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Abstract 

The rapid growth of wind and solar power has been a major driver for decarbonisation worldwide. 

They tend to reduce wholesale electricity prices, both the time-weighted average (the merit-order 

effect) and their own output-weighted average (price cannibalisation).  Whilst these effects have been 

widely observed, most previous studies focus on single countries.  Here, we compare 37 electricity 

markets across Europe, North America, Australia and Japan and explore variations between them. 

Merit-order and cannibalisation effects are observed in nearly all countries studied. However, only in 

Germany, Spain, Poland, Portugal, Denmark and California can renewable output explain more than 

10% of variation in wholesale electricity prices. The global average merit-order effect is €0.68±€0.54 

/MWh per percentage point increase in variable renewable energy penetration, and this falls with 

higher penetration. Revenues captured by wind farms decrease by 0.23% (€0.16 /MWh) for each 

percentage point increase of wind penetration and by 1.94% (€0.90 /MWh) for solar PV. 
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Highlights 

• Merit-order and cannibalisation effects explored globally with a consistent method. 

• 165 years of data covering 37 markets allows for international comparison 

• The merit-order effect is less pronounced in countries with higher VRE penetration. 

• The explanatory power of renewables on electricity prices is still low. 

• The market value of solar PV falls much more rapidly than for wind. 

Context & Scale 

Renewables are rapidly becoming the cheapest form of electricity generation across the world. 

However, moving beyond government-backed subsidy mechanisms towards ‘full merchant’ projects 

will require wind and solar projects to recover their costs from volatile electricity markets. The 

revenues available over the multi-decade lifetime of a project are uncertain, in part because renewable 

output depresses wholesale power prices and cannibalises the project’s revenue.  We go beyond 

single-country studies to explore this across 37 electricity markets. We quantify the impact that 

renewables have on overall power prices and their own revenue streams using a consistent 

methodology. We find general relationships between penetration levels and the size of these impacts, 

enabling our conclusions to be extrapolated into other markets with a degree of confidence.  These 

insights will aid policymakers, investors and developers in overcoming the challenges that await 

merchant wind and solar farms. 
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Introduction 

Global efforts to mitigate climate change and meet the 2015 Paris Agreement goals largely rely on 

decarbonising electricity supply by increasing the share of renewable generation 1. Variable renewable 

energy (VRE) sources, especially wind and solar, have seen rapid uptake around the world 2 and 

installed capacity is expected to further grow by 50% over the next five years 3.  VRE accounted for 

10% of global electricity consumption in the first half of 2020 4, but VRE penetration differs 5 

substantially around the world, ranging from supplying over half of demand in Denmark and parts of 

Australia to just 1% in Switzerland (Figure 1). 

 

Figure 1. Share of electricity generated by wind and solar PV across 37 markets.  Bars show the annual 

average share per technology, with combined height indicating the total VRE penetration in energy 10 

terms. Two-digit numbers indicate years (from 2010 to 2019).  Abbreviations: Cali. California; AUS 

Australia; Tas Tasmania; NSW New South Wales; QLD Queensland. Compiled from data sources listed 

in Supplementary Material. 

 

The increasing share of VRE has profound effects on electricity markets as they produce electricity at 15 

(close to) zero marginal costs. The associated cost for energy production is almost entirely attributed 

to construction of the generator (capex). This contrasts with fossil-fuelled generators, whose running 

costs (opex) dominate, due to fuel and emissions 5. Renewables act as price takers as their production 

cost will (almost) always be below market prices. This means that adding renewables to the energy 
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system depresses wholesale prices as conventional generation with higher marginal cost is displaced. 20 

This effective shift of the supply curve to the right is termed the ‘merit-order effect’ 6. Displacing 

conventional generation also reduces the average price (capture value or market capture price) that 

VRE generators receive on the market (weighted by their own output), an effect referred to as ‘market 

cannibalisation’ 7.  

These effects can be observed directly in market price data, for example in Figure 2. The wholesale 25 

electricity price over 2019 is shown as a function of load net of wind and solar generation (residual 

demand) for six regions. Corresponding figures for all markets studied are given in Supplementary 

Figure 2. As is to be expected, the data show a positive correlation between net load and electricity 

price. The clear patterns visible for example in South Australia and Germany correspond to negative 

correlations between electricity price and VRE penetration, demonstrating the merit-order effect. The 30 

shape of the scatter plots and the distribution of VRE-coloured points showcases how different 

markets react to the existence or absence of VRE production at any given point in time. Differences in 

these reactions motivate further research into the topic.  
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Figure 2. Day-ahead electricity prices plotted against net load for selected markets.  Net load is 

defined as load minus output from wind and solar PV. It can turn negative when a region produces 

more from VRE than its total consumption.  The colour of each data point corresponds to instantaneous 

VRE penetration (in terms of energy produced); the lighter the colour, the higher the VRE penetration. 

The vertical axis is fixed across all panels to highlight the bulk trend, so some high price periods are not 40 

shown. Alternative versions showing the full price range are given in Supplementary Figure 1 and plots 

for all countries can be found in Supplementary Figure 2. 

 

Merit-order effect and price cannibalisation effects have implications not only for renewable energy 

suppliers but also energy policy and the prospects of successful decarbonisation of energy systems. 45 

The merit-order effect has been discussed widely in the literature 8–15, but never in this breadth. The 

issue of price cannibalisation of renewables has arisen more recently, as wind and solar have started 

turning towards a “full merchant” market model in which no subsidies are paid 16. The analysis of the 

merit-order effect and price cannibalisation has so far been limited to individual (or small numbers of) 

power systems, and to relatively short time periods. New insights could be gained from a long-term, 50 

international comparison of these factors, but such an analysis does not exist to the best of our 

knowledge.  
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In this paper we set out to understand the correlation between wholesale power prices and wind and 

solar penetration, to study the merit-order and price cannibalisation effects and to identify the extent 

to which wind and solar penetration can explain power prices. We address this knowledge gap by 55 

investigating the effect of VRE penetration on power prices in 37 electricity markets around the world 

over the longest possible timespan based on available data (between 2 and 10 years), giving 165 

market-years in total. We quantify the merit-order-effect and price cannibalisation effects, and 

measure the relative importance of parameters, such as time-of-day, renewables penetration, and 

demand, that have influence on price changes. We employ a Shapley regression to determine which 60 

of these elements are dominant, an approach that has never been used before in this context. 

Assessing a large variety of energy markets with a consistent method allows new conclusions to be 

drawn from the results. For example, we can establish a functional relationship between renewables 

penetration and the capture price that VRE can realise and explore the implications of this trend. Our 

rich data set allows us to generalise the effects, which in turn can be applied to countries that are not 65 

represented in this data set. This can be important, for example in valuing auction results for wind and 

solar in power systems without functioning markets or those that lack price transparency. 

Background 

Electricity markets and the merit order 

While power markets vary in the levels of competition and centralised control, the basic operating 70 

principles in liberalised electricity markets around the world broadly fit the idealised description that 

follows. Electricity produced by generators is bought by retailers (normally utility companies) at the 

wholesale price and distributed to their customers. The spot price of electricity is determined at the 

wholesale market and differs hour by hour. Each power plant operator has a quantity of electricity it 

can provide at any specific time and at a minimum unit price it can accept. In a competitive market, 75 

the price bids tend to correspond to marginal costs of generation, which vary for example according 

to the type of technology and the price of the required fuel 17. 

Ordering bids by ascending electricity price yields the inverse supply curve of electricity, called the 

“merit-order curve” 18. Since the buyers of electricity can generally be assumed to choose the cheapest 

provider, the wholesale price is given by the intersection of the merit-order curve and the demand 80 

curve for electricity. Regardless of the specific market regulations, an effective merit-order curve 

formed by the economic behaviour of buyers and sellers favours the producers with the lowest 

marginal costs of generation. Where a non-negligible share of the total demand for electricity is 

supplied by VRE, whilst all else being equal, economic theory predicts lower electricity spot prices 

when the weather is sunny or windy 19. 85 
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The decreases in wholesale prices may not be felt by individual consumers, as the price they pay for 

electricity is influenced not only by the wholesale price but also by taxes and any additional charges 

imposed by energy suppliers. Hence, consumers may see a distributive income effect from individual 

citizens, who pay for RES support in taxes but do not necessarily feel the benefit of the falling wholesale 

price, to energy-intensive industries that pay the wholesale price for their electricity without 90 

contributing to support schemes 20.  

In contrast, all generators may experience falling revenues and profits as a result of the merit-order 

effect reducing prices.  In the longer term, some could respond by exiting the industry, thus reducing 

installed capacity 21. Understanding the magnitude and development of the merit-order effect is 

therefore crucial for creating policies that efficiently support global and national decarbonisation 95 

targets without unfairly disadvantaging any stakeholders.  This has multiple potential implications for 

the future of VRE development, for example through the design of support policies. 

Capture value and revenue cannibalisation 

The merit-order effect implies prices are most strongly depressed during times of high VRE output.  

Over sufficiently small geographic areas, VRE generation is largely simultaneous, and so the prices 100 

received by VRE generators (and thus their revenues and profits) will therefore be more strongly 

affected than for other generators.  This effect further intensifies as more VRE is added to the market, 

which gives rise to the term that VRE ‘cannibalises’ its own revenues 7. This is also described as the 

‘capture-value’ effect, referring to the ratio of the average price received by VRE (weighted by their 

output) relative to the average market price (i.e. the value they capture). 105 

Merit-order effect and market value of VRE in the literature 

Methods for studying the merit-order effect can be divided into two broad categories: energy 

modelling, and analysis of historical time-series data 9. The first approach relies on mathematical 

modelling of electricity markets and while it allows the study of long time scales and future scenarios 

results are ultimately a reflection of the modeller’s assumptions and calibration 20. The second 110 

approach examines the historical development of electricity prices and their determinants using 

regression analysis. Data availability has constrained this method to studying short-term effects within 

individual regions 20. Nevertheless, it yields results based on historical evidence instead of assumptions 

about counterfactuals. Hence, this “ex post” method is used in this study. 

Numerous regression modelling studies have used historical electricity market data to show that VRE 115 

generation depresses wholesale electricity prices. The methodology has frequently been applied to 

data from Germany, for example by  Ketterer 22, Paschen 23, Zipp 10, Benhmad and Percebois 24 and de 

Lagarde and Lantz 19. Similar results confirming the merit-order effect are derived from historical data 
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for other European countries, such as Denmark 25, Spain 8,14,26, Portugal 27, Ireland 28,29, Italy 30, Great 

Britain 31 and the Baltic states 32. Outside of Europe, the analysis has been applied to e.g. Australia 11,33, 120 

Canada 34,35, Massachusetts 36 and Texas 12,37.  

The diversity of regression methods used across these single-country studies confounds efforts to 

explain the range of magnitudes observed for the merit-order effect and to draw general conclusions 

9. Only one study performs a cross-country comparison: Welisch, Ortner and Resch 38 examines, and 

finds evidence for, the merit-order effect in eight European countries with relatively high renewable 125 

generation in the period between 2009 and 2014. Hirth 39 carries out an ex-post modelling study for 

Germany and Sweden, using factor decomposition, to estimate the contribution of different variables 

to decreasing spot prices and finds increased VRE generation to be an important price-determining 

factor in both countries,  

Only a handful of studies have assessed the declining market value of VRE due to price cannibalisation. 130 

Hirth modelled the future market values of wind and solar using a power market model for 5 European 

countries 40, showing the effect is stronger for solar than for wind. More recently, López Prol, Steininger 

and Zilberman 7 examined California’s market empirically, finding the market value factor stayed 

constant for wind and fell for solar. Pham and Lemoine 41 have discussed the market value in Germany, 

but relative to merit-order effect studies, this topic is still more typically the preserve of industry than 135 

of academics, e.g. Ciancibello 42. 
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Results 

Predictors of wholesale power prices 

The strength of the correlation between renewables penetration and power price varies between 140 

countries. For most countries, price correlates with net load and the highest levels of VRE penetration 

tends to occur when the prices are the lowest. For example, Germany and Spain both show a similar 

correlation trend. South Australia is exceptional in that there is no clear correlation between price and 

load. Key statistics for the regressions are reported for each country over the studied time period in 

Table 1. The number of observations varies based on the resolution and time period of data available. 145 

The adjusted R2 for the multiple regression range from 0.73 for Germany down to 0.07 for New South 

Wales (Australia). In the latter, extreme price spikes of up to €9,700 /MWh (cf. a median of €50 /MWh) 

strongly influence the correlation. 

There are strong differences between markets in the extent to which price variations are explained by 

standard model variables: VRE penetration, load, seasonality, time of day, and year (see Experimental 150 

Procedures). The year variable aims to broadly capture the effects of changes to fuel prices and 

conventional capacity. Markets that can be explained best with the full multiple regression model, 

such as Germany, Spain, Norway, Poland and Romania, have an R2 of 0.65-0.75. All the Australian 

markets and ERCOT have low R2 of 0.07-0.14, which is likely linked to their market designs, which allow 

(and have produced) very high prices in scarcity conditions.  Compared to other European countries, 155 

Germany and Spain stand out when it comes to the mechanics of price determination under a growing 

share of VRE. Their price variations are strongly dominated by the VRE penetration, and are the most 

predictable across all markets. These markets can follow VRE better due to substantial flexibility in 

their electricity supply due pumped-hydro storage and, in Germany’s case, interconnection.  

Figure 3 depicts the results of Shapley regressions, which represent the relative importance of load, 160 

VRE penetration and the time variables (year, month, day, hour) in predicting wholesale electricity 

price in each market over the period studied. The variable “other” represents the price variation that 

is not explained by any of the variables used in the regression model of this study. 
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Table 1. Regression coefficients from the ordinary least-squares estimation of wholesale electricity 165 

prices as function of VRE penetration and load. Model formulation is given in Experimental Procedures, 

equation (2). The regression coefficients are measured in €/MWh per percentage point increase in VRE 

energy penetration, and €/MWh per GW increase in load.  Standard errors of regression coefficients are in 

parentheses. The table also includes the number of observation and the adjusted R2 of the model for each 

country. Because of the large sample sizes, p-values < 0.001 for all nearly all regression variables, so they 170 

have been omitted. The exceptions are the VRE penetrations of Queensland (QLD), South Australia, and 

Victoria, for which the p-values are 0.137, 0.001, and 0.005, respectively. 

Country / Market 
Regression coefficient  
for VRE penetration  

Regression coefficient  
for load 

Number of 
observations 

Adjusted 
R2 

Australia: NSW -0.673 (0.158) 23.501 (0.767) 25,851 0.065 

Australia: QLD -0.280 (0.188) 46.220 (1.740) 25,847 0.068 

South Australia -0.130 (0.041) 193.069 (5.637) 25,851 0.073 

Australia: Tasmania -0.579 (0.035) 46.233 (3.640) 25,849 0.142 

Australia: Victoria -0.363 (0.130) 62.734 (1.840) 25,850 0.066 

Austria -0.204 (0.006) 8.738 (0.098) 43,407 0.528 

Belgium -0.638 (0.014) 11.029 (0.144) 41,103 0.478 

Bulgaria -0.747 (0.038) 16.906 (0.429) 26,184 0.266 

Canada: Ontario -0.877 (0.024) 5.096 (0.108) 26,276 0.245 

Switzerland -2.753 (0.090) 5.450 (0.115) 34,943 0.619 

Czech Republic -0.888 (0.026) 10.333 (0.142) 22,798 0.576 

Germany -0.631 (0.002) 0.916 (0.008) 69,966 0.733 

Denmark -0.157 (0.001) 7.564 (0.159) 43,804 0.627 

Estonia -0.271 (0.008) 51.590 (0.697) 43,524 0.562 

Spain -0.568 (0.003) 1.366 (0.018) 43,757 0.705 

Finland -0.590 (0.013) 6.522 (0.080) 43,719 0.575 

France -1.018 (0.016) 1.417 (0.012) 43,587 0.628 

Great Britain -0.482 (0.004) 1.761 (0.013) 175,255 0.451 

Greece -0.370 (0.006) 3.459 (0.079) 39,408 0.559 

Hungary -1.120 (0.056) 20.064 (0.254) 23,757 0.609 

Ireland -0.302 (0.004) 16.853 (0.357) 42,961 0.475 

Italy -0.389 (0.009) 1.330 (0.016) 34,909 0.636 

Japan -0.794 (0.022) 1.993 (0.015) 34,651 0.590 

Lithuania -0.251 (0.007) 37.387 (0.666) 42,729 0.501 

Latvia -1.095 (0.035) 63.176 (0.977) 43,698 0.513 

Netherlands -0.385 (0.006) 4.018 (0.044) 40,902 0.633 

Norway -0.957 (0.025) 1.093 (0.029) 43,203 0.670 

Poland -0.598 (0.011) 2.957 (0.045) 17,515 0.658 

Portugal -0.275 (0.002) 4.711 (0.099) 43,745 0.609 

Romania -0.610 (0.006) 13.039 (0.128) 43,269 0.657 

Sweden -0.302 (0.006) 2.011 (0.034) 43,610 0.582 

Slovakia -1.142 (0.063) 26.507 (0.420) 23,411 0.539 

US: Cali. (CAISO) -1.504 (0.022) 2.396 (0.033) 34,315 0.442 

US: Texas (ERCOT) -0.333 (0.026) 8.432 (0.174) 69,414 0.081 

US: Midwest (MISO) -0.346 (0.008) 0.550 (0.004) 25,076 0.631 

US: New York (NYISO) -0.191 (0.024) 4.131 (0.032) 34,421 0.559 

US: Mid-Atlantic (PJM) -0.351 (0.027) 0.713 (0.005) 33,863 0.588 
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Figure 3. Predictive power of renewables, load and time on power prices across 37 markets. Each bar 175 

represents the Shapley values of the variable renewable (VRE) share, load and time dummies in the OLS 

regression of wholesale electricity price for each country. The VRE share for each market in 2019 is 

shown on the right. 

 

In the markets for which the share of the “other” variable is high, the predictive power of the 180 

regression model used in this study is low. The clearest examples of this are ERCOT (US) and all five 

Australian regions studied. Across these markets, the maximum observed power price was 155–225 

times greater than the median price, compared to a ratio of 2–22 across the other markets studied.  If 

extreme price spikes are removed (e.g. by clipping to 25 times the median, or to the 99.9th percentile) 

then the explanatory power of the regression improves markedly. 185 

As could be expected, markets with higher wind and solar penetration have power prices which are 

more strongly influenced by wind and solar generation. However, regions such as South Australia, 

Tasmania and Great Britain have both high VRE penetration and low explanatory power from VRE. In 

Britain, electricity prices closely correlate with the price of natural gas, which tends to fulfil the peak 

demand 43, so this may be an important source of unexplained variation.   190 

The extent to which load and time variables are useful for predicting prices differs between countries. 

Load plays a large role in Norway, Finland, Slovakia, New York and the US Mid-Atlantic region (PJM), 
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suggesting that these regions have a steep merit-order curve. The effect of seasonality is high in 

Greece, Norway, Sweden and Switzerland, all of which have strong seasonal temperature variations 

and relatively high hydropower generation 44. 195 

Strength of the merit-order effect 

Figure 4 summarises the merit-order effect for each country, based on the regression of price against 

VRE penetration, load and seasonality. The merit-order effect is typically expressed in absolute terms: 

the change in price for a fixed increase in VRE output (e.g. €/MWh per GW of output).  However, we 

study power systems with very different scales, from an average load of 90 GW in the US PJM market 200 

down to less than 1 GW in Latvia and Estonia.  Adding a fixed amount of VRE in small systems will have 

a greater effect.  To harmonise for market size we present values in the units of €/MWh per 1 

percentage point (ppt.) change in the share of VRE in generation, which we refer to as the ‘relative 

merit-order effect’. The strength of the ‘absolute merit-order effect’ (€/MWh per GW of VRE output) 

is shown in Supplementary Figure 4. 205 

 

Figure 4. The annual average merit-order effect across 37 markets. Collectively the chart shows the 

coefficients from 165 regressions performed individually for each market and year. Two-digit numbers 

indicate years (from 2010 to 2019), and values for 2019 are highlighted with circles. Merit-order effect 

represented as the decrease in power prices for a 1 percentage point increase in share of electricity 210 

demand met by VRE. Countries and regions are ordered in decreasing order of VRE penetration. A 

comparable chart showing the absolute effect (change in price per GW of VRE output) is shown in 

Supplementary Figure 4. 
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The mean value of the relative merit-order effect across all regions in 2019 is €0.70±0.47 /MWh 215 

(median: €0.48 /MWh), which is similar to the long-term average across all years of 

€0.68±€0.54 /MWh (median: €0.50 /MWh). The absolute merit-order effect exhibits much larger 

uncertainty and is heavily skewed towards higher values (in smaller systems), with a mean of 

€13.52±27.31 /MWh (median: €4.52 /MWh). Germany is close to average for the relative merit-order 

effect, with a value of €0.63±0.07 /MWh.  A 1 percentage point increase in VRE corresponds to 0.55 220 

GW (as mean load is 55 GW), and so the absolute merit-order effect in Germany is €1.15 /MWh per 

GW of output.  

The strongest relative merit-order effects across all years are observed in 

Queensland, Australia (€3.92 /MWh), followed by Switzerland (€2.63 /MWh), New South Wales, 

Australia (€2.21 /MWh) and California, USA (€2.11 /MWh). These are closely followed by values in 225 

2019 from Victoria (Australia), Slovakia and Japan. None of these markets have a particularly large VRE 

penetration, with Victoria the highest at 17%, and two have a very low VRE penetration, with Slovakia 

around 2% and Switzerland below 1%.  These markets contain high penetrations of solar PV, averaging 

5% of electricity consumed versus 2% in all other markets; and PV supplies two-thirds of their VRE 

energy production, compared to one-sixth across other markets.  Given the lower productivity of solar 230 

PV compared to wind in most of the world, this suggests much greater capacity penetrations of solar 

PV than wind.  Since solar output is concentrated in higher-demand daytime hours, small amounts of 

solar generation displace the most expensive peaking generators, producing a strong merit order 

effect.  Larger amounts of PV output will shift the peak in net load and increasingly displace non-

peaking generators, weakening the merit order effect. 235 

The weakest relative merit-order effects were observed in the US state of Texas (ERCOT) at 

€0.08 /MWh followed by Denmark (€0.10 /MWh). Both markets have higher VRE penetrations (21% 

and 50% respectively), most of which comes from wind power.  Night-time wind output, in particular, 

coincides with times of lower (gross) electricity demand when the supply curve is relatively flat and 

reductions in net demand have less impact on prices than at peak times.  240 

These findings suggest that the relative merit-order effect is weaker in markets with higher VRE 

penetrations. Focusing on the eight markets with VRE penetration over 20% (South Australia, 

Denmark, Germany, Ireland, Portugal, Spain, Great Britain and ERCOT), the relative merit-order effect 

ranges from €0.08 to €0.89 /MWh, with a mean of €0.41±0.21 /MWh (median €0.44 /MWh). The other 

29 markets with less than 20% VRE penetration experience a stronger relative merit-order effect, 245 

averaging €0.79±0.60 /MWh (median: €0.61 /MWh). This reiterates that low VRE share systems find 

renewable output on the steep part of a supply curve whereas high VRE share systems do not. To 

illustrate this further, Figure 5 plots the strength of the relative merit-order effect against VRE 

penetration. 
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 250 

Figure 5. The relative merit-order effect across 37 markets as a function of VRE penetration. Each 

market is represented by a line showing the values for each year, with 2019 highlighted by a circle.  A 

log-log regression across all individual data points (markets and years) is shown by the black dotted 

line, with its standard error as a grey shaded area.  Countries are indicated by their two-letter ISO code, 

while sub-national markets are listed in parentheses and use the following abbreviations: SA South 255 

Australia; TX Texas (ERCOT); TA Tasmania; NS New South Wales; MI Mid-West (MISO); ON Ontario; CA 

California (CAISO); PJ PJM; NY New York (NYISO); QL Queensland.  

 

Figure 5 demonstrates a decreasing dependency between the magnitude of the relative merit-order 

effect and the penetration of wind and solar power. While there is substantial scatter across the years 260 

and markets considered, a trend can be identified. We chose a log-log fit for the data as it yielded 

slightly higher R2 of 0.25 (versus 0.18-0.21 for log-linear, power law and exponential alternatives) and 

it cannot fall below zero, which is appropriate given the meaning of the merit-order effect. While the 

uncertainty on this regression (shown as the shaded area) appears constant in absolute terms, it grows 

relative to the strength of the effect with increasing VRE penetration. 265 

 

Strength of the capture value effect 

Figure 6 shows the average wholesale electricity price weighted by output from wind and solar 

generators in each hour of the year. This is presented relative to the load-weighted average market 

price to normalise for fluctuations in market price over time and differences between countries. This 270 

metric is also expressed in absolute terms as the price discount that wind and solar farms experience 

(in €/MWh) in Supplementary Figure 5. 
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Figure 6: The annual average capture value of wind and solar power across 37 markets. Capture 

value represents the wind-weighted and solar-weighted average wholesale market price divided by the 275 

load-weighted average. Values in 2019 are highlighted with circles. Countries and regions are ordered 

in decreasing order of VRE penetration. A comparable chart showing the total price discount values for 

wind and solar in €/MWh can be found in Supplementary Figure 5. 

 

Figure 6 represents the price that would be ‘captured’ by VRE generators if they sold directly into the 280 

market as merchant projects. As many projects sell to government-backed schemes for a fixed price, 

it is better thought of as the ‘value’ captured, as it indicates what the VRE produced is worth to society, 

ignoring any integration costs not reflected in market prices. 

The capture-value effect of wind proves to be reasonably consistent over time and across most 

countries, averaging 91.1±5.4% (median: 92.4%). This corresponds to an absolute price discount of 285 

€3.82±2.61 /MWh (median: €3.29), given in Supplementary Figure 5. Values range from 102% (i.e. 

wind farms earning 2% above average) in Ontario, Canada down to 65% (i.e. 35% below average) in 

ERCOT, US. This value from 2019 in ERCOT resulted in wind farms earning €13 /MWh below the 

average market price; however, this is a notable outlier as the second and third smallest values are 

74% in South Australia and 78% in Germany. ERCOT’s results appear to be driven by price spikes in 290 

August and September that coincided with relatively low wind output, exacerbated by the limited 

interconnection between Texas and surrounding markets.  Texas also suffers from a strong anti-

correlation between load and wind generation over both daily and annual cycles, with less wind output 
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(on average) during the summer days when demand is highest. This relationship will differ around the 

world, as it is driven by climatic and societal influences. 295 

The average value across 2019 was 90.9±6.6% (median: 92.4%), indicating stability over time.  This 

increases and narrows slightly to 91.6±5.0% with ERCOT excluded. For the more advanced markets 

with >20% VRE penetration, the average capture value for wind is 87.5±6.8% across all years.  This is 

slightly lower than the average across all markets, although not with statistical significance, supporting 

the hypothesis that capture values for wind are relatively stable. 300 

For solar, capture values are generally higher but with greater variation between countries, and a 

strong decline over time. The average value is 98.8±10.7% (median: 97.4%) across all years and fell to 

95.1±13.7% (median: 92.9%) in 2019. This indicates that capture values are declining with increasing 

solar shares. This is especially relevant for markets with >20% VRE penetration and can be observed 

for Denmark, Germany, Great Britain, California and all of Australia. The absolute price discounts are 305 

somewhat moderate though, averaging €0.88±4.13 /MWh across all countries and years, and 

€2.52±5.67 in 2019 (see Supplementary Figure 5).  The generally high initial values are driven by the 

correlation between daytime solar output and gross demand, particularly in summer-peaking systems 

with large air conditioning loads.  This means that the merit-order effect is concentrated into fewer 

hours than for wind generation, and so capture values tend to decline more strongly for solar power 310 

than for wind.  

Figure 7 demonstrates the relationship between penetration and capture value for both wind and solar 

generators. The average price received by solar farms decreases by 1.94%, or €0.90 /MWh per 

percentage point increase in solar penetration. This contrasts to wind, where capture value falls much 

less by only 0.23% (€0.14) for each extra percent of electricity supplied by wind. 315 
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Figure 7. Average capture value and wholesale price discount for wind and solar power across 37 

markets. Top panels show the average price captured by solar (top left) and wind (top right) relative 

to the demand-weighted average wholesale electricity price in each market, against the respective 

penetration levels. Bottom panels show the absolute price discount, defined as the difference between 320 

VRE-weighted and demand-weighted price, for solar (bottom left) and wind (bottom right) against 

penetration levels.  Two markets are omitted on the solar charts to preserve visibility: Texas (149%; 

+€18) and Lithuania (115%; +€7), which both have <1% solar penetration.  Countries are indicated by 

their two-letter ISO code, except for sub-national markets which use the abbreviations from Figure 5.  

 325 

Figure 7 establishes a negative correlation between the capture price and penetration; however, 

factors other than VRE penetration contribute to the level of cannibalisation, e.g. access to pumped 

hydro storage, power plant mix, VRE output and peak demand timing. The wind penetration in 

Germany is lower than in Portugal, Ireland and Denmark, and yet it sees higher cannibalisation effects. 

There is also substantial variation among regions with relatively low wind penetration. For example, 330 

Bulgaria and Belgium see 90% capture prices for wind generators while in Ontario, Slovenia and New 

York, wind farms on average capture more than the overall wholesale price.  
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Similar trends hold for solar generation, although the levels of both penetration and cannibalisation 

are on average lower than for wind. Switzerland is an example of a country with low solar penetration 

but high cannibalisation, which might be due to the high value of the merit-order effect. Like in the 335 

case of wind, cannibalisation is high for Germany and Belgium but non-existent for Ontario and New 

York, in which solar producers capture on average 10% over the average wholesale price. ERCOT is 

again an outlier, with a solar capture value of 145% (i.e. solar farms produce at times with 45% higher 

than average wholesale price), but this is inconsequential as Texas has very little installed solar PV 

capacity, which therefore does not noticeably reduce daytime peak power prices. 340 

Discussion & Conclusion 

This study set out to explore and uncover patterns in global power market prices, the merit-order 

effect and price cannibalisation. It is the first systematic investigation across a diverse set of countries 

using econometric analysis. This allows international, rather than country-specific conclusions to be 

drawn. 345 

Comparison to previous results 

A case-by-case comparison of estimates for the merit-order effect is not straightforward, as 

methodologies and formats for reporting results vary across the literature. Table 2 shows a selection 

of values found in this study compared to values from the literature. The selection of regions is limited 

by the availability of comparable values. It should be noted that all the included values from literature 350 

are based on data from an earlier period than the one studied here because even recent studies have 

mostly focused on the 2000s and early 2010s. 
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Table 2. Comparison of the merit-order effect from this study with values from literature. Absolute 

values of the merit-order effect are presented in €/MWh per 1 GW increase in VRE generation. 

Market 
Value from this study 

(€/MWh) 
Value from literature 

(€/MWh) Source 

South Australia 26.41  2017-19 17.4 2009-11 Forrest & MacGill 11 

Victoria, Australia 11.98  2017-19 6.2 2009-11 Forrest & MacGill 11 

Denmark 4.44  2015-19 1.33 – 5.28 
4.7 

2004-06 
2013 

Ostergaard et al. 9,15 
Welisch et al. 38 

Germany 1.16  2010-19 1.00 
1.49 

1.32 – 1.40 
1.28 – 1.93 

0.3 – 2.0 

2010-12 
2012 
2011-13 
2012-15 
2010-16 

Würzburg et al. 9 
Welisch et al. 38 
Zipp 10 
Benhmad et al. 24 
Gurtler & Paulsen 45 

Ireland 9.89  2015-19 9.9 
3.40 – 4.54 

2009 
2009 

O’Mahoney & Denny 9,46 
Denny et al. 29 

Italy 1.36  2015-19 2.3 – 4.2 2005-13 Clò et al. 30 

Netherlands 3.20  2015-19 6.17 2006-09 Nieuwenhout & Brand 9,47 

Spain 1.97  2015-19 1.1 – 3.8 
2.15 

5.68 

2005-10 
2007-10 
2012 

Gelabert et al. 8 
Gil et al. 9,14 
Welisch et al. 38 

 355 

The findings of this study are generally within the ranges presented in other works. For Italy and the 

Netherlands, the values found in this study are clearly lower than those in the surveyed literature, 

whereas for Victoria (Australia), the value found in this survey is notably higher than that of Forrest 

and MacGill 11. These values are not directly comparable, since the study periods are almost a decade 

apart, during which wholesale prices became more volatile due in part to South Australia’s 2016 power 360 

crisis 48. 

Power price-influencing factors 

We observe a reduction of the merit-order effect with increasing VRE penetration, but do not attempt 

to ascribe causation rather than correlation.  The analysis shows that renewables penetration, load 

and time variables cannot explain all the price changes alone. Other influencing factors may change 365 

the market outcome (i.e. prices), which can be attributed to non-linear relationships, excluded 

variables or other factors such as market design and preferential contracts for renewables. This does 

not mean that the influence of VRE is not impacting the energy system, it is just not observable in 

power market prices (yet). This increases the challenge for all actors to predict wholesale market 

prices. 370 

Our analysis focusses on day-ahead electricity markets (DAM) only. These form only a small part of the 

overall market landscape, alongside intraday, balancing and ancillary services markets that can have 

an influence on price levels in the DAM. We have chosen DAMs as they are a robust price indicator for 

most power systems, bundling liquidity and ensuring competitiveness, but DAMs are not perfect, 
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which can lead to price distortion when actors exercise their market power (strategic bidding). 375 

Additionally, the share of energy traded through exchanges can influence price finding, as the market 

incentivises rational economic behaviour. In the absence of this, prices may deviate significantly from 

the economic optimum. 

The market designs and structures vary across the different markets and over time with successive 

policy interventions.  These include variations in the timing of trading, liquidity of intraday trading, the 380 

exposure of renewables to market prices, the advent of energy storage and actors’ behaviour to better 

optimise their assets. Additionally, country-specific aspects are to be considered. For example, 

whether generation companies are unbundled and thus hides price volatility within portfolios. The 

amount of interconnection capacity and prices in neighbouring countries can play a role, especially for 

small, highly interconnected countries. This strongly links to impact of the size and topography of price 385 

zones which influence the overall allocation efficiency. 

Implications of our findings and outlook into the future 

Publicly available data enables insightful comparisons across a range of countries and time periods. 

The results of this study show that the merit-order effect is nearly universally present around the 

globe. This study also demonstrates that a multi-country comparison of power markets using publicly 390 

available data is possible and can show patterns that are not clear in single-country analyses. In the 

future, a similar methodology can be used in further research about the merit-order effect as well as 

other topics related to electricity markets and grid decarbonisation. 

Our analysis shows that the merit-order effect tends to be lower in countries with a higher share of 

VRE. This suggests that countries still at early stages of deploying renewables may well see the level of 395 

the merit-order effect falling to a more manageable level than it initially appears. One explanation for 

this is that sufficient VRE generation shifts the long-term equilibrium of the system to a shallower part 

of the merit order curve (see Figure 2). For this to happen, countries will have to retire old and 

inflexible generation capacity with high marginal cost and replace these units with flexible units, e.g. 

from demand-side response. Flexible mixes of generating capacity, such as a low share of nuclear 400 

generation and high storage capacity, will yield a low merit-order effect, but the relationships are not 

very strong. In general, the merit-order effect is determined by the steepness of the merit-order curve 

in the range of price variations. Besides generation, this can be influenced by policy measures, such as 

the introduction of demand-side response and suitable regulations for market structures. 

It is not known whether the trend of weakening merit-order effects will continue as VRE penetrations 405 

rise, or whether our observations reflect only historic and current differences between countries.  The 

period we study contains a large increase in VRE penetration in two countries: from 16% to 34% in 

Germany and from 3% to 25% in Great Britain.  The merit-order effects in both countries have 
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remained stable, with no significant slope over the 8- and 10-year periods studied (p value for linear 

regressions >0.4).  410 

The explanatory power of intermittent renewable output on power prices tends to increase as their 

share of generation grows. This is a logical consequence of concerted policy efforts carried out in high 

VRE penetration countries to allow the market to track renewables production. 

Our results show the capture values of VRE will continue to fall as their shares increase and they 

cannibalise their own revenues. Wind is significantly less affected by this than solar, as it produces 415 

across a larger variety of demand situations and is less influenced by diurnal patterns. This has direct 

implications on the viability of merchant wind and solar projects. The concerns that the merit-order 

effect will make it difficult for renewables to reach cost-competitiveness cannot be dismissed 40,49. If 

the problem of “missing money” (when peak prices are insufficient to remunerate generating capacity) 

becomes more severe because of the merit-order effect, an “energy-only” market may not be 420 

sufficient for incentivising investment in future generation capacity in all countries. This may prompt 

the need for capacity markets or equivalent measures, although views on this diverge 50. 

For policy makers the results of this work have different implications. The recommendations which 

arise are firstly to adapt market designs to allow for an optimal dispatch of generators (to incentivise 

the best use of current assets); and secondly to monitor and adapt markets to fully reflect the physical 425 

reality in the energy system. 
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Experimental Procedures 

Resource Availability 

The raw data used in this study is covered by various license agreements and therefore cannot be 

publicly disseminated. However, the same data can be acquired directly from the licensors using the 430 

sources given in our supplementary material. The derived metrics presented in this paper are available 

from the Zenodo repository as Supplementary Data, DOI: 10.5281/zenodo.4277746. All other derived 

data and metrics, figures, results and code generated in this study are available upon reasonable 

request from the lead contact. Contact: Malte Jansen, m.jansen@imperial.ac.uk. 

Coverage and scope of the study 435 

This study is based on regression analysis of the electricity prices in 37 countries and regions around 

the world.  These markets were selected on three criteria around data availability: having sufficient 

resolution (hourly or better), timespan (at least two years) and validity (low rates of missing or 

erroneous values). Every market was included which met these criteria, with the aim being to cover a 

wide range of different electricity systems and levels of RES penetration. The countries and regions 440 

included in the analysis are five markets in Australia (New South Wales, Queensland, South Australia, 

Tasmania and Victoria), one in Canada (Ontario), 24 national markets in Europe (Austria, Belgium, 

Bulgaria, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, 

Latvia, Lithuania, the Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Spain, Sweden, 

Switzerland, Great Britain) and five markets in the United States (CAISO in California, MISO in the 445 

Midwest, NYISO in New York, PJM in the Mid-Atlantic, and ERCOT in Texas).  Great Britain refers to the 

market covering England, Wales and Scotland, while Ireland refers to the market which covers both 

the Republic of Ireland and Northern Ireland.   

Data 

For each power market we located data on wholesale electricity prices, load and generation from wind 450 

and solar PV.  All data were at hourly resolution or better to ensure that the effects of intermittency 

were captured.  Following Zipp 10, we used day-ahead wholesale prices in each market, as opposed to 

real-time balancing prices, as day-ahead markets usually have the highest liquidity and a more 

homogenous setup across the regions studied, and had the highest data availability. Some markets 

reported load on the transmission system, which excludes generation from rooftop solar and other 455 

embedded renewables.  These were identified from reading the documentation of each data provider 

and cross-checked by assessing the diurnal profile of demand in each region.  Rooftop solar was added 

https://doi.org/10.5281/zenodo.4277746
mailto:m.jansen@imperial.ac.uk
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back onto reported demand for the Australian markets and for Great Britain.  ‘Embedded’ wind 

generation was also added onto demand for Great Britain, as in Ref. 31.  

Data for European countries for 2015-19 came from the ENTSO-E Transparency Platform 44. Longer-460 

term data for Great Britain and Germany were sourced from Drax Electric Insights 51 and from the Open 

Power Systems Data project (OPSD) 52 respectively. Data were sourced from the websites of individual 

electricity system operators for the five largest US power markets (CAISO, ERCOT, MISO, NYISO and 

PJM), for two Canadian provinces (Alberta and Ontario) although Alberta was rejected on grounds of 

data quality, for each Australian state (AEMO), and for the ten Japanese markets (Chuden, Energia, 465 

HEPCO, KEPCO, Kyuden, Okiden, Rikuden, TEPCO, Tohukuden and Yonden).  A full list of data sources 

and coverage is given in Appendix II. 

Markets in the US, Scandinavian countries and Italy use nodal or zonal pricing, meaning there are 

several concurrent prices within the market, depending on location.  These were aggregated to market 

level using load-weighted averages.  This will smooth out the prices in these markets, and thus the 470 

strength of the effects we observe; however, it was necessary due to the lack of output data for 

individual wind and solar farms within each node.  Nodal prices within each market typically follow a 

similar pattern (implying that intra-market constraints are not always binding), and thus our results 

should be generally reflective of those markets. 

All prices are presented in nominal terms (i.e. not adjusted for inflation), and for comparability 475 

between countries all prices were converted into Euros using daily market exchange rates from OFX 

53. 

Methods 

The main method of analysis was a linear regression model applied to time series of electricity prices, 

which is similar to the approach of Gelabert et al. 8 and many others conducting single-region studies 480 

of the merit-order effect. The analysis was carried out using the programming language R 54.  

Ordinary least-squares (OLS) regression was used, with the dependent variable being the hourly day-

ahead electricity price. While Zipp 10 used daily-average prices to reduce noise, in this study the 

methods of Prata, Carvalho and Azevedo 27 is followed in using hourly data. This captures the full extent 

of the merit-order effect as experienced by RES suppliers, who often only generate electricity at 485 

specific hours of the day. The explanatory variables of the model are hourly load and generation by 

VRE sources. The load data corresponds to the actual consumption of electricity instead of the forecast 

vertical load used by for example Würzburg, Labandeira and Linares 9. To ensure consistency with the 

load data, the RES generation data used also corresponds to actual values.  
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A linear relationship was assumed, as  Welisch, Ortner and Resch 38 found that non-linear relationships 490 

between electricity price and VRE generation did not improve predictive power in any of the eight 

countries they study.  Inspection of Supplementary Figure 2 strongly suggests that the relationships 

are close to linear over the bulk of observations in the remaining markets. 

The validity of the chosen regression model depends on the causal relationship between the 

dependent and independent variables being one-directional 10, i.e. that in the short term, electricity 495 

demand and VRE generation are independent of the electricity price. We assume this to be true 

following the many studies of the merit-order effect listed above, as generally consumers do not buy 

electricity on the day-ahead market so the prices there should not influence their consumption 

decisions. The assumption may fail in cases of very low or negative prices leading the system operator 

to order some renewable generation to be curtailed. However, detailed investigation of this effect is 500 

outside the scope of this study and therefore not explicitly presented in the regression model.  

Regressions were based on the levels of the regression variables rather than their first differences. In 

a literature survey of 12 recent studies using OLS to study the merit-order effect, 8 studies used 

absolute values11,13,26–28,55–57, 3 used first differences8–10, and 1 tested both38. To correct for seasonal, 

diurnal and inter-annual influences on electricity prices, we followed Wooldridge 58 and included time 505 

dummies in our model that represent the hours of the day, days of the week, months of the year and 

years in the sample. 

We estimated the following two variations of the model for each country: 

 𝑝𝑟𝑖𝑐𝑒𝑡 = 𝛽0 + 𝛽1 𝑙𝑜𝑎𝑑𝑡 − 𝛽2 𝑉𝑅𝐸𝑡 + 𝛽3 𝑑𝑢𝑚𝑚𝑖𝑒𝑠 + 𝜀𝑡 (1) 

 𝑝𝑟𝑖𝑐𝑒𝑡 = 𝛽0 + 𝛽1 𝑙𝑜𝑎𝑑𝑡 − 𝛽2

𝑉𝑅𝐸𝑡

𝑙𝑜𝑎𝑑𝑡
+ 𝛽3 𝑑𝑢𝑚𝑚𝑖𝑒𝑠 + 𝜀𝑡 (2) 

where 𝛽0 is the regression constant, 𝛽1 and 𝛽2 are the regression coefficients for demand and VRE 

output, 𝛽3 contains various time dummies, and 𝜀𝑡 represents the error term.  510 

Equation (1) considers the effect of 𝑉𝑅𝐸𝑡: the absolute generation by wind and solar PV at hour t in a 

given country, measured in gigawatts. In equation (2), this is replaced by the fraction of the total load 

of a country covered by wind and solar generated in the same country (which we term the VRE 

penetration). The merit-order effect is given by 𝛽2 and measured in €/MWh per 1 GW change in VRE 

generation in equation (1), and €/MWh per 1 percentage point change in VRE penetration in 515 

equation (2). 

Further analysis of the merit-order effect is based on equation (2) as the resulting values are directly 

comparable between different countries, as they describe the magnitude of the effect in relation to 
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the size of the electricity market in which it occurs. In contrast, the effects measured by equation (1) 

are automatically larger in smaller electricity markets. 520 

In addition to the merit order effect, the relative importance of different regression variables is studied 

using a Shapley value regression 59. The Shapley value is obtained by calculating the weighted average 

of how much R2 increases when a given predictor (load, RES penetration or time dummy) is added to 

the model60 over model runs including all possible combinations of predictor: one-variable regression 

for each variable, two-variable regression for each pair of variables, and so on. The Shapley value of 525 

the ith predictor is defined as follows: 

 𝑆𝑖 = ∑ 𝑤𝑛(𝑀)[𝑣(𝑀 ∪ {𝑖}) − 𝑣(𝑀)]

𝑎𝑙𝑙 𝑀

 (3) 

where 𝑣(𝑀) is the Mth model run and 𝑤𝑛(𝑀) is the weight function corresponding to that run59. The 

weight functions are defined as: 

 𝑤𝑛(𝑀) = 𝑚! (𝑛 − 𝑚 − 1)!/𝑛! (4) 

where n is the overall number of regression variables and m is the number of regression variables in 

the Mth model run59.  The Shapley values were calculated using the relaimpo package for R61. 530 

The price cannibalisation effect was measured using both the capture value and the price discount of 

wind and solar generation.  Capture value was calculated as the output-weighted price divided by the 

demand-weighted price, calculated separately for wind and for solar.  For wind:   

 𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑉𝑎𝑙𝑢𝑒𝑤𝑖𝑛𝑑 =  
(

∑ 𝑝𝑟𝑖𝑐𝑒𝑡 ∙ 𝑤𝑖𝑛𝑑𝑡
∑ 𝑤𝑖𝑛𝑑𝑡

)

(
∑ 𝑝𝑟𝑖𝑐𝑒𝑡 ∙ 𝑑𝑒𝑚𝑎𝑛𝑑𝑡

∑ 𝑑𝑒𝑚𝑎𝑛𝑑𝑡
)

 (5) 

where windt is total output from wind generators at time t.  The same calculation was performed for 

solar, substituting wind output for solar output.   535 

The price discount was the difference between the wind-weighted or solar-weighted price and the 

demand-weighted price: 

 𝑃𝑟𝑖𝑐𝑒 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑤𝑖𝑛𝑑 =  (
∑ 𝑝𝑟𝑖𝑐𝑒𝑡 ∙ 𝑤𝑖𝑛𝑑𝑡

∑ 𝑤𝑖𝑛𝑑𝑡
) −  (

∑ 𝑝𝑟𝑖𝑐𝑒𝑡 ∙ 𝑑𝑒𝑚𝑎𝑛𝑑𝑡

∑ 𝑑𝑒𝑚𝑎𝑛𝑑𝑡
) (6) 

 

 

  540 
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Appendix I: Plots 680 

 

Supplementary Figure 1. Day-ahead electricity prices plotted against net load for selected markets.  

Net load is defined as load minus output from wind and solar PV. It can turn negative when a region 

produces more from VRE than its total consumption.  The colour of each data point corresponds to 685 

instantaneous VRE penetration (in terms of energy produced); the lighter the colour, the higher the VRE 

penetration.   
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690 

 

Supplementary Figure 2 (Part 1). Day-ahead electricity prices plotted against the net load for all 

countries.  The colour of the data points corresponds with the VRE penetration at each point in time; 

the lighter the colour, the higher the VRE penetration. 695 
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Supplementary Figure 3 (Part 2). Day-ahead electricity prices plotted against the net load for all 

countries.  The colour of the data points corresponds with the VRE penetration at each point in time; 

the lighter the colour, the higher the VRE penetration. 

 

Supplementary Figure 4. The annual average merit-order effect over time across 37 markets. 705 

Collectively the chart shows the coefficients from 165 regressions performed individually for each 

market and year. Two-digit numbers indicate years (from 2010 to 2019), and values for 2019 are 

highlighted with circles. Merit-order effect represented as the decrease in power prices for a 1 GW 

increase in VRE output. Countries and regions are ordered in decreasing order of VRE penetration. 
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 710 

Supplementary Figure 5. The annual average wholesale price discount for wind and solar power 

across 37 markets.  Lines show the wind-weighted and solar-weighted power price minus the load-

weighted price in each market. Values in 2019 are highlighted with circles. Countries and regions are 

ordered in decreasing order of VRE penetration. 

 715 
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Appendix II: Data Sources 
Market(s) Data Source 

European 
countries* 

Demand 
ENTSO-E Transparency Platform 
Ranges from 2015–19 

Supply 

Prices 

Germany 
Demand 

Open Power System Data 
Used to augment ENTSO-E with 2010–14 

Supply 
Fraunhofer Energy Charts 
Used to augment OPSD with solar PV from 2010–12 

Prices Same as for demand 

Great Britain Demand 

Drax Electric Insights Supply 

Prices 

Japan 
Demand Electric Power Supply and Demand pages from each system operator: Chuden, 

Energia,† HEPCO, KEPCO, Kyuden, Okiden, Rikuden, TEPCO, Tohukuden and Yonden 
Supply 

Prices Japan Electric Power Exchange 

Australia 
Demand 

AEMO National Electricity Market Data, augmented with AEMO Rooftop PV Actual 
data to calculate gross electricity demand 

Supply 
AEMO Public Dispatch SCADA data augmented with  
AEMO Rooftop PV Actual data 

Prices AEMO National Electricity Market Data 

NYISO Demand NYISO Real-time fuel mix for load and wind, augmented with Renewables.ninja for 
solar.‡   Supply 

Prices NYISO Day-ahead zonal LMP 

PJM Demand PJM Data Miner: Metered Hourly Load 

Supply PJM Data Miner: Generation by Fuel Type 

Prices PJM Data Miner: Day-Ahead Hourly LMPs 

CAISO Demand 
CAISO Renewables Watch 

Supply 

Prices CAISO OASIS Locational Marginal Prices 

ERCOT Demand ERCOT Actual Load Profiles 

Supply ERCOT Generation Mix 

Prices ERCOT Historical DAM Load Zone and Hub Prices 

MISO Demand 
MISO Generation Fuel Mix augmented with MISO Hourly Wind Data for wind 

Supply 

Prices MISO Annual Day-Ahead LMPs 

Alberta Demand 

AESO Energy Trading System Supply 

Prices 

Ontario Demand 
IESO Generator Output by Fuel Type 

Supply 

Prices IESO Hourly HOEP 

* Austria, Belgium, Bulgaria, Czechia, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, 
Lithuania, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Spain, Sweden, Switzerland. 

† No wind and PV data for 2016 were available for Chugoku (Energia), and so outputs were imputed from the three 720 

neighbouring regions.  This represented 12% of solar and 7% of wind output. 

https://transparency.entsoe.eu/
https://doi.org/10.25832/time_series/2019-06-05
https://energy-charts.info/
https://electricinsights.co.uk/
https://powergrid.chuden.co.jp/denkiyoho/
https://www.energia.co.jp/nw/jukyuu/
https://www.hepco.co.jp/network/renewable_energy/fixedprice_purchase/supply_demand_results.html
https://www.kansai-td.co.jp/denkiyoho/
https://www.kyuden.co.jp/td_power_usages/pc.html
http://www.okiden.co.jp/business-support/service/supply-and-demand/index.html
http://www.rikuden.co.jp/nw_jyukyudata/area_jisseki.html
https://www.tepco.co.jp/forecast/html/fit_data-j.html
https://setsuden.nw.tohoku-epco.co.jp/download.html
https://www.yonden.co.jp/nw/denkiyoho/index.html
http://www.jepx.org/market/index.html
https://aemo.com.au/energy-systems/electricity/national-electricity-market-nem/data-nem/aggregated-data
http://nemweb.com.au/Reports/Archive/
http://nemweb.com.au/Reports/Archive/
http://nemweb.com.au/Reports/Archive/
http://nemweb.com.au/Reports/Archive/
https://aemo.com.au/energy-systems/electricity/national-electricity-market-nem/data-nem/aggregated-data
https://www.nyiso.com/energy-market-operational-data
https://www.renewables.ninja/
https://www.nyiso.com/energy-market-operational-data
http://dataminer2.pjm.com/feed/hrl_load_metered
http://dataminer2.pjm.com/feed/gen_by_fuel
http://dataminer2.pjm.com/feed/da_hrl_lmps
http://www.caiso.com/TodaysOutlook/Pages/supply.aspx
http://oasis.caiso.com/mrioasis/logon.do
http://www.ercot.com/mktinfo/loadprofile/alp/
http://www.ercot.com/gridinfo/generation
http://www.ercot.com/mktinfo/prices/
https://www.misoenergy.org/markets-and-operations/real-time--market-data/market-reports/#nt=%2FMarketReportType%3ASummary%2FMarketReportName%3AGeneration%20Fuel%20Mix%20(xlsx)&t=10&p=0&s=MarketReportPublished&sd=desc
https://www.misoenergy.org/markets-and-operations/real-time--market-data/market-reports/market-report-archives/#nt=%2FMarketReportType%3ASummary%2FMarketReportName%3AArchived%20Historical%20Hourly%20Wind%20Data%20%20(zip)&t=10&p=1&s=MarketReportPublished&sd=desc
https://www.misoenergy.org/markets-and-operations/real-time--market-data/market-reports/#nt=%2FMarketReportType%3AHistorical%20LMP%2FMarketReportName%3AHistorical%20Annual%20Day-Ahead%20LMPs%20(zip)&t=10&p=0&s=MarketReportPublished&sd=desc
http://ets.aeso.ca/
http://reports.ieso.ca/public/GenOutputbyFuelHourly/
http://reports.ieso.ca/public/PriceHOEPPredispOR/
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‡ Solar PV was not metered, and so was augmented with simulations using global meteorological data.  This represented 
<1% of supply.  


