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This investigation was commissioned by the Scottish Executive as an academic study of 
Scotland’s renewable energy resource. The work reported was carried out in the Institute for 
Energy Systems at The University of Edinburgh by Thomas Boehme, Jamie Taylor, 
Dr. Robin Wallace and Prof. Janusz Bialek. 
 
 
 
 

Disclaimer    
This is the summary of a report that presents the results of an academic study on matching 
renewable energy resources with demand for electricity in Scotland. The results do not imply 
or form recommendations for the final locations or developments of renewable energy 
projects, individual or total generating capacities, or performance of specific technologies. 
 
This summary report is submitted in good faith only. The University of Edinburgh will not 
accept responsibility or liability for third party use or interpretation of the findings. 
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1 Introduction    
Scotland has extensive renewable energy resources that might be developed to reduce carbon 
dioxide production by future electricity generation. The resources are geographically 
dispersed and variable. Demand for electricity is also variable and largely remote from the 
resources. This report summarises the method and findings of a study that explored the 
extent, location and availability of onshore-wind, offshore-wind, wave and tidal-current 
energy relative to the timing, location and extent of demand for electricity. 
 
In March 2003, the Scottish Executive aspired to the target of Scotland generating forty-
percent of its electricity from renewable sources by the year 2020 (Scottish Executive 2003). 
Demand for electricity is forecast to increase slowly in the period up to that time. Based on 
the information from the Seven Year Statements of the Scottish power companies (SPTL 
2004, SHETL 2004) and a one-percent annual increase, Scottish demand could exceed 
38.4 TWh by 2020. Supplying 40% of this demand from existing hydro-generation, already 
consented and new renewable sources would require an annual production of over 15.3 TWh. 
 
Allowing for the consequences of changing rainfall patterns and hydrology over the next 
fifteen years, the plant capacity factor of the existing 1.3 GW of hydro generation could be 
as low as 25%. There is potential for another 200 MW of large and small-hydro capacity. 
Total annual hydro contribution might then be 3.3 TWh, leaving about 12 TWh to come 
from new renewable sources such as wind, wave and tidal-current. Based on an assumed 
average plant capacity factor of 30%, this would require the development of over 4.5 GW of 
new renewable energy capacity by 2020. By the end of 2005, there was about 500 MW of 
existing wind capacity at stations accredited by Ofgem under the Renewables Obligation 
(Scotland) Order. In addition the Scottish Executive has consented more than 1 GW of 
onshore-wind, offshore-wind, hydro and biomass plant which is planned or under 
construction. Some further capacity has been consented by local authorities. With the 
assumed 30% plant capacity factor another 3 GW of new renewable energy-generating 
capacity would need to be identified, consented and constructed. 
 
This broadly accords with estimates from the FREDS Future Generation Group report 
“Scotland’s Renewable Energy Potential: Realising the 2020 Target”  (Scottish Executive 
2005). In that report the Scottish demand in 2003 was taken as 35 TWh, increasing to about 
43 TWh in 2020 based on an annual increase of one percent. The figures used in this study 
were somewhat lower as they are based on the information published in the Seven Year 
Statements and are slightly offset by embedded generation satisfying local demand and not 
using the transmission system. Historical demand time-series and scaling factors used in this 
study led to an average annual demand of about 41 TWh which endorses the projections in 
the FREDS report. 
 
Without any constraints imposed by the electricity distribution and transmission systems, 
Scotland could be considered as a single land and sea area with a broad portfolio of 
renewable resources that could meet local and remote demand for electricity. At the time of 
writing however, the network is heavily constrained by existing power flows, and future 
access to the network in geographically remote areas will be expensive to secure. The 
location and volume of the renewable energy capacity identified in this study to be necessary 
to provide 40% of Scotland’s 2020 demand for electricity would require network 
reinforcement at the levels recognised in numerous recent studies. 
 
During the course of this study, transmission and distribution network models were 
completed that allowed scenario analysis of network power flows within the existing system. 
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Their modification to reflect future reinforcements was agreed to be too speculative and may 
be the subject of a separate and later study. The present study therefore concentrated on 
analysis of the location and availability of the renewable resources relative to the location 
and timing of demand, as if the network would impose no restriction. This provides the most 
fundamental appraisal of the extent to which the renewable resource can provide 40% of 
demand, but it must be emphasised that progress towards this goal will require release of 
current constraints through network reinforcement. 
 
Generation must be able to match demand at every moment in time. The objective of the 
study was to provide a detailed exploration of the temporal and spatial factors that govern 
the match between renewable electricity generation and forty percent of demand for 
electricity. The degree of matching is considered at two timescales: long-term and hour-by-
hour. 
 
 

2 Analysis    
The four renewable energy resources studied were onshore-wind, offshore-wind, wave and 
tidal-current, as they are the most abundant (Garrad Hassan 2001) and the most variable. 
Existing hydro-generation and projected new hydro and biomass resources were not included 
in this investigation. They are likely, however, to make an important contribution to meet the 
forty-percent target set for 2020. 
 
This study used a Geographical Information System (GIS) as the database within which the 
renewable resources, along with most of the physical constraints on their development, were 
mapped. The study area of 500 km east-west by 750 km north-south covered all of the 
component Scottish landmasses and surrounding sea and ocean areas. The basic unit of area 
was 1 km2 and is generally referred to as a ‘cell’ . 
 
The study presents scenarios relating to a range of possible future portfolios of renewable 
energy generation in Scotland. Renewable generation was compared with demand on an 
hour-by-hour basis. The notional year for the study is 2020, but the input data is drawn from 
the years 2001, 2002 and 2003 as these were the most recent years for which concurrent 
time-series of meteorological resource data and electrical demand data could be obtained. 
The demand was scaled up to allow for anticipated growth in electricity consumption by 
2020, but renewable resource data was not modified to anticipate any possible effects of 
climate change. 
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2.1 Model    
Figure 1 is a diagrammatic representation of the first part of the modelling process: the 
production of time-series of renewably generated electricity. The logical flow illustrated in 
Figure 1 involved the progressive creation of a resource map, a cost map and a generation 
map. These maps are 2-dimensional arrays of numbers that correspond to the 1 km2 cells of 
the study area. 
 
 

 
 
Figure 1 Modelling of costs and generation for each technology. 
 
 
Resource maps were prepared from wind, wave and tidal data. They indicate the average 
long-term strength of the resource within each cell. The cost map was created from the 
resource map using various constraints and costing formulae to create relative rather than 
absolute costs for the selection process. The procedure for creating the cost map was as 
follows: 
 

·  Remove cells with absolute constraints (e.g. land slope too steep, water too deep, 
urban area); 

·  Calculate the annual energy output for the remaining cells in the map; 

·  Calculate the initial lifetime production costs per cell, excluding the cost of grid 
connection; 

·  Remove cells that are relatively too expensive; 

·  In consultation areas, where there is a defined limit to the allowable generating 
capacity within a certain area, remove cells that exceed the limit, starting with the 
most expensive ones; 

·  Calculate the density of occupied cells to determine the optimum grid connection 
option; 

·  Estimate final lifetime production costs including grid connection. 

 
As an example, Figure 2a shows a map of areas with absolute constraints and with 
consultation status for developing onshore wind projects. Lifetime production costs, shown 
as a cost map in Figure 2b, were calculated for unconstrained areas and, in the case of 
onshore-wind, for the best ten percent of cells in consultation areas. 
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Figure 2 (a) Onshore-wind constraint map; (b) Onshore-wind lifetime production costs. 
 
 
With additional selection criteria (e.g. cheapest 750 MW) the generation map was created. 
For the selected cells, time-series of electrical power were calculated. One hour was used as 
the time step throughout the study because longer time series with higher sample rates are 
generally not available. Once the generation time-series for each of the four technologies had 
been produced, the aggregate renewably generated power of a particular scenario could then 
be compared with the concurrent electrical demand. This is further described in Section 5. 
 
 

2.2 Data    
The large amount of data that was used within the modelling process can broadly be grouped 
into the following categories. 
 

·  Resource data: Long-term resource data (e.g. average wind speed or wave power) was 
used for site selection while thereafter time-series of resource were used to produce 
time-series of power. Details are given in Section 3. 

·  Energy converter data: Generic machine characteristics were chosen from existing 
converters and, where necessary, extrapolations were made. Details are given in 
Section 3. 

·  Geographical information: A digital terrain model with 100 m horizontal resolution 
was constructed from altitude and bathymetry information from various sources. It 
was used to create new datasets such as average slope and radar viewsheds. Other 
information, mainly from Ordnance Survey and the UK Hydrographic Office, 
included, for example, territorial boundaries, urban areas, lakes and rivers. 

·  Natural and cultural heritage: Most of the data on environmental designations was 
provided by Scottish Natural Heritage. Datasets were grouped into high and medium 
sensitivity and these were then treated as absolute constraint and consultation areas, 
respectively. 

·  Aviation interests: Wind farms may impact on aviation as physical obstructions, and 
rotating blades may affect communication, navigation and surveillance. Radar 
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viewshed calculations around civil and military sites and maps of the low flying 
system allowed the classification of cells into sensitivities. 

·  Land and sea use: Renewable energy developments may interfere with other forms of 
land and sea space usage. Navigational risk and ammunition dumping data describe 
which sea areas should be avoided for marine energy exploitation. Land cover data 
was converted to surface roughness data which was needed for wind flow 
computations. 

·  Power system data: The Seven Year Transmission Statements of Scottish Power and 
Scottish and Southern Energy provided public domain data needed for the study. In 
addition, both power companies supplied coordinates of substations and aggregated 
long-term demand time series for their respective area. 

·  Financial parameters: Information from various sources was reviewed to select 
parameters for lifetime production cost calculation. 

 
Most of the information above was assembled into the GIS database. Figure 3 shows 
examples of mapped datasets used for further processing. 
 
 

 
 
Figure 3 Examples of GIS datasets. 

(a) Scotland political; (b) Scotland physical; (c) Natural and cultural heritage areas. 
 
 

3 Electricity Generation  

3.1 Onshore-wind Energy    
Wind speed varies over time with seasonal and diurnal patterns. The Met Office records 
hourly wind speed, wind direction and maximum gust 10 m above ground level at 
meteorological stations across Scotland. Data from 24 of these stations was purchased for the 
period from 1994 to 2003. Missing data and records of a few stations in sheltered locations 
were partly recalculated with data from neighbouring stations. The study area was divided 
into twenty-one 100 km by 100 km wind simulation areas which overlapped by 10 km 
(Figure 4a). Based on the met station data, digital elevation data, and surface roughness 
description, the program WAsP from Risø National Laboratory in Denmark was used to 
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calculate the wind resource at a height of 80 m in each simulation area. Overlapping of these 
areas allowed the calculation of scaling factors which smoothed the transitions at boundaries 
and improved overall consistency. The results were checked against former DTI work and 
data from operational wind farms across Scotland. 
 
A generic turbine with 2.5 MW rated power and 80 m hub height was chosen. Three of these 
turbines were placed in each 1 km2 cell, giving 7.5 MW/km2 installed capacity. The average 
wind speed assigned to each cell by WAsP allowed an initial selection of potential sites for 
wind generation. Inappropriate sites were filtered out by reference to absolute and 
consultation constraints. For the remaining cells the lifetime production costs were 
calculated. This figure included grid connection cost and, in the case of the islands, a share 
of the undersea cable connection. The cheapest cells (e.g. the cheapest 750 MW) were 
selected for scenario calculations. In order to produce time series of hourly wind generated 
power at these sites, the program WindFarmer from Garrad Hassan was used to compute a 
flow matrix for each cell of interest. This matrix transforms ‘ input’  met station measurements 
at 10 m level to ‘output’  wind speeds at 80 m level for cells of interest. High wind cut-out at 
25 m/s and subsequent cut-in below 22 m/s was applied on an hour-by-hour basis. The 
generated power was reduced by global reduction factors for downtime (2%), electrical 
losses (2%) and wake effects. The latter depends on the project density and can exceed 5%. 
 
 

 
 
Figure 4 (a) Onshore-wind resource; (b) Offshore-wind resource. 
 
 

3.2 Offshore-wind Energy    
There are relatively few maintained offshore wind measurement systems off Scotland. 
Therefore the primary resource information for offshore-wind was the Met Office UK 
Waters Wave Model which has wind information included with the wave data. Hindcast 
averages of wind-speed and direction are provided eight times a day for a height of 10 m 
above sea level. The comparatively shallow waters needed for offshore-wind turbine 
foundations generally require them to be relatively close to the shore where the models do 
not describe the wind resource in a sufficiently robust way. The hindcast offshore-wind data 
was therefore used to provide input to WAsP which was then able to correct for coastal 
discontinuity and to make more accurate predictions for nearshore locations. Eleven 
simulation areas, each 150 km by 100 km in size, were created to cover potential offshore-
wind locations around Scotland. The wind resource driving WAsP was described by one 
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grid-point from the UK Waters Wave Model in each area. Data for these points was obtained 
for the period from March 2000 through to November 2004, with the local wind climate 
being established from the 2001 through 2003 data. 
 
A generic offshore turbine with 5 MW rated power and 80 m hub height was chosen for the 
study. Only one 5 MW turbine was permitted in any 1 km2 cell, giving 5 MW/km2 installed 
capacity. The main constraint for offshore-wind developments is water depth. At present a 
depth of 30 m is considered the limit for economic feasibility. However, for sensitivity 
analysis up to 40 m was allowed in the scenario calculations. Wind farms were placed at 
least 5 km offshore. Further sites were removed due to absolute and consultation constraints 
including natural and cultural heritage sites, radar interference and high navigational risk. 
Figure 4b shows the long-term average wind speeds as published in the UK Marine 
Renewable Energy Atlas (DTI 2004). However, for site selection the average wind speeds as 
predicted by WAsP based on the Met Office hindcast input were used. The calculations 
beyond this were carried out in the same manner as for onshore-wind. Here, high wind cut-
out was applied at 30 m/s on an hour-by-hour basis with subsequent cut-in below 26 m/s. 
The generated power was reduced for downtime (6%), electrical losses (2%) and wake – 
modelled as approaching 10% for the highest turbine densities. 
 
 

3.3 Wave Energy    
Off Scotland, the sites that are of most interest for potential wave energy generation are in 
the Atlantic approaches to its western coasts because these areas are at the ends of very long 
fetches that stretch out in the directions of the prevailing wind systems. The created sea-
states are highly complex, but can generally be thought of as being composed of spectra of 
regular waves of different heights, periods and directions. The Met Office UK Waters Wave 
Model hindcast data records consist of 13 spectral density values and associated wave 
directions. The model has a spatial resolution of 1/9th degree latitude by 1/6th degree 
longitude (representing a sea area of about 12 km by 12 km) and a temporal resolution of 3 
hours. Data for 95 simulation grid-points was obtained for the period from March 2000 
through to November 2004. 
 
A contiguous file of 3-hourly time-series containing rms wave elevation, energy period and 
main wave direction was prepared from the spectral data for each of the 95 grid-points. The 
generic device chosen for the study was a scaled-up articulated wave energy converter with 
1.5 MW capacity and a length of 180 m. These floating devices were assumed to work in 
water depths from 50 to 150 m. An equivalent of 18.75 MW was placed in a 1 km2 cell. The 
power matrix of the device allowed wave elevation and period to be converted to power. The 
power values from the grid points were then interpolated to the location where devices were 
placed. The generated power was reduced for downtime (8%), electrical losses (2%), array 
losses (1%) and sea-state dependent directional losses. 
 
The Met Office reports that wind speeds during the years 2000 to 2003 were observed to be 
significantly lower than those in the long-term historical record. With wave power density 
being proportional to around the 5th power of wind speed, the wave resource is very sensitive 
to year-to-year variations in wind speed. The power level averages reported in this study may 
therefore underestimate the long-term resource. For comparison, Figure 5a shows the long-
term average wave resource around Scotland taken from the UK Marine Renewable Energy 
Atlas (DTI 2004) which was produced from the same model’s output. Those of the 95 grid 
points that fall into the study area are shown as well. 
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Figure 5 (a) Wave resource; (b) Tidal-current resource. 
 
 

3.4 Tidal-current Energy    
The moon and the sun provide the primary tidal forces. Because of their dependence on 
astronomical constellations, tides are deterministic and can be predicted with great accuracy 
into the future. Where the horizontal water motions are pronounced due to variations in 
water depth or the shape of land masses, they are referred to as tidal-currents. Spring tidal-
velocities of at least 2 m/s are commonly considered to be required for economic energy 
extraction. In collaboration with the Robert Gordon University, potential areas for tidal-
current applications were identified. Figure 5b illustrates the tidal-current resource in 
Scotland (DTI 2004). 
 
Tidal-current resource data was based on information from the UK Hydrographic Office, in 
particular on tidal diamonds found on Admiralty charts, tidal stream atlases, and the tidal 
prediction software TotalTide. For the study, the spring and neap tidal-current values at each 
site had to be transformed into three-year time-series of tidal-current velocities and 
directions. The first stage of this process was to produce a three-year reference time-series of 
tidal ranges for Dover. This range was related to the known values for average spring and 
neap tides to establish the phasing within the spring/neap cycle. With the time of High Water 
at Dover known, velocities and directions were then calculated or interpolated for other 
locations at every hour. 
 
A generic twin-rotor, horizontal-axis turbine with a rotor diameter of 18 m and a 1 MW rated 
power was deployed in the study. It was assumed that the machines could be installed in 
water depths between 30 and 50 metres. Fifteen of these machines were placed in a cell 
facing the current. Except for the most energetic sites in the Pentland Firth the axial spacing 
was at least 2 km. Due to the limited number of potential locations, the placement of 
machines was based on the suitability of sites from a physical and resource perspective. All 
locations with spring tide rates of 2 m/s or greater and which were close to 1 km2 in size or 
greater were considered. The generated power was reduced for downtime (4%), electrical 
losses (2%), wake losses (5%) and for deviation of the current’s direction from the turbine’s 
axis. 
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4 Electricity Demand    
Electricity cannot, at present, be economically stored in large volumes and has therefore to 
be generated as it is required. Accurate long-term estimates of both power and energy 
requirements are crucial to effective power system planning and operation. For the 
development of a scenario for the year 2020, an annual growth rate of one-percent was 
assumed (Figure 6). The data was taken from the Seven Year Transmission Statements of 
Scottish Power (SP) and Scottish and Southern Energy (SSE). Measures to reduce demand 
were beyond the scope of the study. 
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Figure 6 Electricity demand in the Scottish Power and Scottish and Southern Energy areas. 
 
Demand varies seasonally. In Scotland, the profile is highest in winter due to heating and 
lighting requirements. Figure 7 shows weekly minimum and maximum values within the 
areas of the two companies.  
 
 

 
 
Figure 7 Annual load profiles for Scottish Power and Scottish and Southern Energy. 
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Hourly time series of demand at each grid supply point (GSP) are not available in the public 
domain. The method used in the study was therefore to appropriately scale the overall system 
demand pattern to each individual GSP. For this purpose, half-hourly system demand data 
was obtained from SP and SSE and synthesised to cover the period 2001-2003. The demand 
values finally used in the study were scaled up from the hourly values in relation to the 
anticipated load growth corresponding to the year 2020. Scaling the time-series to 2020 
predicted a peak power demand of 7.29 GW and an average energy demand of 41 TWh. 
 
 

5 Energy Delivery Scenarios 
A scenario based methodology was developed for the study as a means of concisely 
specifying various mixes of renewable energy sources. The balance between generated and 
consumed electrical energy was expressed both at a national level and in disaggregated form 
at area level by a number of key figures. Scenarios were based on time series of renewable 
generation and demand with a temporal resolution of one hour. The total period of time 
chosen for the time series analysis was three years - 2001 through 2003. Results were 
derived for each year individually and for the whole period. Due to the importance of 
seasonal variations in generation and demand, the winter and summer periods were 
examined separately. These time series were used to compare, on an hour-by-hour basis or 
over long periods of time, the generated electricity with the corresponding load demands. 
This process is illustrated in Figure 8 which follows from Figure 1. The results of this study 
were presented as a series of scenarios, each specified by a particular mix of renewable-
energy sources. They are presented in the form of graphs in section 6. 
 
 

 
 
Figure 8 Model of scenario development. 
 
 
Within the scenarios, each technology type was implemented by using incremental 
placements of capacity. The placements were ordered by relative cost rather than by location. 
However, as clustering as well as resource quality was taken into account in the calculation 
of relative cost, geographically adjacent groups of machines were likely to stay together in 
the same placement groups. The total plant capacity was increased between each main 
scenario by a factor of two. The starting scenario contained 750 MW of plant with the 
subsequent ones containing 1.5 GW, 3.0 GW and 6.0 GW, if the particular technology 
allowed this amount of exploitation. For the production of graphs in Section 6, further 
scenarios were run. The placements were cost ranked, so that in each case the smaller 
placements were composed of the generators that offered the cheapest energy. These were 
sub-sets of the larger blocks. Time series for a particular scenario were formed by summing 
the output of all cells which had been selected on the basis of relative lifetime economics. To 
examine different aspects of renewable electricity generation, two types of scenarios were 
chosen. These Technology scenarios and Area scenarios are described in more detail below. 
 



  Matching Renewable Electricity Generation with Demand 

  12 

For onshore- and offshore-wind the projected lifetime economics of all feasible sites in 
Scotland were identified. The feasible capacity for onshore-wind extends well beyond 6 GW, 
but offshore such a plant capacity could only be reached with deep-water technology. 
Therefore the main scenario was limited to 3 GW. Lifetime production costs were also 
estimated for suitable wave energy locations. The wave resource is vast, but due to potential 
conflicts with navigation only 3 GW of capacity was placed manually at the best sites. The 
number and capacity of tidal-current sites were limited by minimum spring tide velocities of 
2 m/s, by the 30 to 50 m water-depth range and by the fraction of the energy flux that can be 
exploited without significantly altering the tidal regime. The main placement was 750 MW, 
but more capacity will become available with later generations of deep-water devices. 
Further scenarios were developed for mixes of the four technologies. In the first set of these, 
the relative proportions remained constant at 75% onshore-wind, 10% offshore-wind, 10% 
wave and 5% tidal-current plant with the total capacity being increased from 750 MW to 
beyond 6 GW. In the second set of these, the proportion of onshore-wind was varied in the 
mix. For all the technology scenarios Scotland was treated as one area and the hourly time 
series of aggregated Scottish demand was used for calculations of results. The placement of 
energy converters is shown in Figure 9a. 
 
Further scenarios were chosen to assess the contribution of the renewable technologies in 
each area (Figure 9b). Scotland was divided into ten areas: Shetland, Orkney, Western Isles, 
Highlands North, Highlands South, North East, North Central, Argyll and Bute, Central and 
South. Equal generating capacities were placed in each area as long as the particular resource 
was available in the area. For each area a corresponding time-series of load demand was 
applied to determine the key figures. 
 
 

 
 
Figure 9 (a) Technology scenario placements; (b) Area scenario placements. 
 
 
The scenarios produced key figures for the renewable resources which are briefly defined as 
follows. The plant capacity factor of a generating unit is calculated as the total of the energy 
generated divided by the nominal or nameplate rating and the period of time. The long-term 
local matching of an aggregated group of generators was calculated as the total of the energy 
generated to satisfy local demand divided by the total energy demanded in that area over a 
period of time. This is the best guide to the extent to which the renewable resource can meet 
a percentage of demand for electricity. 



  Matching Renewable Electricity Generation with Demand 

  13 

 
Shortfall is expressed as the percentage of total energy demand in any locality that is not (on 
an hour-by-hour basis) supplied by the corresponding renewable-energy generators relative 
to total energy demand. Within this study a 40% demand target was used and shortfall is 
expressed in percent as the ratio between electricity not supplied to meet 40% of demand and 
total energy demand. For instance, if no renewable energy was produced for a period of time, 
the corresponding energy shortfall would then be 40%. In addition to shortfall, the number of 
hours when the 40% demand level is exceeded were calculated and expressed as a percentage 
of time. 
 
The use of a single numerical value for matching masks the important information that, 
during shorter time periods, the generated energy could be well above or well below the 
long-term value. It is therefore useful to present the statistics of matching in the form of a 
coincident-hours histogram which is an extension of the exceedance hours concept. Each 
column in this bivariate histogram represents the relative amount of time during which a 
particular combination of generation as a percentage of total capacity and demand as 
percentage of peak demand is true. The worst-case coincident hours total is the number of 
hours of the year when the installed generators operate at less than 10% of total capacity and 
the demand exceeds 90% of peak levels.  
 
 

6 Results and Discussion 

6.1 Onshore-wind    
The plant capacity factors of the onshore-wind turbines averaged over the three years 2001-
2003, range from 36.3% to 32.7% as the plant capacity increases from 750 MW to 6 GW 
(Figure 10a). The corresponding long-term local matching values start at 5.8% for 750 MW 
of placement and progressively increase to 41.5% of overall Scottish electrical demand 
(Figure 10b). However, 6 GW of onshore-wind would still leave a shortfall of 12.4% of total 
demand (or slightly less than a third of the 40% target). The hourly demand exceedance 
curves of Figure 10c show that 6 GW of onshore-wind plant would meet or exceed the 40% 
target for 44.6% of the time. The results suggest that less than 6 GW of onshore-wind 
plant could, on average, supply 40% of the electr icity demand in Scotland. 
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Figure 10 Onshore-wind, key indicators. 
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6.2 Offshore-wind    
The offshore-wind plant capacity factors averaged over the three years considered, lie 
between 34.1% and 35.8% for a capacity range from 750 MW to 3 GW (Figure 11a). This 
small increase of capacity factor is due to higher wind resource sites in the north and west 
becoming economically feasible despite higher foundation and grid connection costs. The 
corresponding long-term local matching values vary from 5.5% to 23.0% of overall Scottish 
demand (Figure 11b). With a plant capacity of 3 GW the shortfall would be 18.4% (or a little 
less than half of the 40% target). With 3 GW of plant the 40% level would be exceeded for 
17.8% of the time as shown in Figure 11c. Even though shallow-water  sites are not 
abundant in Scotland, 3 GW of offshore-wind projects could be developed. This 
capacity would, on average, supply 23% of the electr icity demand in Scotland. 
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Figure 11 Offshore-wind, key indicators. 
 
 

6.3 Wave   
The plant capacity factors for wave energy converters averaged over the three years 2001 
through 2003, begin at 33.4% for the best 750 MW and fall to 31.7% for a placement of 
3 GW, as less exposed sites are added (Figure 12a). The differences between summer and 
winter plant capacity factors are far more pronounced than for either onshore-wind or 
offshore-wind, a pattern that is consistent over the three years. The long-term local matching 
values increase from 5.4% for the 750 MW placement to 20.4% for 3 GW placement as 
shown Figure 12b. 3 GW of wave energy plant would leave a shortfall of 20.4% of total 
demand (or half of the 40% target). Appraisal of the hour-by-hour matching shows that 
3 GW of wave energy plant would operate with hourly production above the 40% level for 
12.1% of the time. The wave power levels calculated from the resource data for the years 
2001 through 2003 are believed to be below the longer term averages. The results suggest 
that 3 GW of wave energy plant could, on average, supply around 20% of the 
electr icity demand in Scotland. 
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Figure 12 Wave, key indicators. 
 
 

6.4 Tidal-current 
The plant capacity factors averaged over the three years 2001 through 2003 produce a figure 
of 30.0% for 750 MW, as shown in Figure 13a. The long-term local matching value of the 
750 MW placement is 4.8% of overall Scottish electrical demand (Figure 13b). This number 
is small in the national context but regionally it could make a contribution exceeding the 
40% level. The hourly production of 750 MW of tidal-current plant would leave a shortfall 
of 35.2% of the total demand (or about 7/8 of the 40% target). This capacity is too small to 
reach the 40% demand level at any time of the year. The results suggest that the 
completely predictable output of 750 MW of tidal-cur rent plant could, on average, 
supply about 5% of the electr icity demand in Scotland. 
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Figure 13 Tidal-current, key indicators. 
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6.5 Mix of Technologies    
The first mix of technologies consisted of 75% onshore-wind, 10% offshore-wind, 10% 
wave and 5% tidal-current plant with capacities varied from below 750 MW to beyond 
6 GW. This onshore-wind-dominated mix reaches plant capacity factors of 36.4% for 
750 MW through 33.5% for 6 GW of plant capacity, as shown in Figure 14a. The 
corresponding long-term local matching values start at 5.9% for 750 MW placement and 
progressively increase to 42.7% of overall Scottish electrical demand for the 6 GW 
placement. From Figure 14b it can be seen that to achieve a long-term local match between 
the mixed resource and electricity demand, about 5.5 GW of mixed capacity would need to 
be installed by 2020. On an hour-by-hour basis a mixed capacity of 6 GW would leave a 
shortfall of 10.4% of total demand (or one quarter of the 40% target). The results suggest 
that around 5.5 GW of mixed technologies plant could, on average, supply 40% of the 
electr icity demand in Scotland. Existing and planned hydro and biomass plant reduces 
the amount of capacity that would need to be installed from the four  technologies 
considered. 
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Figure 14 75-10-10-5% mixed portfolio, key indicators. 
 
 
A second range of mixes was investigated by holding the total capacity constant at 6 GW 
while varying the proportion that is contributed by onshore-wind from 0 up to 100%. The 
balance of the renewably generated electricity from offshore-wind, wave and tidal-current 
was held in a fixed 2:2:1 ratio. Figure 15b shows that optimum long-term matching may be 
reached for onshore-wind capacity around 3 GW. The shortfall curve and the exceedance 
hours both suggest that the hour-by-hour matching is better with a lower contribution of 
onshore wind, e.g. only 1.5 GW. Figure 15c shows that lower levels of demand are more 
often exceeded with lower onshore contribution while higher demand levels are more often 
exceeded with higher onshore wind contribution. For example, a demand level of 10% (on 
the y-axis) is exceeded for about 92% of the time with no onshore wind in the mix and for 
about 81% of the time with 6 GW of only onshore-wind. A demand level of 80% (on the y-
axis) is exceeded for about 6% of the time with no onshore wind and for about 16% of the 
time with 6 GW of onshore-wind. These results suggest that overall performance to meet 
demand targets could be optimised in a balanced generation mix. 
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Figure 15 6 GW mix with variable onshore-wind contribution, key indicators. 
 
 

6.6 Area Scenarios 
300 MW of onshore-wind capacity was placed in each of the ten geographical areas. 
Resulting plant capacity factors are highest (exceeding 44%) on Shetland. In all areas with 
good exposure to western winds the capacity factor is the upper thirties. Low demand in 
these areas would require strong interconnections to the load centres on the mainland to 
encourage these or higher plant capacities to be built. In comparison, the plant capacity 
factors of around 30% for eastern Scotland and the Central area are lower but still well above 
the European average. 
 
150 MW of offshore-wind plant was placed into each area. Given the range of water-depths, 
it is more likely that projects will be developed off the east coast and in the south. They have 
the additional advantage of being relatively close to demand centres. In the study they 
achieved plant capacity factors around 33%. 
 
Average wave power levels across Scotland suggest that project developments are more 
likely to take place in the Atlantic approaches. 375 MW of plant was placed into each of the 
areas of Shetland, Orkney, Western Isles and Argyll and Bute. The best performance was 
achieved at locations off the Western Isles with average plant-capacity factors in excess of 
33%. 
 
75 MW of tidal-current devices were tested in each of five areas: Shetland, Orkney, 
Highlands North, Argyll and Bute, and South. The plant capacity factors varied from 22% in 
the South to 46% in Orkney. The most energetic and exploitable currents can be found in the 
Pentland Firth and Orkney area, while in other regions tidal power can still make an 
important contribution to the local electricity supply. 
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6.7 Power System Implications 
With large capacities of renewable energy generation installed there sometimes will be a 
need to export electricity or to curtail production. There will be many times when the 
variable renewable production can only satisfy a fraction of electricity demand. The number 
of coincident-hours per year when demand is higher than 90% of peak demand and 
generation is lower than 10% of nameplate rating is of particular interest. Comparing these 
worst-case values for the technology scenarios with 750 MW total capacity shows 30 hours 
per year for onshore-wind, 20 hours for offshore-wind, 21 hours for wave, 22 hours for tidal-
current and 17 hours for the 75-10-10-5% mix. 
 
Evaluating these coincident-hours for technology mixes reveals that the lowest number of 
hours is achieved in scenarios with low onshore-wind contributions. With a total capacity of 
6 GW the number of worst-case coincident hours is below 9 for onshore-wind contributions 
up to 1.5 GW. In contrast, for a pure 6 GW onshore-wind scenario there would be 29 worst-
case coincident hours per year. Given the possible dominance of onshore-wind in the 
renewable mix of 2020, inclusion of the other technologies clearly reduces the risk that none 
of them can deliver any electricity at times of high demand. 
 
Other statistical information that can be extracted from the data includes the rate of change 
of power output. The probability of a certain change of renewable output power (as 
percentage of installed capacity) can be displayed in form of a histogram. The results show 
that small changes in power levels occur much more frequently than large changes. 
Compared to ‘onshore-wind only’  scenarios, with plant mixes where offshore-wind and 
wave devices dominate, the power output changes much more gradually, potentially leaving 
system operators more time to dispatch balancing plant. 
 
When production from dispatchable plant is needed, available options in Scotland include 
hydro-electric plant (about 1.3 GW installed), pumped-storage (700 MW), fast-starting 
generators and interconnections to England and Northern Ireland (500 MW). The 
Scotland/England interconnector’s capacity is 2.2 GW for exports but much lower for 
imports. Future upgrades may further increase this capacity. To enable any or all of the 
above options, a fully reinforced electricity network will be required to transport energy 
from remote generators to load centres and to make available balancing power when and 
where needed. 
 
 

7 Conclusions 
This study was commissioned to determine whether Scotland could meet 40% of its 2020 
demand for electricity from renewable resources. By then annual demand for electrical 
energy in Scotland could be around 41 TWh with a peak power demand of around 7.3 GW. 
Supplying 40% (16.4 TWh) of the electricity required over the year from renewable 
resources suggests the need for around 6 GW of renewable capacity. 
 
Current and planned hydro capacity in Scotland will contribute 1.5 GW to the 2020 energy 
mix. Onshore wind projects built to date, and consented but not yet operational, should 
contribute at least a further 1.5 GW. The balance of around 3 GW could be met by a range of 
technologies. Biomass has been assessed to have the potential to contribute up to 0.45 GW 
using existing technology. Information available before this study suggested that wave and 
tidal power, between them, have the potential to deliver over 1 GW, but that these are 
nascent technologies which need to be developed commercially. Onshore and offshore wind 
have potential to contribute significantly more. 
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Generated power must match demand for power on a second-by-second basis. Demand 
varies with time and with location across Scotland and so does renewable energy. This is 
particularly true for time-varying resources like wind, wave and tidal-current. Historical 
demand data was available for the study, but hourly production time-series were not 
available for existing renewable plant and could not be synthesised for consented or planned 
plant without detailed siting information. Instead a Geographical Information System and 
industry standard software were used to provide a consistent generic approach. This study 
has: 
 

·  mapped the location of onshore and offshore-wind, wave and tidal-current resources 
and the physical, environmental and planning constraints for their development; 

·  estimated connection costs between renewable plant and grid supply points; 

·  used an unconstrained electricity network as a basis; 

·  predicted the lifetime production costs of electricity generation which enabled the 
economic ranking of locations feasible for development; 

·  assembled and analysed resource time-series; 

·  converted the renewable energy resources to calculate hourly time-series of power 
levels by location for a consecutive period of three years; 

·  forecast hourly time-series of demand in 2020; 

·  developed individual and combined renewable technology scenarios to derive seasonal 
and annual key figures; 

·  calculated plant capacity factors and long-term matching data which describe the 
ability to meet, on average, the 40% target; 

·  estimated the extent to which portfolios of plant can meet the 40% target on an hour-
by-hour basis by calculating hours of shortfall and hours of coincidence between 
production and demand. 

 
Each of these steps is necessary to characterise the selected renewable resources, to increase 
confidence in them and to derive maximum benefit from the minimum number of 
developments. 
 
Results in this summary are tabulated for generation from onshore and offshore-wind, wave 
and tidal-current generation, both individually and in a combined scenario with 75%, 10%, 
10% and 5% respectively from each resource. To illustrate trends the scenarios are based on 
capacities of 3 and 6 GW where there was sufficient technically viable resource. The results 
do not imply that a combination of modelled with existing, consented or planned capacity 
will necessarily result in the same average and hour-by-hour figures. Hydro in particular 
could reduce the overall plant capacity factor and the long-term matching, but has the 
advantage of being dispatchable and offering storage. 
 
1. After application of constraints it could be possible to develop renewable resources to 
capacities reaching or exceeding 6 GW for onshore wind, 3 GW for offshore wind, 3 GW for 
wave and 1 GW for tidal current, or any combination of these technologies. However, none 
of the resources studied is ultimately limited to the totals identified. There is significant 
additional onshore wind capacity available at less energetic sites. Offshore wind, wave and 
tidal current could be further developed in deeper waters. 
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2. The annual plant capacity factors derived 
from production time-series all exceed 30% and are 
in line with working experience. Generally they 
reduce as the capacity increases by adding sites of 
higher cost which are often less energetic. Seasonal 
values for the capacity factor indicate strong 
variations of wind and wave power over a year with 
significantly higher output in winter than in summer. 
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3. The long-term local matching is the best 
assessment of the extent to which renewable 
resources could meet 40% of annual demand for 
electricity in 2020, taking account of their time 
variation and that of the load. In the case of onshore 
wind, offshore wind and wave a 3 GW capacity of 
any one of these resources would on average match 
at least half of the 40% target demand. Extending 
onshore wind and the mixed technology portfolio up 
to 6 GW demonstrates that such a capacity would be 
able to supply, on average, at least 40% of the 
electricity demand in 2020. 
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4. This illustrates that Scotland could, in 2020, meet on average 40% of its demand for 
electricity from renewable resources with a total renewable capacity of around 6 GW. It 
does not mean that the aspirational demand target is reached during each hour of a year. 
There will be periods of shortfall and periods of excess. The remainder of the study has 
quantified this. 
 
5. Due to the variability of the renewable 
energy output, 40% of the actual demand level will 
only be met or exceeded for a fraction of the hours in 
a year. With 3 GW of renewable capacity this would 
happen between 12 and 18% of the total time. An 
increased capacity of 6 GW of onshore wind or the 
technology mix could meet or exceed 40% of 
demand for electricity for around 45% of time.  
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6. The ongoing hourly match between 
renewably produced electricity and demand can be 
described by a histogram of coincident hours when 
production (arranged in 10% bins up to installed 
capacity) matches demand (arranged in 10% bins up 
to peak demand).  At times of high production and 
low demand the excess energy would be exported or 
constrained off. At times of peak demand and 
insufficient production the shortfall in energy would 
need to be imported or sourced from balancing plant.   
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7. Diversification of energy sources and their geographical dispersion improves the 
hour-by-hour matching with demand. Nevertheless there will be many hours in a year when 
renewable output from wind, waves and tidal currents falls below demand targets and 
balancing plant would be needed. A strong interconnected transmission system will reduce 
the need for local balancing plant and increase security of supply. Full development of the 
more remote onshore and most of the offshore resource would require completion of planned 
network upgrades in northern and western Scotland. 
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