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     The Role of Wind Generation in 
Enhancing Scotland’s Energy 
Diversity and Security 

 A Mean-Variance Portfolio Optimization of 
Scotland’s Generating Mix 

   Shimon   Awerbuch*      , In collaboration with     Jaap C.   Jansen   and   
  Luuk   Beurskens   **   

           The UK Energy White Paper sets targets for decarbonization and the deploy-
ment of wind and other renewable electricity generating alternatives. The 
Scottish Executive is committed to increasing renewable energy shares in 
order to progress on the White Paper objectives. Fossil fuel independence, 
reliance on domestic sources and enhanced energy security are additional 
motivating factors for these objectives. Much to its credit, the Scottish 
Executive is pushing forward with the adoption of wind and other renewa-
bles in spite of the widespread belief that these technologies cost more 
and that increasing their share of the generating mix must therefore increase 
overall generating costs. The Executive’s efforts are especially notable since 
risk and other externalities, as subsequently discussed, tend to drive market 
participants to overinvest in fossil technologies relative to wind. The idea 
that a more costly technology in the mix must raise overall generating cost 
may seem obvious and compelling. Nonetheless, it is fl awed. Energy plan-
ning represents an investment decision problem. Investors commonly apply 
portfolio theory to manage risk and maximize portfolio performance under a 
variety of unpredictable economic outcomes. This report describes essential 
portfolio theory ideas and discusses their application to Scotland’s electric-
ity generating mix. The report illustrates how wind and other renewables can 
benefi t the Scottish generating mix. Effi cient generating portfolios include 
greater shares of wind, which enhance energy security and also reduce overall 
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generating cost. The optimal results indicate that compared to National Grid 
projected mixes, there exist generating mixes with larger wind shares at equal 
or lower expected cost and risk.  

    7.1        Least-cost versus portfolio-based approaches in generation 
planning 

   Wind and other renewables provide clean generating alternatives, and hence 
offer an effective climate change mitigation mechanism. Yet policy makers are 
concerned because of the widespread perception that increasing the deployment 
of wind will raise the overall cost of generating electricity. 

   Electricity policy and capacity planning are largely conceived using  least-cost  
principles, under which policy makers evaluate generating alternatives using 
their  stand-alone  costs. These approaches consistently bias in favour of risky fos-
sil alternatives, while understating the true value of wind and similar fi xed-cost, 
low-risk, passive, capital-intensive technologies. 

   Today’s dynamic and highly uncertain future requires better techniques 
that refl ect market risk. Financial investors know that a diversifi ed asset port-
folio provides the best means of hedging risk. Given today’s uncertainty about 
future technology cost and performance, it makes sense also to shift electricity 
policy and planning from its current emphasis of evaluating alternative technolo-
gies, to evaluating alternative generating  portfolios  and strategies. Mean-variance 
portfolio (MVP) theory, an established part of modern fi nance theory, is highly 
suited to the problem of planning and evaluating Scotland’s electricity generat-
ing portfolio. 

   MVP evaluates generating alternatives not on the basis of their  stand-alone  
cost, but on the basis of their portfolio cost, i.e. their contribution to overall port-
folio generating cost relative to their contribution to overall portfolio risk. At any 
given time, some alternatives in the portfolio may have higher costs while oth-
ers have lower costs, yet over time, the astute combination of resources serves 
to minimize overall expected generation cost relative to the risk. This report 
describes an MVP-based analysis that examines the effect of increasing the share 
of wind generation in Scotland. The results suggest that Scotland’s electricity 
generating mix will benefi t from additional wind shares, even under an assump-
tion that it costs more than other alternatives on a stand-alone basis. 

   Although counterintuitive, the idea that adding more costly wind can actu-
ally reduce portfolio-generating cost is consistent with basic fi nance theory and 
derives from the fact that wind generating costs do not correlate, or co-move with 
fossil prices. Wind generating costs are essentially fi xed or  riskless  over time and 
are independent of fossil fuel fl uctuations Adding wind therefore helps to  diversify  
the generating mix and enhance its cost–risk performance. The operating costs of a 
generating mix containing 30% wind will fl uctuate a lot less year-to-year than one 
with no wind. This idea, which most investors intuitively understand, is widely 
interpreted as  ‘ Don’t put all your eggs in one basket ’ . 
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    7.1.1       Portfolio-based planning for electricity generation 

   Portfolio optimization focuses on generating costs and their risk. Future fossil 
fuel and other outlays are random statistical variables that move unpredictably 
over time. No one knows for sure what the price of gas will be next year, just like 
nobody knows what the stock markets will do. Estimating the generating cost 
of a particular portfolio presents the same problems as estimating the expected 
return to a fi nancial portfolio. It involves estimating cost from the perspective of 
its market risk. 

   Portfolio optimization locates generating mixes with the lowest expected 
cost at every level of risk. Risk is measured in the standard fi nance fashion as 
the year-to-year variability      1    of technology generating costs. The projected year 
2010 generating mix developed by the National Grid Transco (NGC) serves as a 
benchmark or target starting point. The optimized results indicate that it is pos-
sible to improve on the cost–risk properties of the NGC 2010 mix, i.e. there exist 
other mixes with larger wind shares that exhibit equal or lower expected cost and 
risk levels. 

    7.1.1.1       Current and projected Scotland capacity 
   Most of Scotland’s capacity growth is projected to be in the form of onshore 
wind ( Figure 7.1   ), which provides Scotland with an opportunity to diversify its 
mix away from fossil generation. The NGC projected 2010 capacity mix includes 
4.1       GW of new onshore wind, which combined with existing wind capacity, 
totals 5.4       GW of onshore wind. Though signifi cant, it exploits less than half of 
Scotland’s sizeable 11.5       GW wind resource, more than the country’s total 2004 
generating capacity of 10.5       GW.  
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    1   Measured as the statistical standard deviation.    
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    7.1.1.2       Technology generating cost 
    Figure 7.2    shows generating costs for existing capacity as well as new entrants. 
New entrant costs are based on fi gures provided by Credit Suisse–First Boston 
(CSFB, 2005).      2    Natural gas price has been revised from CSFB’s 27.0       p/them therm 
to 30.3       p/therm, which is still well below recent levels. The cost of carbon dioxide 
(CO 2 ) has also been revised from CSFB’s €15/tonne to €18.6/tonne, again, below 
recent price levels. Embedded generation costs are based on these adjusted CSFB 
costs, but are further adjusted to refl ect fuel effi ciencies and construction cost dif-
ferences between old- and new-generation technologies. CSFB does not include 
system integration costs for wind, which are estimated at £16/MWh based on a 
widely cited NGC study ( Dale et al., 2004 ).    

    7.2       Portfolio optimization of Scotland’s generating mix 

   Portfolio optimization compares the risk–return properties of the projected NGC 
target mix to a set of optimal portfolios that minimize cost and risk. The results 
indicate that wind diversifi es the mix without raising cost, in spite of the fact that 
its assumed stand-alone cost ( Figure 7.2 ) exceeds that of other new entrants. 

   Portfolio optimization does not advocate for particular generating mixes, but 
rather displays the risk–cost tradeoffs among various mixes. The results of the 
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    2   Off-shore wind costs provided by Airtricity. All generating costs expressed in terms of 
 £ /MWh, which can be divided by 1000 to obtain the equivalent p/kWh cost.    
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analysis presented here are illustrative in the sense that they do not represent a 
specifi c capacity expansion plan and generally ignore any requirement to opti-
mize technologies to the load–duration curve. They are meant to illustrate the 
so-called  portfolio effect : as long as the mix can be reshuffl ed over time, adding 
wind and other fi xed-cost technologies has the effect of diversifying the generating
mix and reducing its expected cost. 

   In deregulated environments, investment decisions are make by individual 
power producers who evaluate only their own direct costs and risks and do not 
refl ect the effects that their technologies may have on overall portfolio perform-
ance. Wind investors, for example, cannot capture the risk-mitigation benefi ts they 
produce for the generating portfolio, which leads to underinvestment in wind rel-
ative to levels that may be more optimal from a customer or societal perspective. 
Some investors prefer the risk–reward menu offered by fuel-intensive technologies 
such as combined cycle gas turbine (CCGT), which have very low capital costs. 
Given suffi cient market power, these investors may be able to externalize fuel risks 
onto customers. In the presence of market power, these investors do not bear the 
full risk effects they impose onto the generating mix, which may lead to overin-
vestment in gas relative to what is more optimal from a total portfolio perspective. 

   The charts accompanying the subsequent discussion show the portfolio gen-
erating cost and risk for a number of scenarios. An infi nite number of possible 
mixes exists on each chart, although only a small set of typical mixes is located 
and shown. 

    7.2.1       The base case 

   Expressing technology costs without their market risk means little.  Figure 7.3    
shows the base-case cost and risk of each existing and new-entrant technology 
along with the estimated cost–risk of the NGC 2010 target mix.      3    The chart depicts 
what is a highly cautious set of costs for onshore and offshore wind. The assumed 
offshore wind cost, £76/MWh, is nearly 50% higher than similar costs used in the 
Netherlands and elsewhere. 

    7.2.1.1       Base-case portfolio optimization results 
    Figure 7.4    shows the base-case cost and risk for the NGC target as well as the 
optimized results. The NGC generating mix has an overall cost of £45.10 with a 
risk of 4%. While there exists an infi nite number of portfolios with superior cost–
risk properties, four typical mixes are focused on, located on the  effi cient frontier , 
i.e. the location of all optimized portfolios. The NGC mix lies above the effi cient 
frontier. Any generating portfolio that lies below or to the left of the target repre-
sents an improvement in cost and risk. For example, mix N is superior to the tar-
get mix. It has the same cost, but lower risk. Mix S is also more desirable, since it 
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    3   In Figure 7.3, ‘Nuclear’ represents exiting plant, for which capital investment risk is zero 
so that total risk refl ects primarily fuel and other operating costs. Decommissioning risks 
and the cost–risk of long-term waste disposal are ignored.    
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reduces the target’s cost by about 6% (£42.6/£45.1;  Figure 7.4 , table insert) with-
out increasing risk.      4    

   In the NGC mix, 23% of total electricity produced comes from onshore wind. 
Mix N, by comparison, contains 31% onshore wind plus 2% offshore wind, in 

 p0170  p0170 

P
or

tfo
lio

 c
os

t/M
W

h 
(£

)

Mix Q

Mix P

Mix N

Mix S

Target mix

New CCGT

CCGT

New gas

Gas

New Nuclear

New coal

Coal

New hydro

Nuclear

Existing
onshore

Hydro
20

25

30

35

40

45

50

55

60

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

Risk (standard deviation)

Portfolio risk-cost and technology shares

Mix P Mix N
Target

Mix Mix S Mix Q

Risk (SD) 3.1% 3.3% 4.0% 4.0% 6.0%

Cost/MWh £48.70 £45.10 £45.10 £42.60 £40.40

Technology energy share
Gas 3% 7% 16% 20% 39%
Coal 24% 29% 29% 18% 4%

Nuclear 26% 26% 26% 26% 26%
Hydro 5% 6% 6% 6% 6%

Wind onshore 31% 31% 23% 31% 25%
Wind offshore 11% 2% 0% 0% 0%

FIGURE 7.4 Base-case optimized portfolio results. f0040  f0040 
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spite of the fact that wind costs more than new gas. Mix P, which costs about 
0.5       p/kWh more than the target, contains 11% offshore wind. These typical mixes 
would no doubt contain larger wind shares were it not for an arbitrary constraint 
imposed on the results: onshore wind was limited to two-thirds of Scotland’s 
total available resource. At this level of penetration onshore wind represents 31% 
of the total mix.   

    7.2.2       Case II: accelerated (minimum 10%) offshore wind deployment 

   In the base case, mix S (and Q) contains no offshore wind and mix N contains 
only a minimal amount. Portfolio theory suggests that other mixes that do con-
tain offshore wind are likely to exist at the same risk level. These mixes are 
located by searching for optimized solutions that include a given minimum off-
shore wind share. This minimum wind share is arbitrarily set to 10%. The results 
( Figure 7.5   ) indicate that increasing offshore wind to at least 10% of the mix 
leaves the costs of mix P and mix N unchanged, although the risk of mix N rises 
to 4%, i.e. mix N shifts to the right from its base-case risk of 3.3%, so it is virtually 
co-located with the NGC target mix. 

   Accelerating offshore wind in this manner also raises the cost of mix S by 
about 0.25       p/kWh, from £42.6/MWh in the base case to £45.1/MWh in  Figure 7.5 . 
Mix S is therefore now also virtually co-located with mix N and with the NGC 
target. In general, therefore, accelerating offshore wind to 10% of the mix pro-
duces only minimal cost–risk effects on the overall generating system. While the 
cost–risk of mixes N and S is almost identical to the NGC target, their technology 
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makeup differs. Mixes N and S comprise essentially identical technology shares, 
which include 10% offshore wind along with about 30% onshore wind. The total 
wind share of these optimized mixes is therefore 40%, as compared to 23% for the 
NGC target (which contains no offshore wind). The results of this case therefore 
indicate that offshore wind can be increased to at least 10%, without raising cost–
risk relative to the NGC target. The cost of this move relative to the base case is a 
minimal 0.25       p/kWh.  

    7.2.3       Case III: higher  ‘ current outlook ’  natural gas prices 

   This case balances highly cautious wind assumptions with higher assumed natu-
ral gas prices, which are now taken as 40       p/therm, the approximate current cost 
of a four-year forward. Since CO 2  cost is correlated with natural gas prices, its 
value is also raised to €24/tonne ( Figure 7.6   ). System charges remain unchanged 
at £16/MWh of wind output. 

   Under the assumptions of this case, generating costs for NGC target mix rise 
to £47.5 from £45.1 in the base case.      5    Similar cost increases are observed for the 
four typical mixes, which now generally contain smaller gas generation shares 
( Table 7.1   ). As for the previous cases, the optimized mixes N and S show a supe-
rior cost–risk relative to the target mix. Optimized onshore wind shares remain 
unchanged from the base case,      6    although offshore wind increases in mixes P and N. 
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    5   Target mix costs did not change for the accelerated offshore wind case.    
    6   Onshore wind is already at its maximum limit, the exception being mix Q, where onshore 
wind remains at 25%.    
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    7.2.3.1       The basis for a  ‘ no regrets ’  Scottish wind policy 
    Figure 7.7    compares the range of optimal solutions for Case III ( ‘ current outlook ’  
natural gas prices) with those of Case II, accelerated offshore wind. The effi cient 
frontier (the location of optimal mixes) for these two cases is very similar. This 
suggests that if gas prices remain at current levels, it makes considerable eco-
nomic sense for the Scottish Executive to pursue policy options that accelerate 
offshore wind deployment. 

   The message of the analysis therefore is that with current market expecta-
tions, a mix such as N, which contains 5% offshore wind ( Table 7.1 ), represents 
a  ‘ no regrets ’  policy: it costs no more than the target mix yet it lowers risk. If 
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Table 7.1 Case III: Outlook gas portfolio details

Mix P Mix N Target mix Mix S Mix Q

Risk (SD) 3.2% 3.3% 4.1% 4.1% 5.1%

Cost/MWh £ 49.80 £ 47.50 £ 47.50 £ 44.50 £ 43.50

Technology energy share

Gas  2%  4% 16% 20% 25%

Coal 23% 29% 29% 18% 18%

Nuclear 26% 26% 26% 26% 26%

Hydro  5%  6%  6%  6%  6%

Wind onshore 31% 31% 23% 31% 25%

Wind offshore 13%  5%  0%v  0%  0%
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expected high gas prices are sustained, a Scotland mix consisting of about 31% 
onshore wind and 10% offshore wind will generally outperform the NGC target 
mix and will perform at least as well as other mixes with less wind.  

    7.2.3.2       The cost of not fully exploiting Scotland’s onshore wind potential 
   The Scottish Executive has set a 2010 renewables target of 18% of electricity gen-
erated ( Scottish Executive, 2001 ). Hydro shares represent about 6% of generation, 
so that the Executive’s target effectively implies a 12% goal for wind. Lower wind 
shares generally increase cost–risk. Indeed, relative to the base case, limiting 
wind to the Executive’s 12% target raises cost and risk signifi cantly ( Figure 7.8   ). 

   While the Scottish Executive has set  targets , not limits, the message of the 
analysis is clear: failing to exploit Scotland’s wind resources signifi cantly raises 
cost and risk.    

    7.3       Conclusions: implications for Scotland’s capacity planning 

   Today’s dynamic and uncertain energy environment requires portfolio-based 
techniques that refl ect market risk and de-emphasize stand-alone generating 
costs. MVP theory is well tested and ideally suited to evaluating national elec-
tricity strategies. It helps to identify solutions that enhance energy diversity 
and security and are therefore more robust than arbitrarily mixing technology 
alternatives. 

   Portfolio analysis refl ects the cost interrelationship (covariances) among gen-
erating alternatives, which is crucial for correctly evaluating generating port-
folios. The analysis described here does not represent or advocate for a particular 
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capacity expansion plan. Rather, its purpose is to demonstrate that increasing 
the share of wind in Scotland generally lowers overall generating costs, even 
if it believed that wind costs more than gas. The results suggest that the NGC 
2010 mix, although it refl ects relatively signifi cant wind shares, may not go far 
enough. Larger wind shares appear to insulate better the generating mix from 
systematic risk of gas (and coal) price movements, which have historically been 
quite correlated. 

   This report presents a series of optimized portfolio results for several sce-
narios, using a highly cautious set of cost estimates for wind. It compares these 
optimized portfolios to the NGC-2010 generating mix, which projects an onshore 
wind share of 23% and offshore wind of 0%. The optimized results presented 
here strongly suggest that without increasing cost or risk, onshore wind can be 
increased to at least 31% of electricity generation: half again as much as the NGC 
target and nearly 75% more than envisioned by the Scottish Executive’s 2010 tar-
gets. Even with a highly cautious cost of £76/MWh (compared to gas at 30       p/
therm) offshore wind shares can rise to at least to as much as 10% (2       GW of capac-
ity) without increasing cost. 

   Moreover, if natural gas prices remain in the range of 40       p/therm, as futures 
prices indicate, a mix of about 31% onshore and 10% offshore wind provides the 
basis for a no-regrets wind policy for Scotland. The evidence suggests that this 
mix will outperform the NGC-2010 mix and will perform at least as well as other 
portfolios with less wind. 

   Against this backdrop, the Scottish Executive 18% 2010 renewables targets 
may not be suffi ciently aggressive. Indeed, the analysis indicates that reducing 
wind shares from their optimized levels (31% onshore, 5–10% offshore) signifi -
cantly increases the cost and the risk of the Scottish mix. 

   In deregulated environments, investment decisions are made by individual 
power producers who evaluate only their own direct costs and risks, but do not 
refl ect the effects that their technologies may have on overall generating portfo-
lio performance. For example, wind investors cannot capture the risk-mitigation 
benefi ts they produce for the overall portfolio, which leads to underinvestment 
in wind relative to societally optimal levels. Some investors, however, may prefer 
the risk menu offered by fuel-intensive gas CC turbines, which have low initial 
costs. Given suffi cient market power, these investors may be able to externalize 
fuel risks onto customers so that they do not bear the full risk effects they impose 
onto the generating mix. This would lead to overinvestment in gas relative to 
what is more optimal from a portfolio or societal perspective. 

   Given the high degree of uncertainty about future energy prices, the relative 
value of generating technologies must be determined not by evaluating alterna-
tive resources, but by evaluating alternative resource portfolios. Energy analysts 
and policy makers face a future that is technologically, institutionally and politi-
cally complex and uncertain. In this environment, MVP techniques help to estab-
lish renewables targets and portfolio standards that make economic and policy 
sense. They also provide the analytical basis that policy makers need to devise 
effi cient generating mixes that maximize security and sustainability. MVP anal-
ysis shows that contrary to widespread belief, attaining these objectives need 
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not increase cost. In the case of Scotland, increasing the share of wind, even if it 
is believed to cost more on a stand-alone basis, reduces portfolio cost–risk and 
enhances energy security.  
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