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Abstract

We examine the economic and environmental impact that the installation of 3GW of marine energy
capacity would have on Scotland. This is not a forecast, but a projection of the likely effects of meeting the
Scottish Government’s targets for renewable energy through the development of a marine energy sector.
Energy, with a particular focus on renewables, is seen by the Scottish Government as a “key sector”, with
high growth potential and the capacity to boost productivity (Scottish Government, 20074, p. 40). The key
nature of this sector has seen targets established for renewable energy, to achieve environmental and
economic benefits. Using a regional computable general equilibrium (CGE) model of Scotland we show
that the development of a marine energy sector can have substantial impacts on GDP and employment over
the lifetime of the devices, given encouragement of strong indigenous inter-industry linkages. Furthermore,

there are also substantial “legacy” effects that persist well beyond the design life of the devices.
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1. Introduction and policy background

The recent UK Energy Review (DTI, 2006, p.15) concluded that:

Over the next two decades, it is likely that we will need around 25GW of new electricity generation
capacity, as power stations — principally, coal and nuclear plants — reach the end of their lives and close.
This will require substantial new investment and is equivalent to around one third of today’s generation

capacity.

For both environmental and energy security reasons, there is a growing recognition that existing fossil fuel
technology cannot continue to be as heavily used as in the past and there is a growing movement towards
generation technologies which operate with low, or zero, carbon emissions. This includes renewable
technologies, such as hydro, on- and off-shore wind, and marine (wave and tidal) devices. The use of wind
technology to generate electricity has grown rapidly across the UK in the last decade. However, other
renewable technologies, such as marine, have also received both financial support and political interest and

the first generation of economically viable devices is now close to market.

In Scotland the situation is similar to that in the UK (Allan et al., 2007a; Royal Society of Edinburgh,
2006) in that all the existing major electricity generation facilities in Scotland could be closed within
twenty-five years (RSE, 2006). The coal-, nuclear- and gas-powered electricity generation facilities in
Scotland in 2000 had a total direct employment of 1,797 (full-time equivalent (FTE) jobs) (Allan et al.,
2007a) and were indirectly supporting 10,035 FTE jobs in Scotland. At present, more electricity is
produced in Scotland than consumed domestically, with roughly 20 per cent of the electricity generated in

the region exported to the rest of the UK.

While energy supply decisions are strictly a matter reserved for the UK Parliament, the Scottish Executive
has responsibility for energy efficiency and encouraging renewable energy development, and has recently
(November 2007) announced an increase in already ambitious targets for renewable generation. These
targets are to provide 31% of the electricity generated in Scotland by 2011 and 50% by 2020 from
renewable sources (Scottish Government, 2007)°. Expressed in absolute terms, the Scottish Executive’s
(2005a) had accepted the Forum for Renewable Energy Development in Scotland’s (FREDS, 2005)
recommendation that their previous 2020 target of 40% (Scottish Executive, 2003) was consistent with an

installed capacity of renewables of 6GW. It has been estimated that the revised 50% target would be



consistent with an installed capacity of 8GW (Scottish Renewables, 2007). This requires substantial growth
in renewables capacity given that present renewables capacity is 2.8GW? and presents opportunities for job
creation. The Scottish Government recently announced that energy, with a particular focus on renewables,
is a “key sector” for economic development, offering the potential for high growth and productivity
increases (Scottish Government, 2007a). The previous Scottish Executive’s Marine Energy Group
(Scottish Executive, 2004) concluded that by 2020, a marine energy sector in Scotland providing 10% of
Scotland’s electricity production would be responsible for the creation of 7000 direct jobs, a considerable
underestimate of potential total employment effects given the results we report below. The Scottish
Executive’s “Green Jobs” strategy (Scottish Executive, 2005b) identified renewable energy as one key area
where Scotland could aim to be at the centre of the development and manufacture of new renewable

technologies, particularly marine (p.8).

The additional 5.2GW capacity required to meet the Scottish Government new targets (given current
capacity) is intended to come from a range of sources, and no specific targets have been set for the
maximum contribution made by each type of renewable technology. However the Scottish Executive has
launched a consultation to determine how the Renewable Obligations (Scotland) could be amended to
support generation of electricity from marine (i.e. wave and tidal) resources (Scottish Executive, 2006, and
see below for further discussion)*. Boehme et al. (2006, p. 52) show that for Scotland in 2020, after
applying constraints concerning resource availability, economic viability and technological feasibility,
wave power could contribute an installed renewables capacity in excess of 3GW, providing, on average,
around 20% of the electricity demand in Scotland. Wave energy devices are currently closer to economic
costs of generation, and scenarios for the medium term future of the portfolio of electricity generation (e.g.
Ault et al., 2006) predict wave power playing a role. In this paper, the focus is thus on wave energy
devices. Taking the figures of Boehme et al. (2006) as a feasible future for medium-term installed wave
capacity, in this paper we therefore address the economic and environmental impacts of the installation,

operation and maintenance of 3GW capacity of wave energy on Scotland.

In Section 2 we provide the motivation for the focus of the current paper on the likely impact of a marine
energy industry for the Scottish economy and environment and summarises our broad approach. Section 3
outlines the investment characteristics of the wave energy installation and operation expenditures, together
with the details of the central case simulation used in the remainder of this paper. In Section 4 we outline

the AMOSENWVI CGE model of Scotland and in Section 5 we report the “central case” results. In Section 6



we report key findings from extensive sensitivity analysis. Section 7 offers conclusions and outlines the

implications of these results for energy policy in Scotland and the UK.

2. Motivation for focussing on the impacts of marine energy on economic dewelopment and the

environment in Scotland

We begin with a general discussion of the motivation for our work and then briefly outline the main

features of the approach.

2.1 General motivation

Conventional economic analyses of new technologies for the production of electricity tend to focus on their
commercial attractiveness as a private investment (e.g. Previsic et al., 2004). This involves assessment of
the detailed private costs and benefits (revenues) associated with new investment in such technologies, and
assessment of the commercial viability of the associated new investments through conventional discounted
cash flow methods (Stallard and McCabe, 2007). UKERC has examined the empirical applications for
levelised cost estimates in general (Heptonstall, 2007), and the results of comprehensive analyses of this
type applied to new marine technologies have recently been reported, for instance, Carbon Trust (2006).
The Carbon Trust (2006) conclude that the cost of offshore wave energy converters lies in a range between
22 and 25 p/kWh, although there is uncertainty due to difficulties in estimating device performance and
operations and maintenance costs. Costs for tidal stream centre on the range 12-15 p/kWh®. Moving to
examine future costs from marine energy devices, the Carbon Trust consider conceptual and practical
design improvements, economies of scale and learning at all stages of the development process. They
argue that tidal stream devices could become competitive under plausible assumptions regarding learning
rates, while for wave energy converters “fast learning or a step change cost reduction is needed to make

offshore wave energy converters cost competitive for reasonable amounts of investment” (p. 22).

These analyses have been conducted for a range of wave energy devices and locations, allowing for
location-specific sea states. These contributions suggest that current wave technologies are not competitive
with onshore wind or with other traditional electricity generating sources, and may require additional
policy support to create the incentive for private sector investment. Furthermore, there is an awareness that

there may be future upward pressures on the costs of providing electricity through renewables as a



consequence of the need to transmit electricity fromwhere it is generated, often peripheral sites in the case
of marine renewables, to where demand is greatest, namely the major urban centres. The distances
involved and the required network capacity may impose both higher connection costs and the expense of
possibly major upgrades to the transmission infrastructure. Naturally, the way in which any additional
infrastructure is financed may prove vital for the viability of renewables in general, and marine energy

sources in particular.®

However, useful though these conventional microeconomic analyses of new marine technologies
undoubtedly are, they are typically subject to a number of limitations that suggest a degree of caution is
required in interpreting their conclusions. First, as authors of the various studies are clearly aware, the
current unit costs of producing electricity from wave energy convertors are likely to be a misleading
indicator of future costs in anything other than the very short term, as is implied by the extensive use of
“learning curves” in respect of the introduction of new technologies, suggesting that unit costs tend to
decline through time, initially fairly rapidly. (Carbon Trust, 2006) The experience of the onshore wind
industry is indicative of the importance of rapid technological consolidation and growth, resulting in costs
per megawatt decreasing from 20 p/kWh in the early 1980s, to below 3 p/kWh by 2005 (Carbon Trust,
2006).) Learning rates for wind differ over the time period and region considered, but an overall learning
rate of 18%° has been identified (Carbon Trust, 2006). While this experience may not be directly
applicable to marine, there is little doubt that marine technology -related unit costs will fall over the longer

term.

Second, there is evidence that policy, at least in a Scottish context, is set to increase the support available
to generation from wave and tidal technologies, for instance, through the Marine Supply Obligation at the
Scottish level®, but also through grants targeted at pre-commercial wave and tidal energy devices'. At the
UK level, there are also plans to make amendments to the Renewable Obligation Certificates, such as

introducing “banding”, and thus remove the current technology -blind nature of the ROC mechanism.

Third, a knowledge of the unit costs of electricity produced by any renewable source is, in general,
insufficient to allow a proper assessment of their impact on total generating costs. There is a potentially
very significant positive influence on the electricity generation system, namely the likely risk-reducing
characteristics of renewables. In particular, renewables are not sensitive to the price of oil in the way that

many other generation technologies are (Awerbuch, 2000; Awerbuch et al. 2006). The true additional cost



of renewable electricity to the overall generating system may therefore be significantly less than the simple
p/kWh estimates of renewable technologies. Of course, there are other important sources of risk, including
variation in revenues that would be associated with the intermittency of renewables, but the absence of
correlation with the oil price is clearly an advantage for an additional component to the overall generation

portfolio, although it is one that is likely to be common to most, if not all, renewable energy sources.

Fourth, security of supply is a further dimension of energy system risk. Indigenously generated energy
sources that are not critically dependent on imported inputs improve security of supply, though this is not a
benefit that conventional microeconomic analyses of private costs and benefits would identify The
increased security of supply generated through increasing the renewables element of generating capacity
(or any other means) is an external benefit that would not be valued in any analysis of private costs and
benefits. It would however, be incorporated into a social cost-benefit-analysis (CBA) which seeks to
identify and evaluate all costs and benefits, i.e. including any externalities that will not be incorporated in
estimates of private financial costs and benefits. In this respect all renewables offer advantages relative to
gas-based generation, but if security of supply is also enhanced by indigenous control of technolo gy, then
this may become a source of differentiation among renewables. Not surprisingly, the extent to which
generation technology (including its backward linkages to supplying industries) is indigenous also proves
to be an important characteristic when assessing the potential for stimulating economic development,

which we turn to next.

Conventional analyses of the private costs and benefits associated with new technologies tend to be
microeconomic and partial equilibrium in nature: they proceed on a ceteris paribus assumption that seems
reasonable for investments of a modest scale. Yet the potential for stimulating economic development
through encouragement of an industry grown around marine energy is emphasised in wider debates, in
both a Scottish and a UK context, and as discussed above, renewable energy has recently been included in
the Scottish Government’s economic strategy (Scottish Government, 2007a) as a key sector for economic
development. This may in part be reinforced by a fairly widespread perception that such opportunities were
missed in the early stages of onshore wind development. Furthermore, the scale of investments envisaged
here suggests that we are dealing, in effect, with a regional “mega-project”, and that we would expect there
to be perhaps substantial impacts on the host economy. This would suggest that there is a perception of

market failure here, in that the market outcome alone will not meet economic development goals, and that



government support, through setting the correct policy framework, can assist in aligning market and

socially optimal outcomes.

Accommodating effects on the wider economy requires the substitution of a partial for a general
equilibrium approach: the macroeconomic or system-wide effects cannot be captured by traditional
investment appraisal methods, because the latter assume, in effect, that the investment being appraised has
no such effects. From the perspective of microeconomic analyses, any system-wide effects are again
externalities. However, these effects can be and are anticipated by policy makers and are the main
motivation for the recent/ proposed changes in Scottish and UK policy to improve incentives to develop
marine energy. As noted above, there are signs of a desire to facilitate the movement of marine energy
down a learning curve to become more competitive with other technologies, and this at least partially

reflects the perceived prospects for future economic development.

Finally, an assessment of commercial viability of new technologies would typically not fully incorporate
any beneficial environmental impacts, unless these are converted into private benefits, as they would be, at
least in principle, under carbon trading schemes. In the absence of perfectly operating carbon trading
markets, the costs of carbon-intensive generation technologies are not fully reflected in commercial
investment appraisals, and their private cost may be substantially below their true social cost. Such
concerns presumably underlic governments’ overall reactions to climate change in general, and the
adoption of the UK and Scottish targets for the proportion of electricity generation supplied by renewable
sources that we have already identified. Of course, such targets may be imperfect substitutes for carefully
designed carbon tax or emissions trading schemes. In particular, the expression of targets alone might be
regarded as aspirations, whereas carbon taxes and emission trading are policy instruments specifically

targeted at climate change mitigation.

In the present analysis we do not attempt to forecast the development of marine energy in Scotland. Rather
we explore what the consequences for economic development and the environment in Scotland would be if
the balance of relevant forces, including, of course, public policy and technological change, were such as
to facilitate deployment of marine energy converters in a pattern similar to that for onshore wind, in order
to satisfy the renewable energy targets of the Scottish Government. The purpose is to identify the potential
of a marine energy industry to stimulate economic development in Scotland and to improve its

environment through the reduction of greenhouse gases. While our analysis therefore stops short of a full



cost benefit analysis*!, we do provide the first estimates of the likely system-wide impact of the

development of marine energy on the economy and the environment of Scotland.

2.2 Outline of our modelling approach

Clearly, substantial expenditure is required to create the 3 GW of additional generation capacity in
Scotland required to meet the Scottish Government’s renewable energy targets through the installation of
marine energy devices in Scotland. The economic impacts of these expenditures, from construction and
installation to operation and maintenance, could be significant, particularly on a small regional economy
like Scotland: indeed, as we have already noted, the scale of the investment relative to the host region
suggests it should indeed be regarded as a regional mega-project. Input-output (I0) analysis, (originating
with Leontief, 1941; see Miller and Blair (1985) for a review) continues to be the most widely employed
method of assessing the impact of major new expenditures on regional economies in general and the
impacts of expenditures in establishing renewable energy capacity in particular (Arthur D. Little, 2005;
O’Herlihy and Co, 2006; Flynn and Carey, 2007; Lehr et al., 2008). However, this approach assumes that
the region is characterised by substantial excess capacity and involuntary unemployment so that the
regional economy can expand without putting any upward pressure on wages and prices (and the supply

side of the economy therefore reacts passively to changes in demand).

The 10 assumption of a passively reacting supply side sits uneasily with the recent, low-unemployment
experience of the Scottish economy. Realistically, any stimulus to demand for Scottish goods, such as that
associated with a major investment in renewables capacity, would initially be expected to put upward
pressure on the demand for labour and Scottish wages and prices, reducing competitiveness and therefore
Scottish exports. Such pressures would be expected to be mitigated in the longer-run, however, as higher
wages and lower unemployment rates attract in-migration and capital accumulation. The limitations of 10
assumptions are all the more apparent when, as here, the analysis focuses on the impact of a “mega-
project”; that is a project that is large relative to the host economy. Such projects would be expected to

exert a noticeable impact on the aggregate labour market and therefore on wages and prices 2.

Some recent work (Hillebrand et al., 2006), uses an econometric model to quantify the net impact the
positive and negative impacts of subsidised additional investments in power generation technologies that

accompany these compensation payments to renewable electricity producers. That paper argues that static



and dynamic input-output models, with their use of average fixed coefficients and inability to take account
of price changes, are unable to account for the “further indirect effects such as on taxrevenue” (Hillebrand
et al., 2006, p3485). Hillebrand et al. (2006, p3485) argues for the use of “a fully integrated model, which
not only considers real (non-monetary variables) but also cost, price and budget effects”. Our own
approach employs a computable general equilibrium model (AMOSENWI)™, which significantly
generalises 10 by incorporating a full specification of the supply side of the economy, and models relative
price changes (including any impact on Scottish real wages) and their effects (including those on Scottish
competitiveness). CGE models can converge on their 10 equivalents, but only in circumstances where

there is genuinely no scarcity of labour or capital (McGregor et al., 1996).

The CGE methodology has now become dominant in system-wide modelling of economic-energy-
environment interactions and there are a rapidly growing number of applications to such issues at both
national and regional levels. Since CGE models have a well-developed supply side (Allan et al., 2007b),
they are well-suited to analysing the supply-side consequences of a series of capital expenditures such as

that required to install and operate a target renewable generating capacity.

In this paper, we examine the economic and environmental impacts on Scotland of the installation and
operation and maintenance of 3GW capacity of wave energy. Essentially we treat the generated electricity
either as being exported to the rest of the UK or acting as a substitute for imported electricity. This would
be consistent the renewable energy targets for Scotland being measured in terms of installed capacity,
rather than the energy source of electricity consumed, in Scotland. We see that an investment in marine
renewable generating capacity would create substantial economic impacts which persist long after the
design life of the technology — “legacy effects”. This legacy effect occurs even with low migration
responses and rapid capital accumulation rates. This suggests that policy makers should look beyond the
duration of direct expenditures when considering the economic and environmental impacts of mega-

projects.

Of course, the counterfactual assumption is critical here, especially given the prospects of fairly radical
changes in the composition of generating capacity in Scotland. That is, it is crucial to spell out what we are
assuming would happen in the absence of the development of marine that is the focus of this paper. Given
the uncertainties surrounding energy futures in the UK, we assume a counterfactual of “no change” other

than the development of a marine energy sector. This allows us to isolate, in the simplest way, the changes

10



that are attributable to marine per se. This is similar to the approach of Hillebrand et al. (2006) in which
their scenario of increased renewable energy development is compared against a counterfactual which the
“freezes the renewable energy status-quo”. Naturally, the choice of counterfactual affects the interpretation
of our results, and where this is especially important we provide some comparative discussion (without

going into detail on alternative model simulations).

3. The central case scenario

Numerous wave energy devices are presently in development and several devices are now approaching
commercial viability. In England, three developers have recently agreed terms for installation of a number
of units at the WaveHub project in Cornwall (SWRDA, 2006). As mentioned earlier, nine wave and tidal
projects have received financial support fromthe Scottish Government to fund testing of their device at the
European Marine Energy Centre (EMEC) on Orkney. In this exercise we consider a single type of device,
that of an articulated attenuator, which is the same device also considered by Boehme et al. (2006). It
consists of four thirty-metre cylindrical steel sections joined together by three independent hydraulic power
conversion modules (shown graphically in Figure 1). Each device has a total steel weight of 380 tons, a

rated power output of 750kW and an average power output of 263kW.

[Figure 1: Schematic side view of single articulated attenuator-type wave energy device including primary

components]

When deployed as part of a wave farm, multiple devices are installed in an array formation. As shown by
Boehme et al. (2006) the average power generated by a device varies with device location but a mean
capacity factor of 35% may be observed for 3GW of wave power installed in Scottish waters. In this
section, we calculate the time profile of expenditures required to install 3GW wave energy capacity in
Scotland by 2020 and the subsequent operating and refit expenditures over that capacity’s lifetime. To
attain a cumulative installed wave capacity of 3GW, four thousand devices must be installed by 2020. We
assume that, in reaching 3GW of capacity by 2020, the installation of wave energy devices follows an
exponential growth path similar to that displayed by the wind energy sector over the last decade. This is
very similar to the deployment scenario for wave and tidal energy in the UK to 2020 published in the

Marine Energy Challenge (BWEA, 2006).
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[Figure 2: Cumulative total number of devices and annual number of devices installed, 2000 to 2020]

The assumed absolute and cumulative total number of devices installed at the end of each year is shown in
Figure 2. Initially around 30 devices are installed per year but this increases to seven hundred devices
installed during the year 2020. Each of the wave devices installed has a lifetime of 20 years, with a refit
scheduled to occur after the device has been installed for ten years'*. The time periods over which
installation, operation and refit activities occur are illustrated in Figure 3 and the costs associated with each

expenditure phase are discussed in the following sections.

[Figure 3: Timetable of planned expenditures]

3.1 Installation expenditures

Figure 2 gives the time-exponential growth of annual physical investments needed to hit the 2020 target for
the cumulative installed capacity. Subsequently, we calculate the total costs made each year as the
discounted values of revenues, taking into account the electrical output generated by the devices
operational during that year (kWh) and the value of each generated unit of electricity (E/kwWh). Whilst it is
recognised that power capture is dependent on numerous parameters, we employ a simple estimate of total
electrical output for N devices operating for 20 years: N x average output (262kW) x 20 years. Following
the Carbon Trust (2006) the cost of electricity is taken as 8.5p/kWh under the assumptions that renewable
subsidies valuing 3.5p/kWh persist till 2020 and that the cost to generate electricity from fossil fuel based
generators will increase to around 5p/kWh. Having estimated a total investment per annum, we use
published information (Previsic et al., 2004) for this type of wave energy device to calculate the
composition of costs between different expenditure categories. Each of these categories is then allocated to
an appropriate Standard Industrial Classification and AMOSENVI*® sector as described in Table 1 below.
Note that the direct impact of installation is concentrated in two sectors, “Metal and non-metal goods”
(sector 10) and “Transport and other machinery, electrical and instrument engineering” (sector 11), which

receive 34% and 57% respectively of this expenditure.

Information on the imported content of these expenditures is uncertain, particularly given that we are
considering future expenditures.’® It is likely that certain elements of the installation expenditures with

high transport costs will be made close to where the devices are installed (such as concrete or steel
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structures). The decision as to the source of materials and components will be made by the device
developer, presumably on the basis of the lowest cost source that satisfies the design requirements for each
input. In the “central case” simulations we make plausible assumptions about the degree to which each
component of capital expenditure is made within Scotland. These are given in column six of Table 1 and
correspond to a Scottish share totalling 68.5% of the overall expenditure. We assume these proportions are
fixed across all time periods of the simulation, so that, for example, the same percentage of total spend on

undersea cables is made in Scotland in 2006 as in 2020.

The extent to which each component can be sourced from within Scotland significantly affects the
economic impact felt by the region. In the central case scenario, concrete structures, construction facilities,
installation and construction management are all assumed to have high Scottish content. The main element
in terms of value is the power conversion module. It is likely that companies able to provide components
for these will be located outwith Scotland unless significant development in large-scale production of these
specialised modules develops to serve the marine energy sector directly. Thus, we assume that only half of
the total values of expenditures on the power conversion module are made directly in Scotland. As a result
of these import elements, the local direct impact of the installation expenditure is reduced but the

AMOSENVI sectors 10 and 11 still dominate.

3.2 Operating expenditures

Operating expenditures are small when compared to the capital costs for each device. However, these
expenditures continue for the operating life of the device (here taken as 20 years) and so the total operating
costs may be comparable to the capital cost. However, operating expenditures are difficult to predict as
they include planned and unplanned maintenance and monitoring costs, all of which are sensitive to site
location and device design. Maintenance costs will depend upon several factors, including the accessibility
of the site by vessel, the duration for which wave conditions are suitable for site access, and the reliability
of the installed devices which will, in turn, be affected by the severity of extreme conditions at the design

site.

We again assume that a certain portion of the value of the operating expenditures is made in Scotland. For
the three main elements of the operating expenditures, we assume the following: labour 95%, parts 75%,

insurance 95%. Since the majority of parts are likely to be components of the power conversion module,

13



this expenditure is allocated to the industrial sector SIC 29.1. Insurance expenditures were allocated to the
“Communications, finance and business” sector in AMOSENVI (Sector 17). Operating expenditures

represent 51.9% of total expenditures over the design lifetime of the devices.

3.3 Refit expenditures

Ten years after installation, the devices must be removed from their site at sea for a complete overhaul and
refit. This will include re-painting and exchange of some of the power take off elements — such as the
hydraulic rams (Previsic et al., 2004). Expenses at this time are in two categories; operation costs and
parts. We assume that 90% of the operation expenditures are made in Scotland, and 50% of the parts for
the refit are sourced in Scotland (since most of the replacement parts cost will be for the power conversion
module). These refit operation costs were allocated to the Construction sector (SIC 45), while parts were
again treated as coming from SIC 29.1. Total refit costs over the lifetime of the devices represent only

4.2% of total expenditure.

The time variation of the three Scottish expenditure elements: installation, operation and refit, are shown in
Figure 4. Each expenditure stream includes all judgements regarding the Scottish content of each
expenditure component. In the absence of more detailed information, we assume that decommissioning

costs incurred at the end of the devices expected lifespan are negligible.

[Figure 4: Total annual expenditures in Scotland under central case scenario, £millions]

Notice that, in our central case scenario, we assume that the machines are decommissioned at the end of
their working lives without replacement. This assumption is made simply to allow us to clarify the nature
and scale of the legacy effects likely to be generated by such a mega-project. Recall, also, that we are
focussing solely on the impacts of the new marine energy development: the counterfactual is of no change.
As we noted earlier this is the simplest method of ensuring that all of the effects we identify are attributable
directly to marine. We consider the significance of varying these two assumptions in the sensitivity

analysis reported in Section 6.

4. Outline of model and simulation strategy
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4.1 AMOSENVI mocdel

To the extent that the significant expenditures associated with a marine energy industry are on goods and
services produced in Scotland, aggregate demand in that region will be stimulated. Traditional economic
impact studies would run these demand injections through a suitable input-output model for the national or
regional economy in which these expenditures will be made. As we noted above, this approach makes the
unrealistic assumption of significant excess capacity and involuntary unemployment, so that the supply
side would adjust passively to demand with no upward pressure on wages or prices. However, in general,
labour and capital are scarce resources and a stimulus to regional demand will put upward pressure on
wages and prices, resulting in some loss of regional competitiveness. This implies that some Scottish
exports that would otherwise have occurred are “crowded out” by price rises, limiting the rise in economic
activity in Scotland. Our regional Computable General Equilibrium model for Scotland builds in relevant
supply constraints and relative prices are determined within the model, adjusting so as to equalise the

demand and supply for each commodity.

In a regional context the supply of labour services can vary through the migration of labour across regional
boundaries, as well as in response to changes in participation rates. In AMOSENWVI, the effective supply of
indigenous labour increases with the real wage. Population, and labour supply, will increase if the net
effect of migration into and out of the region is positive (so that inflows exceed outflows). Sectoral capital
stocks include the physical plant and machinery that are a key input into the production process. They are

only adjusted gradually in response to changes in sectoral profitability (the sectoral returns on capital).

The AMOSENVI model is explained in full in Hanley et al. (2006).}" This is a variant of the AMOS
Computable General Equilibrium (CGE) model of Scotland (Harrigan et al., 1991), developed specifically
for investigation of environmental impacts.'® It is calibrated on a social accounting matrix (SAM) for
Scotland for 1999. AMOSENVI has 25 commodities and activities, five of which are energy
commodities/supply (oil, gas, coal and renewable and non-renewable electricity). These sectors are listed
in Appendix 1. The model has three transactorgroups —households, corporations and government; and two
exogenous transactors — rest of the UK and rest of the world. Commodity markets are assumed to be
competitive. We do not explicitly model financial flows, but make the assumption that Scotland has

effectively no impact on UK interest rates, since it accounts for less than 10% of the UK economy.
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The AMOSENWVI framework allows a high degree of flexibility in the choice of key parameter values and
model closures. However, a crucial characteristic of the model is that producers seek to minimise costs in
the context of a multi-level production function structure (common in CGEs), generally of a constant
elasticity of substitution (CES) form, so that there is input substitution in response to the relative-price
changes generated within the model. Leontief specifications, which allow no substitution between inputs
(as is universally assumed in input-output analyses), are imposed at two levels of the hierarchy in each
sector — production of the non-oil composite and the non-energy composite — because of the presence of

zeros in the base year data on some inputs within these composites.

There are four components of final demand: consumption, investment, government expenditure and
exports. Of these, real government expenditure is taken to be exogenous. Consumption is a linear function
of real disposable income. Bxports (and imports) are generally determined via an Armington link
(Armington, 1969) and are therefore relative-price sensitive. How investment is determined in each period

of the model is discussed below.

We impose a single Scottish labour market with perfect sectoral mobility. We also generally assume that
wages are subject to an econometrically parameterised regional bargained real wage function (Layard et
al., 1991). The regional real consumption wage is directly related to workers’ bargaining power and

therefore inversely related to the regional unemployment rate.

We run all the simulations below in a multi-period setting, given our interest in the period-by-period
impacts of a series of transitory expenditure shocks. These periods are interpreted as years, in that we have
used annual data both for the benchmark SAM dataset and where we have estimated behavioural
relationships statistically. Within each period both the total capital stock and its sectoral composition is
fixed, and commodity markets clear continuously. However, each sector’s capital stock is updated between
periods via a simple capital stock adjustment procedure in which investment is equivalent to depreciation
plus some fraction of the gap between the desired and actual capital stock of each sector. This process of
capital accumulation is compatible with a simple theory of optimal firm behaviour given the assumption of

quadratic adjustment costs.

In a similar manner to the updating of capital stocks, the net migration flows in any period update the

population stocks at the beginning of the next period. We assume a migration specification based on the
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Harris and Todaro (1970) model, which was estimated on UK data by Layard et al. (1991), in which net
migration into Scotland is positively (negatively) related to the real wage (unemployment rate) differential
between Scotland and the rest of the UK. The regional economy is assumed to have zero net migration in
the base year and net migration flows re-establish this equilibrium. We shall see that the specification of
the relevant elasticities in this regional migration function is a vital factor in the regional impact results of

these simulations.

4.2 Simulation strategy

In each of the first thirty-five periods, the appropriate sectorally disaggregated installation, operation and
refit expenditures are entered as stimuli to the demand side of the model, with the distribution of
expenditures among sectors identified in Section 3 above. The model is then run forward for a further 65
periods with no additional exogenous shocks, so that the sole “disturbance” to the regional economy is the
set of expenditures required to establish the 3GW capacity for marine energy. It is important to note again
that we are not using AMOSENVI as a forecasting model. The economy is assumed to be initially in
equilibrium so that if it runs forward with no exogenous shocks it simply replicates the base year values.
Therefore, the simulation results reported here are measured relative to a constant base scenario, so that all
of the results are attributable to the direct or indirect effect of the positive demand disturbance associated
with the establishment of marine energy. We explore the implications of alternative assumptions about the

counterfactual in Section 5 below.

5. Central case scenario results

Recall that the central case scenario assumes that the machine energy convertors are decommissioned at
the end of their lives without replacement (an assumption we relax in Section 6), to allow us to emphasise
the significant timing differences between the expenditures and their impact on the Scottish economy and
environment. As detailed above, Figure 3 shows the time pattern, while Figure 4 shows the total annual
amounts, associated with these expenditure shocks. These expenditures represent the stimulus to aggregate
demand in Scotland in each period. Figure 5 summarises the impact of these demand increases on Scottish
GDP, as determined by simulation of the AMOSENWVI model. In the period when installation of the marine
capacity is completed, 2020, the GDP increase is at its maximum value of £420.24 million. However, note

that the expansion in GDP is much lower than the increase in expenditure. There are two reasons for this.
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First, although all expenditure is on Scottish commodities, not all goes to Scottish GDP. Intermediate
inputs produced outside of Scotland fail to contribute to Scottish GDP. Second, there is crowding out in
some sectors as the expansion in demand (discussed in detail in Section 3) increases wages and commodity
prices. This leads to a loss of competitiveness that reduces some Scottish exports and results in a fall in

GDP in these sectors.

[Figure 5: Absolute difference in GDP from base and expenditures]

However, the steep drop in exogenous expenditure that occurs in 2021 is not accompanied by a
correspondingly steep fall in GDP. GDP does decline, but by a relatively small amount, and it rises
modestly in the second phase of activity up to 2029. After 2030, when refit expenditures cease (in the
assumed base case) and operational expenditures continue to decline, the GDP effects are actually greater
than the direct expenditure impacts and these GDP effects continue after 2040 even when direct
expenditures have ended. Essentially these initial expenditures lead to an increase in factor supplies (of
capital and labour) that have a subsequent “legacy” impact, an impact that remains even after the

installation expenditures cease.

[Figure 6: Absolute differences in employment and change in working population]

Figure 6 gives the simulation impacts on total employment generated by the introduction of the marine
technology per se (since no other changes in generating capacity are incorporated into the base case
simulation, though see Section 6 for a sensitivity analysis). The variation in total employment is
qualitatively similar to the variation in GDP. We observe the same spike at 2020, where the employment
increase equals fifteen and a half thousand jobs, prior to a gradual increase over the period 2021-2029 and
the subsequent slow decline. The change in working age population is also plotted in the same diagram.*®
Note that this is a change in population brought about solely through increased net migration only since we
do not model “natural” demographic changes. This positive net migration is a response to the tightening of
the labour market (i.e. increased demand stimulates increased demand for labour, pushing wages up).
However, once the installation stage stops, the additional population (and work force) is a key factor in the

subsequent legacy effects.
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There are clear sectoral differences within this aggregate result which will reflect, among other things, the
extent to which individual sectors are directly shocked by the demand injection and the sectoral links to
other sectors. There will be crowding out of activity (i.e. in the short run, sectors compete for a fixed
supply of capital and labour factors of production), away from sectors not directly affected by the demand
stimulus, while sectors experiencing the demand injections will experience increased output (due to there
offering higher returns to factors). Two key features of CGE models such as AMOSENWVI are their
generally high level of sectoral disaggregation and the active supply-side. Conventional macro-models
have very limited sectoral disaggregation, whilst other sectorally disaggregated, but purely demand-driven,

modelling approaches, such as standard Input-Output, cannot allow for crowding out effects.

Figure 7 and Figure 8 give the evolution of output change in what we refer to as the “stimulated” and “non-
stimulated” sectors respectively. The stimulated sectors are those that received a direct exogenous demand
stimulus as a result of the marine energy installation, operating and refit expenditures. Prices increase in
these sectors, stimulating both output and also the return on capital and subsequent investment and
therefore capital stock. The non-stimulated sectors are subject to both positive and negative impacts that
result from the expansion of the stimulated sectors. Whilst there are potential positive indirect and induced
demand effects, crowding out effects also occur, especially through the upward pressure on wages and

prices that result from a tightening labour market.?

[Figure 7: Sectoral changes in output of stimulated sectors, % differences from base]

[Figure 8: Sectoral changes in output of non-stimulated sectors, % differences from base]

It is clear that the four sectors directly affected by the initial installation of marine energy devices, who are
therefore the immediate recipients of a demand stimulus, experience the biggest individual year output
changes. These sectors are “Metal and non-metal goods”, “Transport and other machinery, electricity and
instrument engineering”, “Construction” and “Communications, finance and business”. “Metal and non-
metal goods” record a 10% increase over base-year values in 2020 as a result of the creation of marine

energy capacity.

For sectors that are not directly affected by the installation expenditure, the output effects are more muted

and initially more varied. Figure 8 shows that by 2020, the impact on the majority of these sectors is small
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but negative. Again there is a spike in output at 2020 with a discontinuous adjustment for all sectors as the
installation phase ends. However in the second phase of direct expenditures to 2030 the output of all non-
directly stimulated sectors increases. By 2037 all non-directly stimulated sectors have an output greater
than their base year value and this positive output relative to the base year continues for all these sectors,

even when all the direct exogenous expenditures stop in 2040.

[Figure 9: Real and nominal wage values in central case, % differences from base]

As we have already argued, wage changes are a key factor in driving the output results for the non-directly
stimulated sectors. The real and nominal wage changes are charted for the central case scenario in Figure 9.
Both the real and nominal aggregate wage rates increase in the first phase, between 2006 and 2020, as the
marine energy capacity is installed. In these periods significant exogenous expenditures (essentially up to
2030 when refit expenditures end), there is upward pressure on wages and thus prices so that some exports
are crowded out in order to facilitate the increase in installation and refit activity. In the second phase,
whilst operating and refitting continue, both the real and nominal wage initially decline so that in 2021 the
real wage is slightly below and the nominal wage slightly above the base year level. Up to 2030, both real
and nominal wages rise and both are above their base year levels at the end of this period. Between 2031
and 2040, as the operating expenditure gradually diminishes to zero, both nominal and real wage fall.
Lower wages act as a stimulus to the Scottish economy and it is primarily this that produces the large

legacy effects seen in Figure 5.

The environmental effects from the central case scenario in terms of increased pollution of CO, are shown
in Figure 10. These show that there are very little differences in emissions of CO, small increase (less than
1% higher at their maximum). Note, however, that these are simply the resultant CO2 changes from the
increased expenditures associated with installing and operating marine energy capacity, against an
unchanging base case scenario. The assumed counterfactual proves crucial for assessing the environmental
impact of marine energy, although this counterfactual should also take account of the lifecycle
environmental impacts for each electricity generation technology, though such an analysis is beyond the

scope of the present paper.

[Figure 10: CO2 emissions, % differences from base]

20



6. Sensitivity analysis

One advantage of using a CGE model to quantify the economic impact of these expenditures is that it is
straightforward to test how sensitive the simulation results are to assumptions about model specification in
general and functional forms or key parameters in particular. This is especially useful when performing ex
ante scenario analysis as we are here. We have stressed in our central case scenario the importance of the
legacy impacts that flow from the effect that the initial demand shock has on increasing the supply of
labour and capital through the migration and investment functions. In the following sections, we
investigate the extent to which our results are changed if we vary the responsiveness of, first, migration
and, second, investment to changes in Scottish economic activity. Third, we consider alternative functional
forms for the production structure. In particular, we remove the substitution possibilities and supply
constraints from within the model and configure it as a standard demand driven dynamic Input-Output
system. We compare the results from these simulations with those derived in our central case scenario in
the following section. Fourth, since the legacy effects are in some cases important, we consider the impact
of applying conventional “discounting” to these results, where the time value of gains receipts into the
future are converted to their “present value” today. This is a standard technique where impacts are

experienced over a long duration, and might have important consequences for the policy approach.

Fifth, our base case assumes that the investments are not renewed once the initial marine energy converters
reach the end of their working lives, to allow us to emphasise the scale of legacy effects. It seems more
likely that these would be continually replaced, a possibility we investigate in the next section of our
sensitivity analysis. Finally, we consider the possible effect on our assessment of economic development
and environmental impacts of an alternative counterfactual, in which the development of marine occurs as
the capacity of other electricity generating sectors falls (possibly partly through policy-induced plant

closures).

6.1 Varying migration sensitivity

One key characteristic of the central case scenario is the fact that increased wages and a lower
unemployment rate in Scotland generate an influx of workers into Scotland (positive net migration). The
inflow of workers that occurs eases supply constraints and continues to stimulate the supply side of the

economy even when the flow of additional expenditures has ceased. These additions to the labour force are
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a major source of the legacy impacts that we have already observed. Here we quantify the impact of
varying the strength of the migration effects. However, ultimately, as wages begin to fall, there is an

outward movement of workers from Scotland.

The detailed specification of the migration equation used in the AMOSENVI model is given in Equation

D):

S S R
m w
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L

Where m is net migration to Scotland, w is the nominal wage, u is the unemployment rate, cpi is the

consumer price index, L is population and ¢ is a constant, calibrated to ensure zero net migration (the

equilibrium condition) for the base year data. The superscript S and R indicate Scotland and rest of the UK
respectively. The default coefficients on the relative real wage and unemployment terms are w=-0.08 and
u=0.06 respectively and are taken from econometric work reported in Layard et al (1991). We investigate
the responsiveness of the central case results to variation of these coefficients. We report three cases: a
“medium” scenario where we halve the coefficients in equation (1) to -0.04 and 0.03 respectively; a “low”
scenario where the coefficients take the values -0.01 and 0.01 respectively; and a “zero migration” scenario
where both coefficients are reduced to zero. The reason for looking at lower values is that if the
expenditures associated with the installation, operation and maintenance of the marine devices are seen as

temporary, the migration response might be more muted.

[Figure 11: Population in Scotland in central case and with medium and low migration elasticities, %

differences from base]

Figure 11 shows the change in population under the various migration scenarios. Remember that in the
“zero migration” case there will be no change in population — this would be represented by a line along the
horizontal axis. Note that the larger the wage and unemployment coefficients, the more sensitive migration
is to these economic factors and so: the bigger the maximum impact on population change; the sooner that

this maximum impact is attained; and the faster the population effects subside.
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[Figure 12: Absolute GDP impact for the central case against the medium, low and zero migration

scenarios]

Figure 12 identifies the GDP changes under the various migration assumptions. The key point is the
importance of migration for the size of the GDP effects. This is seen very clearly if we compare the figures
from the “central case” and “zero migration” simulations. A lack of positive net migration limits the GDP
impacts of the first phase where marine capacity is being installed. However, the impact is relatively small
because the build up of expenditure is rapid. The real differences in the GDP impacts occur in the period
after 2020 over which the population remains almost static for the central case, indicating that net migrants
are retained, until 2030. The additional labour force also has important supply side impacts. In 2030, the
GDP change over the base year value for the “zero migration” simulation is just over half of the value for

the central case scenario. Further, from this point on, the ratio rapidly falls.

If we now match the central case simulation results with those for the medium and low migration
coefficients, the comparison is less straightforward. As would be expected, for the period to 2020 lower
migration coefficients result in smaller increases in population, and therefore also smaller increases in GDP
and employment. This ranking of results for the main aggregate variables continues over the second and
third periods, whilst direct operating and refit expenditures are still made. However, from period 2046 the
population under the medium migration coefficients is greater than for the central case scenario and from
2049, GDP is higher too. A similar shift occurs in favour of the low migration coefficients around 2070.
Within this range of parameter values, we thus see a larger “legacy” impact when we make migration less
responsive. This reflects the longer period over which population continues to increase, and the slower
subsequent population decline, where the reaction of migration to changes in economic activity is more

dampened.

6.2 Varying investment sensitivity

We know from the zero net migration simulations reported in the last section that there are some legacy
impacts, even where population is fixed. In the AMOSENVI model these additional effects operate
through changes in the capital stock. However, any given proportionate change in capital stock will have
less of an effect on GDP than an equal proportionate change in employment. This is because the share of

labour in GDP is much greater than the share of capital. Also, in the AMOSENVI model changes in capital
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stock are industry specific. Therefore the impact of a demand expansion focussed on specific industrial
sectors will expand capacity in those sectors, but the capital stock in other sectors may only undergo small
changes, or might even fall if these sectors are adversely affected by crowding out effects in labour or

product markets.

[Figure 13: Percentage difference in capital stock in period 15 relative to base period]

As an example, Figure 13 shows the proportionate changes in capital stock, as against the base year values,
for the AMOSENWI sectors in 2020. This is at the end of the period of accelerating installation activity.
Note that the increase in capacity in the sectors directly receiving investment expenditures, and especially
sector 10 “Metal and Non-Metal goods”, is sizeable. However, the impact on other sectors is small and in
the majority of cases negative. Although the increase in the real wage would lead to some substitution of
capital for labour, this is dominated by the fall in value added output in most sectors as a result of their loss

of competitiveness and consequent crowding out of their exports.

[Figure 14: Absolute GDP impact for the central case and with high speed of capital adjustment]

Figure 14 shows the sensitivity of the GDP figures to changes in the investment speed of adjustment
parameter. This is the proportional adjustment in each period to the difference between the actual and
desired capital stock discussed in Section 4.1. The default value used in the central case simulation is 0.3.
In Figure 14 we compare the central case results with those where the speed of adjustment parameter is
increased to 0.5. As we expect, the GDP impacts in those periods where there are direct exogenous
expenditures are greater for the more rapid capital adjustment. The economy responds more rapidly to
reduce the capacity constraints generated by the demand injection. However, as with the migration results,

the legacy impacts are increased where the adjustment speeds are lower.

6.3 Dynamic Input-Output

As we state in Section 4.1 in the AMOSENVI model production in each sector is modelled as a multi-level
production function, where at most junctures the relationship is of a constant elasticity of substitution
(CES) form. This makes the choice of inputs to production responsive to relative price changes, so that the

rise in the wage, for example, will typically lead to some substitution of capital for labour in the production
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of value-added across all sectors. However, in the longer run this will also stimulate an influx of workers
that tends to inhibit and ultimately reverse the rise in the wage. We also impose a fixed capital stock in
each time period in the production of the sectors value added, and a wage determined through bargaining at
the aggregate level. In this section of sensitivity analysis, we assume that supply responds passively to
demand and we configure the model as an Input-Output system, albeit a fully dynamic version, augmented

to accommodate migration effects.

The dynamic 10 system is created by imposing fixed coefficients at all levels of the production functions,
removing any capacity constraints in the production of value added and imposing a fixed real wage closure
in the labour market. This means that demand in any sector can be met without creating any upward
pressure on wages and prices. The model thus becomes completely demand driven. We have also retained
the investment function, so that, although output is not constrained by capacity in the short run, capital
stock adjusts over time. We also retain the migration function, now solely driven by changes in the
unemployment rates (since the real wage is now fixed). Thus, this simulation lets us see what a strict

demand-driven, or 10 approach, would quantify as the aggregate impacts of these expenditure injections.

[Figure 15: Absolute GDP impact for the central case and with Dynamic Input-Output system]

Figure 15 gives the time path for the change in GDP under our central case scenario on the same diagram
as the Input-Output results. Note that with the 10 model, the initial change is much greater: in 2020, the
GDP change for the extended dynamic 10 system is three times that given by the central case scenario. No
supply constraints operate to limit the expansion of the directly and indirectly stimulated sectors. Similarly
there are no cost changes to generate crowding out effects that we observed in the base case. In 2020, the
extended dynamic 10 system gives an increase in GDP three times the value of that under the central case

scenario.

However, by the same token, the 10 model reacts strongly to the subsequent reductions in the exogenous
expenditure associated with the introduction of the marine energy devices. For the period 2021 to 2030 the
aggregate 10 results are close to (but a little above) the AMOSENVI results. But after 2030 the 10 model
suggests a rapid decline in GDP, towards the base year value. After the operating expenditures finish in
2040 there is almost no activity change recorded by the 10 model?!. Contrast this with AMOSENVI’s

much more even path of GDP changes and extensive legacy effect that continue for another half century.
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6.4 Present value of main aggregate impacts

In Figure 16 we sum the GDP effects over time for the simulations that we have discussed in this section.
These results represent the sum of the increases in GDP that occur in each year that are generated by the
development of the marine energy industry. We give the totals over the 100-year time period for which
each simulation was run. We also break down that 100 years into 3 sub-periods: these are 2006-2020, the
period where installation takes place; 2021-2040, when refitting and operational expenditures continue;
and the period after 2040 when there are no further expenditure injections. We show the figures
undiscounted and discounted for each of the main sensitivity simulations discussed so far. In each case, the
undiscounted total is presented first, followed by the (inevitably smaller) discounted sum of GDP effects
for the corresponding simulation. Where we discount, we follow the discount rate suggested by the Green
Book (HM Treasury, 2003) in using a real discount rate of 3.5% for the first 30 periods, falling to 3.0% for
the next 45 periods and then 2.5% from periods 76 to 100. This discount rate is intended to reflect social
time preference, in that society will “prefer to receive goods and services sooner rather than later, and to

defer costs to future generations” (HM Treasury, 2003).

Looking first at the undiscounted total effects, it is not only clear that the introduction of a marine energy
sector in the Scottish economy would generate a significant stimulus to GDP, but also that this occurs over
a long period of time. For example, the undiscounted central case scenario implies that, over the period,
GDP would be a total of over £14billion higher than it otherwise would have been. Further, this result is
insensitive to changes in migration and investment assumptions: the “medium” migration result is less than
2% lower and the high investment scenario total is less than 1% higher. However, the impact is clearly
affected by larger changes in migration and the “zero migration” scenario simulation generates a total
increase in GDP that is less than a half of the central case figure. Finally, the dynamic 10 aggregate result

is close to the central case outcome.

[Figure 16: Comparison of both GDP and discounted GDP impacts for central case and sensitivity

simulations]

When we look at the discounted total effects in Figure 16 , the results change, not only in terms of their

absolute size, but also in terms of the rankings of the different simulations. Discounting gives greater
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weight to the results in the earlier years so that simulations that deliver GDP impacts earlier are relatively
favoured. This means that the present value of the GDP stream is maximised under the dynamic 10 model.
This is perhaps to be expected as in this model there are no supply constraints, and the response to the
initial installation expenditures is strong but the legacy effects are minimal (and barely noticeable against
the scale of Figure 16). The GDP benefits are very much loaded here towards the early period. However,
the high investment simulation also gives a relatively large effect and the difference between the

alternative migration simulations is magnified.

If we compare the time sequence of effects across the different simulations, these observations are
extended and reinforced. First, for all simulations, the undiscounted cumulative GDP impact over the
twenty-year period 2021-2040 is greater than the impact over the fifteen-year period 2006-2020 when the
installation expenditures occur. This is even the case with the undiscounted dynamic IO simulation.
Second, only for the “zero migration” and the dynamic IO simulations are the undiscounted legacy effects,
that is those that occur after 2040, lower than the impacts in the initial, installation period. Third, when we
discount, the value of the legacy effects are reduced but they remain important in most cases (though not,
of course, for the dynamic 10 simulations). For example, in the central case scenario, discounted legacy

effects make up just under 20% of the total discounted impacts.

6.5 The impact of a permanent expansion in the marine energy sector

Rather than decommissioning each device after it has served its expected twenty-year lifetime, the 3GW
level of capacity may be maintained at this level indefinitely. Using the same expenditure assumptions for
installation and operation and maintenance, we show in Figure 17 the equivalent diagram to Figure 4, but
under the assumption that a pattern of installation, maintenance and then re-installation to replace the
devices reaching the end of their design lifetimes. As before, these consist of three components: capital
expenditures, which are repeated every 21 years to replace decommissioned devices; refit expenditures,
which are incurred for each device after 10 years of operation; and ongoing operational expenditures,

which remain constant at £403 million once the 3GW capacity (four thousand devices) is reached in 2020.

[Figure 17: Total annual expenditures in Scotland under central case scenario, with permanent expansion in

marine energy sector]

27



The economic and employment impacts of these expenditures remain high after 2020 onwards as the
decline in expenditures observed in Figure 4 is now replaced by a series of regular new installation of
devices. These GDP impacts in the central case and the case with a permanent expenditure in the marine
energy sector are shown in Figure 18 and Figure 19. There is no longer the declining pattern of “legacy
effects”, as described above, however the regular investments bring about increases in GDP which are well
above those experienced with the central case scenario. The peaks of increases in GDP are observed in the
years where demand expenditures are greatest (the top of the investment cycles). A similar pattern is

observed for changes in Scottish employment..

[Figure 18: Absolute difference in GDP under central case scenario and with permanent expansion in

marine energy sector, £millions]

[Figure 19: Absolute difference in employment under central case scenario and with permanent expansion

in marine energy sector]

6.6 The likely effects of alternative counterfactuals

As the introduction to this paper makes clear there are significant uncertainties surrounding the future
composition of electricity generation in Scotland and the UK. One possible approach to this problemis to
take a range of possible energy futures without marine and then explore alternatives in which marine enters

either to add to existing capacity or to replace carbon-based technologies or nuclear generation.

While this is undoubtedly worth exploring, the range of possibilities is such that this cannot be done
without substantial additional research effort and further very extensive sensitivity analysis. However,
research we have conducted on the impacts of alternative generating technologies is indicative of the likely
differential effects on regional economic development associated with alternative technologies for
generating electricity, although this research was conducted in an input-output framework (Allan et al.,
2007a). This analysis suggests, for example, that the indigenous economic development potential of further
expansion of onshore wind is rather limited, given that the technology is essentially imported, with modest
assembly and maintenance expenditures impacting on the host region. Of course, this is not to deny the

potential for local economic development associated, for example, with major wind farms located on island
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economies, although this is likely to be dependent on revenue-sharing agreements. Nonetheless, the
potential impact on overall regional economic development in Scotland is likely to be much greater if
government targets for electricity generation by renewables are met by an expansion of marine rather than

further expansions of onshore wind.

Notice that here that it is not just the economic development effects that would be sensitive to alternative
counterfactuals. Table 2 presents the environmental impacts of producing the peak marine electricity
output (in the base case scenario) by alternative technologies. Peak marine electricity output for 3GW of
installed capacity (4000 installed 750kW rated devices), assuming a 35% capacity factor is 9198 GWh.
Replacing this electrical output from different generation technologies would create additional CO,
pollution as shown in the final column of Table 2. Clearly, the biggest environmental “saving” is secured if

marine replaces current coal generating capacity (unless new clean technologies are introduced)

[Table 2: Environmental impacts of producing peak marine electricity output by alternative technologies]

This brief discussion is, of course, subject to a number of limitations. First, the environmental impacts
referred to above simply relate to the (foregone) production of greenhouse cases, once generating capacity
is established. So, life cycle effects are not fully taken into account and this could have some impact on the
scale of environmental gains. Second, the savings are merely indicative of orders of magnitude since we
have not simulated the simultaneous decline of more traditional generating capacity simultaneously with
the emergence of marine. This would limit, and possibly even offset, the upward pressure on wages and
prices in Scotland, and so inhibit the degree of crowding out. However, the above estimates give a

reasonable indication of the likely order of magnitude of environmental savings over the longer term.

7. Conclusions and policy implications

Electricity generation in the UK will undergo considerable changes over the next twenty years. There will
be increased generation from renewable sources, especially wind (both on- and off-shore), but also from
wave and tidal technologies, as further R&D, industry learning and additional incentive schemes make
these technologies economically viable. The installation of 3GW of wave energy capacity around the coast
of Scotland is technically possible (Boehme et al., 2006), but would require significant expenditures across

a range of industry sectors. In this paper we have sought to quantify the macroeconomic or system-wide
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impact that these expenditures could have on Scotland over the operating lifetime of 3GW capacity. Our
use of a computable general equilibrium model allows us to relax the restrictive assumptions of input-
output analysis, the traditional method of evaluating the regional impact of such developments, and
accommodate effects on the competitiveness of the host region, including factor substitution effects in

response to relative price changes.

We find that these expenditures can potentially deliver a significant economic benefit to the region. For the
central case scenario, the present value of discounted GDP change is £5,466.2 million. This additional
Scottish GDP is not only created over the lifetime of the investment, but continues for many years into the
future, partly due to the positive net migration and additional investment into Scotland which accompanies
the extra expenditures. Whilst these GDP effects appear substantial, these results are based upon the
assumption of an upper bound unit electricity value of 8.5p/kWh, which can only be realised through
additional learning and policy incentive effects. Further, the sub-division of investment between energy
sectors is based on the installation of a specific type of wave energy device at a generic location. A
different breakdown of industry sector expenditures would be required to model the economic impact of
other types of wave energy device or to account for the variation of installation and operating costs with
site location. It may also be that the sector breakdown of expenditures would, in practice, vary with
aggregate installed capacity due to differential learning between sectors. Clearly, the timing and duration
of the impacts would depend upon the installation rate that is achieved, and might be different from that
used here (and shown in Figure 1). Some scenarios for Great Britain show expected installed marine
capacity reaching between 2 and 2.5GW in 2020 (Ault et al., 2006). The results presented in this paper

could be scaled in line with the expected level of installed capacity.

These results are important for policy makers. If Scotland is able to use the potential that marine power has
for electricity generation, this will not only have a beneficial environmental impact, in terms of reducing
greenhouse gas emissions compared to gas and coal-based generation technologies, but will also stimulate
Scottish economic development significantly, boosting Scottish GDP, employment and population. The
scale of the stimulus to development will be greater the greater the degree of integration of the marine
energy sector into the local economy: a greater proportion of locally sourced installation, operation and
refit expenditures will lead to a greater positive impact on the Scottish economy. Where we have examined
a hypothetical wave device in this paper, the methodology could be applied to the case of tidal

technologies. There will be differences between alternative wave and tidal technologies, as the inputs to
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devices would vary. The impact of alternative devices could be explored through further sensitivity
analysis, but in each case, for the regional economic impact, the backward linkages to the regional
economy would be vital. Failure to establish a sufficient technical knowledge base in Scotland could result
in the elements produced in Scotland consisting of only the low-value generic engineering components
whilst the high value elements are imported. An examination of the linkages between onshore wind and the
Scottish economy reveal these to be very limited, so that they do not provide anything like the same
potential as marine for stimulating economic development in Scotland. The economic impact of meeting
the Scottish Government’s targets for the generation of electricity by renewables is therefore likely to be

critically dependent on the composition of that renewables generating capacity.

Also, it is apparent that in appraising the likely impact of a mega-project in an open regional economy, it is
important not only to consider the period over which the direct expenditures or activities related to that
project are made, but also to look beyond that horizon to the longer term. An induced influxof labour and
a stimulus to increased investment, made directly or indirectly in response to the project’s expenditures,

produce supply-side effects that can be very long lasting.
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Appendix 1
The sectoral breakdown in the AMOSENVI model

Industrial Order Classification

1 Agriculture 1
2 Forestry planting and logging 21,22
3 Fishing 3.1
4 Fish farming 3.2
5 Other mining and quarrying 6,7
6 Oil and gas extraction 5
7 Food drink and tobacco 81020
8 Textiles and clothing 211030
9 Chemicals etc. 36 to 45
10 Metal and non-metal goods 46 to 61
11 Transport and other machinery, electrical and instrument engineering | 62 to 80
12 Other manufacturing 31 to 34, 81 to 84
13 Water 87
14 Construction 88
15 Distribution 89 to 92
16 Transport 93 to 97
17 Communications, finance and business 98 to 107, 109 to 114
18 Research and development 108
19 Education 116
20 Public and other services 115, 117 to 123
Energy
21 Coal (extraction) 4
22 Oil (refining and distribution) and nuclear 35
23 Gas 36
Electricity 85
24 Renewable (hydro and wind)
25 Non-renewable (coal, nuclear and gas)
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Table 1

Installation expenditure categories, shares and industrial sectors

Expenditure category Expenditure share Industrial sector SIC AMOSENVI sector Scottish share
Onshore transmission and grid | 1% Electric motors and generators 31 11 75%
upgrade
Undersea cables 5% Electric motors and generators | 31 11 75%
Spread mooring 10% Structural metal products 28.1 10 75%
Power conversion module 51% Mechanical power transmission [ 29.1 11 50%
equipment
Concrete structures 20% Articles of concrete 26.6 10 95%
Construction facilities 4% Structural metal products 28.1 10 95%
Installation 4% Construction 45 14 95%
Construction management 5% Architectural activities 74.2 17 90%
Total 100% 68.5%
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Table 2
Environmental impacts of producing peak marine electricity output by alternative technologies

Technology Electricity Generation Electricity kg (CO,)/kWh CO, (generated
delivered efficiency produced (Mt CO,)
(Gwh)
Coal 9198 371% 24860 0.30 7.5
Gas 9198 43% 21391 0.19 4.1
Nuclear 9198 3% 24860 0.00 0.0
Oil 9198 33% 27873 0.26 7.3

Notes: generation efficiencies and kg (CO2)/kWh figures for each technology taken from Table 12 in Scottish
Energy Study Volume 1: Energy in Scotland, Supply and Demand (AEA Technology, 2006).
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Captions to illustrations

Figure 1
Schematic side view of single Pelamis-type wave energy device including primary components

Figure 2
Cumulative total number of devices and annual number of devices installed, 2000 to 2020

Figure 3
Timetable of planned expenditures

Figure 4
Total annual expenditures in Scotland under central case scenario, £millions

Figure 5
Absolute differences in GDP from base and expenditures, £millions

Figure 6
Absolute differences in employment and change in working age population

Figure 7
Sectoral changes in output in stimulated sectors, % differences from base

Figure 8
Sectoral changes in output in non-stimulated sectors, % differences from base

Figure 9
Real and nominal wage values in central case, % change from base

Figure 10
CO2 emissions, % differences from base

Figure 11
Population in Scotland in central case and with medium and low migration elasticities, percentage differences
from base period

Figure 12
Absolute GDP impact for the central case against the medium, low and zero migration scenarios

Figure 13
Percentage difference in capital stock in period 15 relative to base period

Figure 14
Absolute GDP impact for the central case and with high speed of capital adjustment

Figure 15
Absolute GDP impact for the central case and with Dynamic Input-Output system

Figure 16
Comparison of both GDP and discounted GDP impacts for central case and sensitivity simulations

Figure 17
Total annual expenditures in Scotland under central case scenario, with permanent expansion in marine energy
sector, £millions

Figure 18
Absolute difference in GDP under central case scenario and with permanent expansion in marine energy sector,
£millions
Figure 19
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Absolute difference in employment under central case scenario and with permanent expansion in marine energy
sector
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PCM: Power Conversion Module
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! Ocean Power Delivery (OPD)’s device — the Pelamis — has received an order from a Portuguese consortium to build the world’s first
commercial facility to generate electricity from ocean waves, which is due to be installed in late-2007. Asthe Managing Director of OPD,
Richard Yemm said, “ The Portuguese government has put in place a feeder market that pays a premium price for electricity generated from
waves compared to more mature technologies such as wind power.” (OPD, 2006)

2 1t was announced in early 2007 that the Scottish target for 2010 had been reached three years ahead of schedule. The UK has recently
(October 2007) announced that it is unlikely to make itstarget for 20% of electricity to come from renewable sources by 2020.

% Asof the end of November2007.

* The recent Scottish Spending Review (November 2007, p. 13) has stated that the Scottish Government will provide financial and
legislative support to realise LOMW of marine energy capacity by 2010. Additional support measures, such asthe£8million Wave and Tidal
Energy Support Scheme shows the Scottish Govemment continuing the work of the previous Scottish Executive in supporting marine
energy.

® By way of comparison, from a survey of the literature on levelized cost estimates Hepstonstall (2007) reports that the mean of cost
estimates for moreestablished UK electricity generation technologies were as follows: coal =3.29p/kWh, gas =3.12 p/kWh, nuclear 3.22

p/kWh andwind=3.19 p/kWh.

® Ofgem, tasked with theaim of promoting competition in the gas and electricity markets in the UK, have proposed a transmission charging
regime based on encouraging generation near to sources of demand. T his means greater transmission use of system charges for generators
connectedtothe UK gridin Scotland, and particularly Northem Scotland. Speaking about the impact that this would have on renewable
energy development in Scotland, Jim Mather, the Scottish Government’s Energy Minister, in a statement to the Scottish Parliam ent (31%
May 2007), said: “ OFGFEM's approach to transmission charges isnot helpful...I hopethe UK Govemment will think again, that it will
ensure that OFGEM takes more account of climate change objectives and, as a result, sets charging regimes which support rather than work
against environmental objectives... TheFirst Minister has already committed that we will work with companies herein Scotland to achieve
that end. If it seems necessary we will press the UK government for a change to OFGEM's remit so more account is taken of mediumterm

investment needs and of the case forinvestment in renewable technologies.

7 Global installed capacity was 10MW in 1980, 2GW in 1990 and 50GW in 2005 (Carbon Trust, 2006).

® The learning rate is defined as the fraction of cost reduction per doubling of cumulative production.

® The Marine Supply Obligation (MSO) is designed to operatealongside the existing “technology -blind” Renewable Obligations Certificates
(ROCS) which require electricity supply companies to provide certificates from accredited renewable electricity generation facilities fora
growing share of their total sales of electricity. The MSO would provide extra support towave and tidal sources by introducing an obligation
on electricity suppliersin Scotland to source a fraction of their required Renewable Obligations Certificates from wave and tidal energy
sources. The scheme starts in 2008, and is proposed to last until 2012. If the supplier does not meet the MSO level, it must pay the buyout
price of £175/MWh for wave energy and £105/MWh for tidal energy. This compares to the existing ROC buy-out price, in 2005/6, of
£33.24/MWh (European Commission, 2007).

1% The Scottish Minister’s Waveand Tidal Energy Scheme has provided £13 million, supporting, in total, ninewave and tidal projects with
the costs of installation and deployment at the European Marine Energy Centre on Orkney (Morgan, 2007).

1 Admittedly, many conventional CBAs are micro-oriented, but there is certainly no reasonwhy they need be, and the present general
equilibrium analysiswould be an important input into such an analysis, especially when we are dealing, as here withthe impact onthe

region of a mega-project.
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12 5ee Morimotoand Hope (2004) for a cost-benefit analysis of the Three Gorges project and Flyvberg et al. (2003) fora sober examination
of recent mega-projects around the world.

13 AMOSENWI is environmental version of AMOS, a macro-micro model of Scotland.

1% A 20 year device lifetime, witha major refit after ten years, isalso assumed in Previsic etal. (2004, p. 38).

!5 A detailed breakdown of the sectors in the AMOSENVI model is presented in Appendix 1.

16 For example, with wind generated electricity the import content is extremely high, while for other generation technologies, thereis a much
more local input-sourcing (Allanetal., 2007a).

7 Allan et al. (2006) gives the UK national version of the model: UKENWI.

8 AMOSis an acronym fora micro-macro model of Scotland.

1% The working age population is taken here to be all those between the age of 16 and 64.

0 Recall that thesole change in electricity generating capacity in the base case is the introduction of marine. Any reductions in nuclear and
coal-generating capacity would exert a countervailing impact through the labour market that would at least limit,and possibly even offset,
the tendency forcrowding out effects to occur. See Section 6.6 for further discussion.

21 The small effects observed are due to residual capital and population adjustments impacting on investment demand and consumption

demandthrough household income.
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