just
domestic and European flights. There will be an increased demand for flight to many other
countries meaning an expansion in destinations is also required. The location of the airport
is close to the location of the upper and middle class residential area which is a positive as
these are the citizens that will use this resource the most.
Map showing the location of Southampton Airport:
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Map of the expansions made to Southampton Airport:

In this image a new 6505 ft runway has been placed along with a new larger terminal. In
addition to this a large new carpark would be required, it is situated just oﬀ the A335
making it an ideal and easy location to access. The new terminal would be used for long
haul international departures as it is able to accommodate larger aircraft. Whilst the current
terminal and runway can remain as use for domestic and European flights.
Currently there is no option for solar powered planes as current technology only allows oneseaters which have 17,000 solar cells on them. It is predicted however that in the next two
decades solar powered planes will become feasible for commercial flights. The limiting
factor in these studies are the capabilities of batteries as they are not able to store enough
energy per unit mass. So we are currently unable to use these in our airport.
However, another alternative is using biofuel in planes which has been tried and tested in
the USA. They use biofuel which can also be mixed with petroleum to power planes and
this gives around 50% less CO2 emissions and current jet engines do not have to be
altered. Producers grow the biomass on areas which are otherwise unsuitable for food crop
growing as this doesn't provide an issue with food companies. As this technology has only
been tested on short length journeys, this would be used in only European and domestic
flights as this provides a lower risk of failure.
Overall, there is definitely going to be a requirement to expand the current airport with the
addition of new facilities due to the population increase. In terms of the aircraft used,
ultimately it will be decided by airlines but the use of biofuel planes for the domestic and
European flights is a definite aim for our city.
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D - Laws and Regulations
1.1 Zero emission zone
In order to reduce carbon emissions from the city, we plan to implement a zero emission
zone in the central business area, in which no vehicles with significant CO2 emissions would
be allowed. The zone allows for our tram and bus networks to operate within it and electric
road vehicles will also be allowed into the zone. This zone would also somewhat be treated
as a pedestrian zone with many pedestrian only areas.
Map of the zero emissions zone:

1.2 Tax on road vehicles
In order to provide incentive for people to use our public transport, large and high-carbonproducing vehicles would be charged more to enter the city
Normal cars £5 per entry
Mini-buses £10 per entry
Coaches and Lorries £20 per entry
Tax on carbon producing-vehicles would be levied on car producers to promote the use of
electric cars. On the other hand, subsidies would be granted to companies producing
environmentally-friendly vehicles.
Moreover due to the taxes on the road vehicles people with low to medium salary will have
more incentive to come in and out of the city via public transport.
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1.3 Tax on carbon fuels
The current tax on carbon fuels is 57.95p per litre for petrol and diesel coming into the
country. We are going to raise the tax for carbon fuels to 70p per litre. This is quite a
significant raise so people should be more inclined to invest in an electric car as they will
not feel the burden of the increased costs.

E - Costs
1. Initial Construction Costs
1.1 Energy facilities
To estimate the costs of construction for our energy facilities, we used values for the cost of
construction per kilowatt of capacity from the initial constriction costs section of the energy
section.
Energy facility

Capacity (MW)

Cost of construction
per kilowatt (£/kW)

Cost of construction
(£)

Oﬀshore wind farm

396

3500

1,386,000,000

Onshore wind farm

132

1500

198,000,000

Solar PV farm

288

1700

489,600,000

Biomass power plant

384

2700

1,036,800,000

1.2 PHES facility
To estimate the cost of construction of the PHES facility, we researched a value for the cost
of constructing a reservoir per cubed meter of capacity from similar reservoirs which flow
into the sea.
Cost of construction per cubed meter of capacity: 37.9 £/m3
Capacity of reservoir: 4,850,000 m3
Cost of construction of PHES facility = 37.9 × 4,850,000 = £183,815,000
1.3 Bus network
To estimate the initial costs of the bus network, we calculated the cost of purchasing the
required amount of bus units.
Cost of Alexander Dennis Enviro200EV unit: £302,700
(sources: Bus & Coach Buyer, Bus and Coach Professional)
Number of bus units: 130
Cost of bus units: 130 × 302,700 = £39,351,000
1.4 Tram network
To estimate the total cost of the tram network of the city, we first calculated the cost of the
Škoda 15 T trams.
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Cost of Škoda 15 T tram unit: £434,000
(source: Škoda)
Number of tram units: 2
Cost of tram units = 434,000 × 2 = £868,000
We also estimated the cost of constructing the tram track using a value for the average cost
per metre of track.
Average cost per metre of tram track: 5,400 £/m
(source: parliament.uk)
Length of tram track: 6.55 km
Cost of tram track = 5400 × 6550 = £35,370,000
1.5 Rail network
To estimate the costs of the rail network, we first calculated the cost of purchasing the
required amount of rail units.
Cost of 4 carriage Class 387 unit: £5,378,000
(source: Rail Technology Magazine)
Number of rail units: 20
Cost of rail units = 5,378,000 × 20 = £107,560,000
We also estimated the cost of constructing the rail track using a value for the average cost
per metre of track.
Average cost per metre of rail track: 1281 £/m
(source: Compass International inc.)
Total length of rail track: 55.5 km
Cost of rail track = 1281 × 55,500 = £71,095,500
As well as this, we estimated the cost of constructing the stations along our new rail lines.
Cost of constructing average minor rail station: £6,130,00
(source: Railfuture)
Number of new minor stations constructed: 8
Cost of minor stations = 6,130,000 × 8 = £49,040,000
We also estimated the cost of the major station in the city centre separately as this station
would have a much greater cost of construction than the other minor stations constructed.
Cost of major station: £19,000,000
(source: Railfuture)
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1.6 Ferry network
To estimate the initial costs of the ferry network, we calculated the cost of purchasing the
required amount of ferry units, including costs of infrastructure and charging solutions.
Cost of Ampere unit: £19,730,000
(source: PBES)
Number of ferry units: 6
Cost of ferry units = 19,730,000 × 6 = £118,380,000
1.7 Summary of initial construction costs
Energy facilities
Oﬀshore wind farm

£

1,386,000,000

Onshore wind farm

£

198,000,000

Solar PV farm

£

489,600,000

Biomass power plant

£

1,036,800,000

PHES facility

£

183,815,000

Total energy facilities

£

3,294,215,000

Total transport facilities

£

440,664,500

Total construction costs

£

3,734,879,500

Transport facilities
Bus units

£

39,351,000

Tram units

£

868,000

Tram track

£

35,370,000

Rail units

£

107,560,000

Rail track

£

71,095,500

Minor rail stations

£

49,040,000

Major rail station

£

19,000,000

Ferry units

£

118,380,000
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2. Annual Energy Production Costs
To calculate the cost of electricity production per year, we used values for the cost of
electricity production from the energy section. These values take into account maintenance
and labour costs.
Energy facility

Electricity demand
per year (GWh)

Cost of production (£/ Cost of production
MWh)
per year (£)

Oﬀshore wind farm

3465

50

172,660,950

Onshore wind farm

1155

29

33,645,150

Solar PV farm

2520

26

65,091,600

Biomass power plant

3360

37

122,808,000

Total

394,205,700

3. Annual Transportation Costs
3.1 Maintenance costs
3.1i Bus network
To estimate the maintenance costs of running the bus network, we calculated the cost of
maintenance per year of each bus unit.
On average each bus operates for roughly 80 hours per week.
(source: The TAS Partnership Ltd)
Average cost of maintenance per hour: £0.82
(source: Freight Metrics)
Annual cost of maintenance = 0.82 × (80 ÷ 7) × 365.25 = £3,422.91
Amount of bus units: 130
Total annual bus network maintenance cost = 3,422.91 × 130 = £444,978.30
3.1ii Tram network
To calculate the maintenance costs of running the tram network, we calculated the cost of
maintenance per year of each tram unit.
Each tram will operate for 10 hours per day.
Average cost of maintenance per hour: £1.71
(source: VAGO)
Annual cost of maintenance = 1.71 × 10 × 365.25 = £6,245.78
Amount of tram units: 2
Total annual tram network maintenance cost = 6,245.78 × 2 = £12,491.56
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3.1iii Rail network
To calculate the maintenance costs of running the rail network, we used a value for the cost
of maintenance per kilometre of track
Average cost of maintenance per kilometre of track: £52,813
(source: ORR)
Total length of rail track: 55.5 km
Total annual rail network maintenance cost = 52,813 × 55.5 = £2,931,121.50
3.1iv Ferry network
To calculate the maintenance costs of running the ferry network, we calculated the cost of
maintenance per year of each ferry unit.
Each ferry will operate for 10 hours per day
Average cost of maintenance per hour: £14.76
(source: ECO-Island)
Annual cost of maintenance = 14.76 × 10 × 365.25 = £53,910.90
Amount of ferry units: 6
Total annual ferry network maintenance cost = 53,910.9 × 6 = £323,465.40
3.2 Labour costs
3.2i Bus network
To estimate annual labour costs for running the bus network, we calculated the cost of
employing the required amount of bus drivers for the bus network.
On average, each bus requires 2.5 drivers to keep it in service and operates for roughly 80
hours per week.
(source: The TAS Partnership Ltd)
We used a value for the average wage of London bus drivers to calculate the labour costs.
Average wage of London bus driver per hour: £10.90
(source: PayScale)
Annual salary of bus driver = 10.90 × (80 ÷ 7) × 365.25 = £45,499.71
Amount of bus units: 130
Amount of bus drivers = 2.5 × 130 = 325
Total annual bus network labour cost = 45,499.71 × 325 = £14,787,405.75
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3.2ii Tram network
To estimate annual labour costs for running the tram network, we calculated the cost of
employing the required amount of tram drivers for the tram network.
Each tram will operate for 10 hours per day and we assume that each tram will require
roughly 2 drivers to keep it in service and the pay for each driver is similar to that of bus
drivers.
Wage of tram driver per hour: £10.90
Annual salary of tram driver = 10.90 × 10 × 356.25 = £39,812.25
Amount of tram units: 2
Amount of tram drivers = 2 × 2 = 4
Total annual tram network labour costs = 39,812.25 × 4 = £159,249
3.2iii Rail network
To estimate annual labour costs for running the rail network, we calculated the cost of
employing the required amount of train drivers for the rail network.
We assume that each 4 carriage unit requires 3 drivers throughout a day to keep it in
service and each driver works for 8 hours per day.
Wage of train driver per hour: £16.12
(source: This is Money)
Annual salary of train driver = 16.12 × 8 × 365.25 = £47,102.64
Amount of train units: 20
Amount of train drivers = 3 × 20 = 60
Total annual rail network labour costs = 47,102.64 × 60 = £2,826,158.40
3.2iv Ferry network
To estimate annual labour costs for running the ferry network, we calculated the cost of
employing the required amount of ferry operators for the ferry network.
Each ferry will operate for 10 hours per day.
Labour cost per hour of ferry with three operators: £77.51
(source: IPART)
Annual labour cost per ferry: 77.51 × 10 × 365.25 = £283,105.28
Amount of ferry units: 6
Total annual ferry network labour costs: 283,105.28 × 6 = £1,698,631.68
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3.3 Summary of annual transportation costs
Maintenance costs
Bus network

£

444,978

Tram network

£

12,492

Rail network

£

2,931,122

Ferry network

£

323,465

Total maintenance costs

£

3,712,057

Total labour costs

£

19,471,445

Total annual transportation costs

£

23,183,502

Labour costs
Bus network

£

14,787,406

Tram network

£

159,249

Rail network

£

2,826,158

Ferry network

£

1,698,632
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