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1. Introduction 
Hydropower constitutes an important share of electricity supply in many countries in Europe, South 

America, Canada and New Zealand, along with several US states. After disregarding transport energy, 

hydropower supplies more than 50 per cent of total energy use in several of these countries (BP, 

2006).1 One important aspect of hydropower-dominated markets is volatility in inflow and total 

supply, thereby stressing both the market and market functionality (see, for instance, Martinek et al., 

2002; Bye, 2004). The impact of this volatility ultimately depends heavily on hydropower’s share of 

the market and the balance between capacity and demand under normal inflow situations. 

 

Before 1990, power markets around the world were vertically integrated, heavily regulated and, in 

most countries, a major portion of production capacity was publicly owned (Newbery, 2005). Country-

specific strategies often comprised local self-sufficiency and limited inter-country transmission 

capacities. Market regulation and public ownership typically implied excess capacity investments, i.e., 

prices were lower than the total unit cost in new power plants. In the Nordic power market, this 

implied direct investment subsidies or a low rate of return on publicly owned power-producing plants 

(see, for instance, Bye and Hope, 2005, 2006). With high inflow and low prices, large overflows were 

frequently found and excess capacity secured delivery when inflow was low. 

 

Starting around 1990, many countries commenced the deregulation process based on fundamental 

economic principles (Joskow and Schmalense, 1983). For examples of such deregulation in different 

countries, see Bye and Hope, 2005; Newbery, 2005; and Borenstein et al., 1996. Generally, the posited 

efficiency gains appear to have prevailed (Dubash and Singh, 2005) in Europe (Newbery, 2005; Bye 

and Hope, 2005), Chile (Pollitt, 2004), and some developing countries (Jamasb et al., 2004). In a 

number of instances, discussion of the performance of a deregulated market has been high on the 

agenda (CBO, 2001; Joskow, 2001; Borenstein et al., 2002, and Bye et al., 2003). 

 

Following deregulation, most markets have experienced diminishing investment in new production 

capacity, as prevailing market prices do not justify the marginal costs of expansion (Bye and Hope, 

2005, 2006). The typical annual increase in demand following economic growth, increases prices, due 

                                                      
1 Hydropower constituted more than 25 per cent of total energy consumption in 2005 in the following locations; in Europe: 
Norway, Iceland, Sweden, Austria and Switzerland; in South America: Argentina, Brazil, Colombia, Peru and Venezuela; in 
Oceania: New Zealand; and in Canada. In the US, the largest hydro generation capacity is found in Alabama, California, 
Florida, Illinois, Texas, Pennsylvania and Ohio. 
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to increasing marginal costs, also in the long run. In deregulated and relatively closed and hydro-

dominated markets, volatile equilibrium electricity prices must mirror variation on the hydro supply 

side, although supplementary technologies, transmission facilities and trade smooth price variations. 

Since changes in production must fully absorb the inflow fluctuations, prices become more volatile. 

 

So far, historic experience in a deregulated market offers limited insights on the reaction to such 

stresses. The Nordic regulated market with surplus capacities has experienced low inflow several 

times before, but as yet not under the deregulated regime where capacities are more in line with 

demand. Hence, a study of the possible outcomes of inflow failures in deregulated energy markets is 

important in order to prepare to meet possible inflow shortages in the future. 

 

The low inflow to the Californian hydro reservoirs in 2000/01 illustrated how important it is to 

consider interacting factors. This shortage led to an unexpected meltdown of the market, as several 

factors enhanced the effects. Planners failed to foresee the interplay with increasing natural gas and 

NOx permit prices, sharply increasing demand and possible market design failures (Joskow, 2001; 

Martinek et al., 2002; Wollack, 2003). The most recent low inflow situation in the Nordic market was 

during the winter of 2002/03 and in 2006. In 2002/03, the Nordic countries experienced an abrupt low 

inflow to the hydropower system in the autumn of 2002, and market prices escalated for a short period 

of time. Bye et al. (2003) evaluated this event and concluded that the market handled the shortage 

well. The 60 per cent drop in inflow into the Nordic system during the autumn rain period was 

characterized as a 0.5 probability event (ECON, 2003). In comparison, the annual drop in inflow in 

2002 compared to normal inflow was only some 6 per cent. Inflow simulations for the existing 

hydropower system showed that it is 10 times more probable that the Nordic power market will be 

exposed to a drop in annual inflow of 25 per cent or more. Actually, the market experienced an annual 

inflow 20 per cent lower than normal as late as 1996, but the market at the time was not yet fully 

deregulated and adequate capacity to handle the event without extreme price effects still prevailed. 

 

Concerns regarding the robustness of the Nordic deregulated power market relate to increasing energy 

costs for industries and households, and distributional effects among households. Questions arise as to 

the political acceptability of large price increases, and whether the mechanisms in the recently 

deregulated electricity marked can ensure sufficient future power supply. In this respect, it is an open 

question as to what is more severe: an abrupt shortage (as in 2002), or as is more likely, a lower inflow 

over several seasons. Storage capacities and the interrelationship between hydro and thermal markets 

and transmission capacities are key balancing factors to consider when investigating the outcome of 

severe inflow shortages. 
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In this article, we study how a deregulated market with no excess capacity handles an inflow 25 per 

cent lower than normal, evenly distributed across seasons. According to historic inflow data, this event 

is a relatively likely scenario. Within the framework of a Nordic electricity equilibrium market model, 

we compare this scenario to a simulation of the 2002/03 events and a normal inflow scenario. To show 

the model’s relevance, the 2002/03 simulation is compared to the actual event. One may suspect that 

an overall inflow shortage involves a smoother adjustment than an extreme short time lack of 

precipitation. On the other hand, due to reservoir capacity and transmission constraints in the system, a 

larger overall inflow shortage might involve greater challenges over time. We also discuss these 

scenarios in light of the event in 1996/97, when the inflow shortage was 20 per cent, relatively evenly 

distributed over seasons. However, the production capacity under normal inflow conditions was high 

compared to normal demand. Our simulations indicate no problems in market clearance under these 

inflow shortage scenarios. However, producers appear to mark up prices when inflow fails. 

2. Background 
During the period of regulation, Norway and most other European countries pursued a strategy of self-

sufficiency with respect to power supply, often on a regional basis. This strategy implied investment in 

sufficient production and/or transmission capacities to cover both peak load demand and total demand, 

even with low inflow events, to hinder large increases in prices. Capacity2 then overrode normal 

demand for long periods of time, as shown in Figure 1. 

 

                                                      
2 We define capacity as the potential to produce electricity in a normal inflow year. The annual production may override this 
potential as the generation capacity is dimensioned to produce in peak periods. The load varies between 9000 and 23000 MW 
in the Norwegian system. 



6 

Figure 1. Production capacity and demand. TWh 
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Source: Bye and Hope (2006) 
 

One consequence was low average prices. When inflow was high and demand low compared to 

production and transmission capacities, there was overflow and loss of water value. Prices were 

reasonably stable when inflow was low and sufficient transmission capacity existed. The rate of return 

on investment turned out to be low compared to the alternatives in potentially competing activities, as 

shown in Figure 2 (the narrow gap in the late 1970s and early 1980s is associated with manufacturing 

business cycles). The low rate of return compared to manufacturing is actually underevaluated by the 

figure as the hydro power system with increasing marginal cost normally would earn a groundrent 

additional to a normal rent. 
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Figure 2. Rate of return in manufacturing and power production. Per cent 

0

2

4

6

8

10

12

14

16

18

1960 1965 1970 1975 1980 1985 1990 1995 2000

Manufacturing

Power production

Source: Bye and Hope (2006) 

 

As the total cost of this strategy (the low rate of return times volume) increased, and environmental 

concerns were more focused, investment in new capacity dropped after about 1980: see Figure 3 and 

Bye and Hope (2006) for a more detailed discussion. After the deregulation of the Nordic market from 

1991, demand increased and is now above the normal Norwegian production capacity level (Figure 1). 

The overall price level and the rate of return have increased significantly after 2000. So far, these 

deregulation effects are in accordance with theory. When capacity is scarce compared to demand, the 

possible upside on prices is higher than when capacity is high compared to demand. The downside on 

prices is also higher, as all variation in inflow is market oriented and the spilling of water is not 

allowed due to market power concerns. What remains to be tested is the effect of significant 

reductions in supply, due to inflow failure, in a time of steadily increasing demand. 
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Figure 3. Investments in power supply. Mill NOK. 2005 prices 
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Historical variations in inflow sheds light on the risk of facing electricity shortages in hydro-

dominated power systems. Figure 4 presents the inflow into the Norwegian hydropower system since 

1931, mirroring the extensive variation in precipitation over both seasons and years. The 90 per cent 

confidence interval for the yearly inflow to the reservoirs, is 90–150 TWh, i.e., ± 25 per cent variation 

around the expected value of 119 TWh. The market effects depend not only on the overall inflow 

variation, but also on the seasonal spread. Figure 5 illustrates the spread in seasonal variation in dry 

(less than average inflow) and wet (more than average inflow) periods in the latest 74 years. 
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Figure 4. Simulated3 seasonal inflow to the reservoirs, at given 2003 capacity, TWh 
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As seen from the first bar in Figure 5, only 11 years consist of three wet seasons4. Sixty-three years 

have at least one dry season, of which 11 years are dry in all three seasons, 29 are dry in two seasons 

and 23 years have only one dry season, as in 2002.5 The bars to the right show the seasonal 

distribution when inflow is lower than a certain level compared to normal. For 39 years, the inflow 

was lower than normal (<1). The less the inflow, the more frequent are the observations of at least two 

or more dry seasons, e.g., 15 years (20 per cent) had an inflow lower than 90 per cent of normal, in 

which 11 were with all dry seasons. For two years, the inflow was less than 75 per cent of normal, and 

all seasons were dry. Hence, when studying the effect of severe inflow shortages, evenly distributed 

drought over all seasons is the most plausible assumption. 

 

                                                      
3 The series are simulated inflows to the existing reservoir system for the years shown. Source: NVE 
4 We define three seasons, a snow accumulation season from January to May, a melting period from May to September, and a 
rainy period from September to December. 
5 Observations with less than 80 per cent inflow compared to normal are 5 from 74 years (1941, 1959, 1960, 1969, 1996), i.e., 
8 per cent of all years. Fifteen years had less than 90 per cent of normal inflow (1933, 1936, 1940,1941,1947, 1951, 1959, 
1960, 1963,1966,1969, 1970, 1977, 1980, 1996), i.e., 20 per cent of all years are drier than 2002. 
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Figure 5.  Summary statistics for the number of dry years and seasons in intervals for the 
percentage shortage compared to normal annual inflow, 1931–2004, number of years 
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Source: SSB/NVE 

 

Inflow variation may severely impact power prices, since hydro capacity constitutes some 60 per cent 

of the total supply side in the Nordic market. The market is fully integrated, and the NordPool 

exchange handles day-by-day trade, equalizing prices between regions when transmission capacities 

are sufficient. When bottlenecks occur, area prices (Norway) or repurchases (Sweden) clear 

regionalized markets. Due to differences in regional shortages, transmission capacities may be more 

constrained. Figure 6 shows a high correlation between the deviation in inflow (compared to the 

average over the last 70 years) and the NordPool system prices from 1996 to 2005. In addition, other 

variables may help to explain some of the price variation, for instance transmission constraints, fuel 

prices and demand variation due to business cycles and outdoor temperature. 
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Figure 6. Difference in reservoir level in per cent and electricity prices in Nøre /KWh, 1993–2004 
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As shown in Figure 6, prices are low when inflow is higher than normal, and when inflow is lower 

than normal, prices are high. In 1996, inflow was about 20 per cent lower than normal, with a higher 

than average loss in the snow-melting period. Still, the variation in relative low inflow over seasons 

was not large, and the adjustments to production and prices were soft and even. Average prices in 

1996 were about twice those of the other years from 1993 to 1999 (except 1994). Capacity was about 

3 per cent above demand (Figure 1). In 2002, inflow was approximately 6 per cent lower than normal 

while the early winter inflow and the snow-melting period were above normal. What characterized the 

2002 event was the total loss of autumn rain, which was a sudden event that escalated prices. The 

average price in 2003 was about twice the price level in 2000, and the peak price in January 2003 was 

more than 80 per cent higher than the last record from 1996. Despite average prices increasing after 

2003, they still appear to be below the cost of expanding capacity as the cost of gas power plants is 

about 25 per cent higher than the future price on NordPool. 

 

This illustrates that a deregulated market faces both higher prices before capacity expands and a higher 

risk for running low on supply when precipitation fails. The actual responses to inflow shortages 

depend on the responsiveness of the demand side. In a simultaneous demand and supply model with 



12 

hourly equilibrium prices and volumes, Bye and Hansen (2006) estimated the NordPool market 

elasticities of demand. They found that demand is inflexible in the short run6. Hence, a severe inflow 

shortage may potentially escalate prices. 

3. The model 
As the basis for the analysis, we apply a detailed model for the Nordic power market, Normod-T 

(Aune et al., 2000a; Aune et al, 2000b; Aune, 2003). The model specifies all existing power-

generating capacities in the Nordic countries (Norway, Sweden, Finland and Denmark) by capacity 

and cost, all transmission line capacities, and electricity demand in five sectors by country. Figure 7 

gives a basic overview of the model structure. Based on estimations by Bye and Hansen (2006), 

producers mark up cost when hydro inflow is lower than normal. This mark-up may reflect both 

capacity constraints and the abuse of market power. The four countries are divided into a total of eight 

regions with both intra- and inter-country trade capacities. 

 

Figure 7. The power market model structure 
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6 The short-term demand elasticity for the Norwegian market was estimated to be close to 0.05 on average while the short-
term Swedish demand elasticity was 0.02 on average. Conf. that the estimated elasticities are on wholesale prices. Since 
transmission and distribution costs and taxes constitute almost two-thirds of purchaser prices, the elasticity of the purchaser 
price is three times higher, though still relatively low, especially in the Swedish market. The Swedish market constitutes 
approximately 50 per cent of the Nordic electricity market. The Norwegian and Swedish markets together constitute some 75 
per cent of the Nordic market. 
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In addition to power transmission among the regions within the Nordic countries, the model includes 

transmission capacities to countries outside the Nordic region (Russia, Poland, Germany and The 

Netherlands). These markets are mainly thermal-based. Due to restricted transmission capacities in 

both the short and long run, increased imports from these countries can only partly meet variation in 

inflow in the Nordic countries.  

3.1. Power supply 
We specify 25 power-generating technologies by capacity, variable and fixed costs (inclusive of fuel 

type and price) and fuel conversion efficiency. Moreover, each generation technology is represented 

by a number of physical and technical constraints, which restrict the system operation possibilities in 

each period. Binding constraints trigger positive capacity prices. The model is divided into 12 different 

segments during the year (s times l): two winter periods and one summer period (seasons, s), each 

capturing peak, high, normal and low demands/supply (loads, l). 

 

The electricity price rslP  in each region (r), season (s) and load (l) reflects marginal cost and a mark-

up 

 

(1) ( )rslsrslrslrslrslrsl CAPTRDPFXXfP ,,,,*,=  

 

which is a function of the vectors of production by technology rslX , production capacities by 

technology, rslX * , primary energy fuel prices, rslPF , other operating cost, rslD , and transmission 

capacities, rslCAPT , all per region, season and load, and the water level in the reservoirs, Rs, per 

season. The reservoir element, Rs, in the marginal cost follows Bye and Hansen (2006), and works as a 

mark-up on the thermal prices when the reservoir level is low, i.e., when water inflow is scarce and 

thermal capacity in the Nordic market is concentrated, producers may exploit market power. 

 

The production costs define the alternative value of water when capacities are sufficient. The capacity 

limits for both production and transmission define a shadow value for capacity in price formation. The 

value of water also depends on reservoir capacities, i.e., the possibility of storing water between 

periods, and the possibility for thermal producers to exploit market power (Førsund et al., 2003; 

Crampes and Moreau, 2002; Bushnell, 2003; Borenstein et al. 1999, 2000, 2002; Bye and Hansen, 

2006). 
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The model specifies four load modes that capture utilization times and the variation in flexibility 

among technologies. Thermal power generators consider start-and-stop and cycling (lower than full 

capacity utilization in running plants) costs. Operating costs in hydropower plants are low, but a 

number of physical and institutional constraints given through the operating concession act to limit the 

operational flexibility of the hydropower generation equipment. Due to storage limitations and 

regulations governing the minimum flow of water, base load hydropower generation has to be equal to 

or greater than a lower limit each season. Although hydropower production can be regulated at low 

costs, there may be environmental or operational constraints that vary over the day, or between base 

and peak generation. We apply an upper limit to the increase in hydropower generation from the base 

to the peak load mode. Finally, there is an upper limit on reservoir capacity, or on the aggregate 

generation of energy from hydropower resources in the two winter periods. Generation and 

transmission capacities are assumed to be fixed in the short run. 

3.2. Power demand 
The demand side is divided into five consumers in each load and region, with differences in the 

composition of volume over loads and in elasticities. This implies different macro market elasticities 

over loads and seasons, which is an important feature of the model when analysing shortages in 

inflow. 

 

Electricity demand from sector j in region r, season s, and load l, Zjrsl depends on the relevant load 

purchaser price, PCjrsl, and the relevant activity level, wjr: 

 

(2) jrjrjrsljrsljrsljrsl wPCZ 210 βββ ++= . 

 

The activity level impact is general for all loads and seasons, i.e., the jrsl0β  coefficient captures the 

base differences in demand by season and load. The purchaser price:  
 

(3) { }( )jrjrjrslrsljrsl tmPPC ω+++= 1  

 

is the sum of a common load and a season-specific wholesale price (Prsl) for all consumers, a 

transmission and distribution margin (mjrsl) that varies among consumers and a consumer- and region-

dependent electricity commodity tax (tjr). The inflow impact on different end users then vary due to 

both differences in end user price changes and differences in elasticities among consumers. This 
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further influences the regional market equilibrium, since the industry composition varies among 

regions (and countries). Most consumers are also charged a multiplicative value-added tax, ωjr., which 

may vary by consumers7 over regions. 

 

When there is no regional constraint in the transmission network, the wholesale price is common 

among regions, Prsl = Psl. When there are no network constraints, no hydro storage capacity and 

generation capacity constraints, the market clears on one unit price across all regions, seasons and 

loads, such that Prsl = P. 

3.3. Solution of the model 
Trade between countries and regions happens to be limited by transmission capacity. Within one load 

block, trade is restricted to only one direction. Transmission networks further link all the Nordic 

countries to non-Nordic ‘third-party countries’. We assume that the load and season prices in the third-

party country follow the observed distribution, while the price level follows the primary energy cost in 

thermal plants. The transmission capacity between the Nordic countries and the third-party countries is 

limited and often binding when inflow drops. 

 

There is one unique equilibrium condition for each load block, where the power generation plus 

import must be greater or equal to the sum of domestic demand and export. Producers of hydropower 

maximize the value of water over periods, taking into account storage capacities, production 

capacities, regulation constraints and transmission constraints (Førsund, 2005). Producers of thermal 

plants aim to maximize marginal revenue net of taxes where the mark-up is endogenous, depending 

upon the difference between the normal and actual hydro reservoir level. 

4. Scenarios 
Inflow data shows that the 90 per cent confidence interval for inflow captures normal inflow ±  25 per 

cent (Figure 1). The very low inflow scenario is our focus. This General inflow shortage scenario has 

a 25 per cent inflow shortage compared to normal, evenly distributed over an inflow year. We 

compare this scenario to our 2002/03 scenario, which is based on the actual inflow in 2002 and 2003, 

i.e., an inflow 48 per cent above normal during the spring of 2002, and 60 per cent less than normal in 

the autumn of 2002 and an inflow 7 per cent below normal during 2003. Our Reference scenario is the 

normal inflow scenario. 

                                                      
7 In Norway, manufacturing industry is exempted. 
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We model three seasons, Winter 1 (winter/spring), Summer, Winter 2 (autumn/early winter). We 

simulate the model for the two years Year 1 and Year 2. The inflow shortages occur in Year 1, while 

the intertemporal water disposal influences the market adjustments both years. Inflow in Year 1 also 

depends upon precipitation in the year before, Year 0. The most important periods with respect to 

inflow are summer melting and rainfall during the autumn. Summer melting in Year 1 depends upon 

snowfall in the two previous seasons, Winter 2 in Year 0, and Winter 1 in Year 1. Hence, in the 

General inflow shortage scenario, we assume that precipitation in all seasons in Year 1, and in Winter 

2, Year 0 is 25 per cent lower than normal. In the 2002/03 scenario, precipitation is higher in Winter 2, 

Year 0, in line with observations. We assume normal precipitation in Year 2 in both scenarios, but 

reservoir levels turn out to be significantly lower than in a normal year, due to catching up. This keeps 

market prices high, while producers build up the reservoirs. This General inflow shortage scenario is a 

2 per cent probability scenario (Figure 5). A 20 per cent evenly distributed inflow shortage is close to 

a 3 per cent probability. 

 

Hydropower producers maximize the value of water over all loads and seasons, based on predictions 

about future inflows. In all scenarios, we assume normal inflow predictions at any time, while historic 

inflow, accumulation of snow and reservoir capacity at present is well known. Hence, inflow shortage 

to the reservoirs affects the value of water, both presently and in the future. 

 

Higher prices reduce demand and storage levels eventually return to normal. Based on the 2002/03 

experience, we assume that approximately 40 per cent of the inflow loss is made up in the market 

during the following year. Catching up then implies a back to near-normal storage level in 

approximately three years. Accordingly, we assume a catching up of 80 per cent of the excess inflow 

in the two first seasons of the 2002/03 scenario, which is a disproportionate share due to the risk of 

overflow. 

 

Table 1 summarizes the inflow scenario assumptions in the inflow shortage year, Year 1. A 25 per cent 

continuous shortage and normal inflow expectations in Winter 1 imply a 12.5 per cent expected 

average reduction over the season. The market takes into account that a lower than normal snowfall 

during Winter 2 in Year 0 and Winter 1 in Year 1 reduces future melting in the summer season. The 

average expected annual inflow reduction compared to a normal year is at this stage only 10 per cent. 

In Summer, the expected annual accumulated shortage has increased to 18 per cent, and to 23 per cent 

in the last season. Due to production adjustments, reservoir filling is lower than normal at the 

beginning of Year 2. 
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Table 1. Divergence compared to normal, per cent, Year 1 

 Winter 1 Summer Winter 2 

The General inflow shortage scenario   

Inflow from last year’s snow: –25  

Actual divergence in precipitation this season –25 –25 –25 
Average anticipated divergence in inflow this season   –12.5 –21   –12.5 
Expected inflow divergence over the entire year –10 –18 –23 

The 2002/03 scenario   

Inflow from 2001 snow: 28  

Actual divergence in precipitation this season 48 –2 –59 
Average anticipated divergence in inflow this season 24 13 –29 
Expected inflow divergence over 2002 15 14 –1 

 

In line with historical experience, precipitation in Winter 1 is far higher than normal in the 2002/03 

scenario, at 48 per cent. Through the autumn, the precipitation shortage is significant. Then, the 

market adjusts slowly towards normal reservoir levels in the next year, Year 2 (corresponding to 

2003). 

 

While stochastic inflow influences the supply side, stochastic temperature variation influences the 

demand side. We assume normal temperatures in all scenarios, however, we comment on the 

importance of the observed temperature variation in the 2002/03 scenario. 

4.1. Results 
The model simulations indicate that severe market shocks in terms of price increases and production 

and consumption adjustments are likely to occur in the future in a deregulated Nordic power market 

regime. In the General inflow shortage scenario, the simulated price increases are far above the 

2002/03 scenario, and the corresponding demand response significantly stronger. Imports from 

thermal plants in both common Nordic market and third-party countries helps by levelling off the 

effects. 

 

Still, the price increase is by no means preposterous. On average, the annual price increase 

corresponds approximately to the experienced average production cost increase in gas power 

production observed when gas input prices increase from 0.6 to 2.0 NOK/Sm3 from 2004 to 2006. 
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4.1.1. Low reservoirs 

Figure 8 shows the simulated reservoir levels in a normal year8 and for both the 2002/03 and for the 

case of a 25 per cent overall reduction. Due to high precipitation at the beginning of the year, the 

simulated reservoir level at the beginning of the summer of 2002 is 7 per cent higher than normal in 

the 2002/03 scenario. The reservoir level decreases rapidly during the dry summer and autumn. 

 

In the General inflow shortage scenario, the difference to normal increases steadily all through Year 1. 

Despite a significantly lower inflow in the General inflow shortage scenario, the reservoir level is 

about the same in the two shortage scenarios at the beginning of Year 2. This follows from a 

combination of four elements in the 2002/03 scenario: i) inflow is higher in the spring and the 

expectations about the autumn are normal, thus production in the spring and the summer are higher to 

avoid overflow with the autumn rains, ii) a significant fall in autumn inflow, iii) the average inflow 

expectation during the autumn is much higher than realized, hence prices are higher, and a higher 

production level follows, and iv) lower snow melting due to a deeper fall in precipitation in the last 

season in Year 1. 

 

                                                      
8 A normal year is the average annual inflow to the existing reservoirs calculated over a 30-year period. The average annual 
inflow is 119 TWh. 1 USD = 6.2 NOK. 
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Figure 8. Reservoir levels at the beginning of each period, TWh. Three scenarios 
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4.1.2. Significantly higher prices than in 2002 and 2003 

Figure 9 shows the average seasonal prices in the three scenarios. In Year 1 in the 2002/03 scenario, 

prices are below normal (the Reference scenario) due to the higher than normal spring inflow. Then 

prices rise towards the peak in the winter and end up being more than 50 per cent higher than normal, 

30 Nøre/kWh. In the General shortage scenario, prices start to increase in the first season and peak at 

about 40 Nøre/KWh as a seasonal average in Winter 1 in Year 2, i.e., 100 per cent above the normal, 

and 35 per cent above the 2002/03 peak level. While the price increase is sudden in the 2002/03 

scenario, the price increase in the General inflow shortage scenario is more even, which follows the 

smooth strengthening of the inflow constraint and partial market tightening. When precipitation and 

inflow return to normal, the prices in the two scenarios approach, but still remain at approximately 50 

per cent above the normal level. The slight price increase in the Reference scenario is due to a general 

tightening of the market as demand increase and fewer investments add to production capacity. 
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Figure 9. Prices, Nøre1)/KWh. Three scenarios 
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As shown in Figure 6, average actual prices quadrupled and reached 80 Nøre/KWh in most of the 

Norwegian market during late winter 2002 and early winter 2003. Certainly, this attracted attention 

from the market, politicians and the public. However, such peaks were few, and the average level 

through the winter was significantly lower at around 35 Nøre/KWh. Prices fell somewhat from late 

2002 throughout 2003, however, the average 2002 price was almost normal (i.e., slightly above 20 

Nøre/KWh), while the average price in 2003 was slightly below 30 Nøre/KWh. Even though the 

power price increase was limited, the purchaser price and cost increase was large for some consumers, 

since power firms increased the mark-up for different contracts for a period of time. 

 

The actual observed price variation was some 5 Nøre/KWh larger in 2002/03 than that captured by our 

model simulations. One reason is that the autumn and late winter of 2002 was relatively colder,9 while 

the summer was relatively warmer. Temperature variation then contributed to lower prices during the 

summer of 2002, and to increased prices the following winter. Figure 10 depicts simulated prices with 

                                                      
9 The temperature was assumed to be normal in our simulations because of comparison to the general inflow shortage 
scenario. 
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the same inflow assumptions as in the 2002/03 scenario, but at actual temperatures, compared to the 

2002/03 scenario, based on normal temperatures. The simulated temperature effect increases the price 

by 15 per cent at the most, i.e., a level comparable to the actual observed average for the season. 

 

Figure 10.  Prices given observed temperatures in 2002 and 2003, compared to the 2002/03 
scenario and the Reference scenario with normal temperatures, Nøre/KWh 
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In Figure 11, we compare the simulated price for 2002/03 at observed temperature and the General 

inflow shortage scenario with observed prices in the shortage years 2002/03 and 1996/97. In 1996, the 

shortage was 20 per cent, with two dry seasons, while the inflow in the last season was above normal. 
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Figure 11. Observed and simulated prices, different inflow scenarios, Nøre/KWh 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

W1-Year1 S-Year1 W2-Year1 W1-Year2 S-Year2 W2-Year2

General inflow shortage scenario

2002/03 observed

1996/97 observed

2002/03 scenario
(observed temperetures)

 

 

The model captures the main developments in observed prices during both 2002/03 and 1996. There 

are some discrepancies in the development pattern of the observed and simulated price movements in 

late Year 2 of the 2002/03 events. Average prices over the year are comparable, but the simulated 

fluctuation leads compared to the observed. The model appears to react faster to sharp short-term 

changes in inflow than the actual market. One possible factor may an overestimation of the mark-up in 

thermal capacities when inflow changes rapidly. We tested for a non-linear mark-up element, but a 

square and cubic element turned out to be insignificant (Bye and Hansen, 2006). 

 

In 1996, the inflow shortages in the first two seasons were approximately 30 per cent, i.e., almost 

comparable to our general shortage scenario, and prices are also almost comparable. In autumn 1996, 

inflow was approximately 10 per cent higher than normal, i.e., prices started to fall and continued to 

fall in 1997 when inflow to the system was 15 per cent higher than normal in the first seasons. In our 

General shortage scenario, prices continued to increase until inflow turned normal in year 2. The 

sharp decrease in prices in the autumn of 1996 and in 1997 could be due to the earlier excess capacity, 

as explained in Chapter 2. 
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4.1.3. Production drops as precipitation fails 

In the 2002/03 scenario, production increases in line with the increase in inflow in Winter 1 in the 

beginning of the simulation (Figure 12). As accumulated snow, and hence melting during summer, is 

higher, production remains relatively high. If this were not the case, producers could face overflow if 

rainfall was at or above normal through the autumn rains. A low inflow during the autumn of 2002 

results in increasing deviation in production towards the next spring. 

 

Figure 12. Changes in Norwegian hydro power production, per cent 
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In the General inflow shortage scenario, production starts out slightly lower than normal. Even though 

the realized inflow shortage is 25 per cent in Winter 1, the average annual expectation is only 10 per 

cent lower than normal (Table 1). Hence, production is only reduced at the margin at the beginning of 

the year. As the inflow loss accumulates over the seasons, production is reduced more drastically. In 

Summer, the accumulated snow was 25 per cent lower than normal, and the expected annual shortage 

18 per cent, and up to 23 per cent during the Winter 2. Still, the reduction in production at the end of 

Year 1 levels out at 15 per cent, which is a much lower reduction than the fall in inflow. This 

contributes to keeping prices relatively low during this period. 
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In the second year, precipitation regains in both scenarios, but the reservoir levels drain due to lack of 

snow melting. Hence, production is withheld, and remains 10–15 per cent lower for the two first 

seasons. 

4.1.4. Trade in the common Nordic market levels off the effects 

The market compensates for lower inflows by substitution on the supply side and the reduction in 

demand, both following increasing power prices. Figure 13 depicts the supply-side substitution. 

 

In the high inflow period during the first seasons in Year 1 in the 2002/03 scenario, thermal plants in 

the Nordic and third-party area deliver less electricity than normal to the Nordic area. This switches 

around during autumn, and thermal plants assist when inflow fails. This continues throughout Year 2, 

i.e., thermal plants and imports to the hydro-dominated countries in Norway and to a lesser degree 

Sweden, help fill the reservoirs. In the General inflow shortage scenario, thermal production exceeds 

normal for all periods, mostly when accumulated inflow shortage hits the turning point during Summer 

and Winter 2 in Year 1. 

 

Figure 13. Changes in Nordic power supply, TWh 
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In both instances, substitution on the supply side only partly compensates for the inflow shortages. 

Increasing the marginal cost of short-term capacity utilization marks up thermal capacity, and 

transmission constraints increase electricity prices and reduce demand. Besides, the median reservoir 

filling varies between a high 90 per cent during the autumn rainfall to a low 35 per cent during the 

spring before melting starts. The ‘absolute’ low level sufficient for regulation rules is 8–10 per cent, 

according to the transmission system operator in Norway. In 2002/03, the low filling hit 18 per cent, as 

the high prices made it profitable to run a lower minimum reservoir level. As prices are higher in the 

General inflow shortage scenario, it is profitable to run even lower. 

4.1.5. The Norwegian market is most exposed, and demand most flexible 

Among the Nordic countries, Norway is the most vulnerable to inflow shortage. Virtually 100 per cent 

of supply is based on hydropower capacity. Norwegian hydropower capacity constitutes 60 per cent of 

the total hydropower capacity in the region. Regardless, less than half of the thermal-based increase in 

the Nordic market is consumed in Norway in the two scenarios. This reflects the fact that with some 

loads, Norway will export, while with other loads, transmission constraints will not allow further 

imports. One important explanatory factor may also be differences in demand elasticities among 

countries. According to Bye and Hansen (2006), demand flexibility is higher in Norway than in other 

Nordic countries. This reflects both technical substitution and the composition of price contracts (both 

fixed and spot). We also note that in the excess inflow situation in Winter 1 in the 2002/03 scenario, 

only half of the increased inflow generates electricity exports. The rest was consumed domestically. 
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Figure 14. Net export of power to Norway, TWh 
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Figure 15 shows the demand responses relative to the Reference scenario in the two inflow shortage 

scenarios. In 2002/03 scenario, demand increases at the beginning of Year 1, due to high inflow and 

decreasing prices, while it starts falling through the autumn and winter, mirroring the increasing prices 

during the autumn. In the General inflow shortage scenario, demand falls slightly already in summer, 

due to the steady fall in precipitation that led to increasing prices. While demand picks up rather 

quickly after precipitation returns to normal in the General inflow shortage scenario, it continues to 

fall in the 2002/03 scenario. Both scenarios eventually approach each other since the scenario prices 

also approach each other. 
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Figure 15. Changes in demand compared to reference, per cent 
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5. Summary 
Only one or two decades ago, power markets around the world were regulated. Regulation involved 

excess capacity in economic terms: a high level of energy supply security funded low rates of return. 

This turned out to be costly, and investment in production capacity did not follow increases in 

demand. This continued long after power markets were deregulated. 

 

Many power markets are volatile with respect to supply, because of a higher reliance on hydropower 

capacity. Decreasing investment in new capacity has increased vulnerability, and questions have been 

raised about the security of supply in deregulated power markets. Hydropower constitutes some 55 per 

cent of total supply capacity in the Nordic market. In 2002, the Nordic power market faced an 

extraordinary short-term shortage of inflow to the hydro reservoirs. The inflow shortage severely 

impacted upon prices, which escalated for a short period in 2002/03. This increased the focus on 

security of supply issues, market failures and questions about deregulated markets and sufficient 

investment in new capacity. 
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The 2002/03 autumn inflow shortages were a 0.5 probability incident in stochastic inflow measures. 

The inflow over the last three months was 60 per cent below the normal. However, measured in annual 

averages, the inflow shortage was only 6 per cent. A 90 per cent confidence interval for inflow 

variation captures annual variations of 25±  per cent inflow compared to normal, i.e., the market may 

face more severe inflow shortages than the one experienced in 2002/03. As late as 1996, the annual 

inflow was 20 per cent below normal, but at that time, excess capacity existed, and the deregulated 

market was immature. In this paper, we analysed possible market consequences from a general inflow 

shortage of 25 per cent in a fully deregulated and mature market with no normal excess capacity, and 

compared this scenario with a simulated scenario of the 2002/03 event, which offers comparable 

results. 

 

Although the inflow shortage in our general inflow shortage scenario is more severe than the inflow 

shortage in 2002/03, equilibrium prices show a modest increase compared to that event. The reasons 

are threefold. When shortages in inflow are evenly distributed, the market adjusts over a longer period, 

both with respect to substitution on the supply side and the demand responses, while the allocation of 

water helps level the effects. The 2002/03 event had some special characteristics that made 

adjustments slower and more difficult to overcome: a high level of reservoir filling with increasing 

prices just before the shortage period called for a high production level, and the shortage took place 

just before the heating season, occurred very fast and was very large in a short-term context. 

 

The Nordic power market, connected to a third-party country market by transmission lines, is 

relatively flexible with respect to the substitution between hydropower and thermal capacity. Even 

though there is increasing marginal cost in capacity utilization in the thermal system, and large inflow 

shortages may cause capacity constraints, the price effects must be characterized as modest, as they 

are assisted by adjustments in demand. It is likely that when a deregulated market is challenged by 

inflow shortages, the short-term price increases, along with changed expectations, may enhance the 

profitability of new investment in production capacity and demand flexibility. Thus, in the future, the 

flexibility in the system may increase due to the 2002/03 event and focus on the inflow variation. 
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