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Abstract

:

This paper investigates the intraday electricity pricing of 15-min. contracts in night hours. We tailor a recently introduced econometric model with fundamental impacts, which is successful in describing the pricing of day contracts. Our estimation results show that the mean reversion and the positive price impact of neighboring contracts are generic features of the price formation process on the intraday market, independent of the time of day. Intraday auction prices have higher explanatory power for the pricing of night than day contracts, particularly, for the first and last 15-min. contract in a night hour. Intradaily updated forecasts of wind power infeed are the only significant fundamental factors for intraday electricity prices at night. Neither expected conventional capacities nor the slope of the merit order curve contribute to explaining price dynamics. Overall, we conclude that fundamentals lose in importance in night hours and the 15-min. intraday market is rather driven by price information.
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1. Introduction


En route towards a sustainable energy future and a low-carbon economy, the expansion of renewable energy sources is promoted vigorously throughout the world. In Germany, for instance, renewable electricity generation increased from 105 TWh (17% of gross electricity production) in 2010 to 244 TWh (40% of gross electricity production) in 2019 [1]. As electricity infeed from intermittent renewable energy sources, like wind and solar energy, is highly volatile, energy supply companies wish to market renewable power over short delivery periods and at short notice. Additionally, market participants require automated trading strategies that are based on fundamental supply and demand factors to optimally trade their renewable and conventional power infeed.



The most short-term power market in Germany is the continuous intraday market, where 60-, 30-, and 15-min. supply contracts are tradable until 5 min. before delivery. As such, intraday electricity markets are designed to satisfy the needs of energy suppliers and help alleviate imbalances between power supply and demand. Therefore, they play a key role in maintaining the overall stability of the electric power system. Moreover, intraday markets allow to balance forecast errors of renewable power production as close to the actual electricity delivery as possible. The total yearly trading volume on the German/Austrian intraday power market increased nearly sixfold from 10 TWh in 2010 to 57 TWh in 2019 [2,3]. In light of Germany’s energy transition target of a share of 65% renewables in gross electricity consumption by 2030 [4], the trading volumes on the intraday market are expected to rise further.



This article explores the intraday electricity pricing of 15-min. contracts during night hours, which has not been analyzed in previous research hitherto. Empirical evidence suggests that 15-min. intraday prices exhibit a sawtooth-shaped hourly seasonality on average, on both the continuous intraday market [5,6] and intraday auction [7]. While during the day, the hourly price seasonality can be explained by the electricity generation from solar energy, solar power supply cannot justify the seasonality pattern during night hours. At night, we explain the sawtooth-shaped hourly seasonality by the electricity demand profile in conjunction with the established hourly delivery positions from the day-ahead auction. This is the first time in the literature that the hourly price seasonality in night hours is explained in detail. Beyond the average behavior of 15-min. intraday prices, this paper sheds light on the intraday pricing process of night 15-min. contracts at a more fine-grained level. Specifically, we investigate four research questions: (i) Which explanatory factors drive the intraday electricity trading of 15-min. contracts at night? (ii) How does the intraday pricing process of night contracts differ from the pricing of day contracts? (iii) How much of the trading at night is driven by fundamental supply and demand factors and how much can be ascribed to pure price information? (iv) Are there different pricing regimes on the intraday market depending on the slope of the merit order curve?



Our starting point is the work of [6], who develop an econometric price model with fundamental impacts for intraday electricity markets of daytime 15-min. contracts. We tailor their model to night contracts and examine to which extent it is suited to describe the pricing process at night. A comparison with their results obtained for morning, noon, and evening contracts allows us to derive generic features of the intraday price formation as well as discrepancies between the pricing of day and night contracts: Past, idiosyncratic price information, the price information of neighboring contracts, trading volumes, and intraday wind power forecasts play a significant role for electricity prices of night contracts. However, the intraday pricing process of night contracts does not depend on different regimes of the merit order curve, which is in contrast to the price dynamics of day contracts.



In recent years, the academic interest in understanding intraday electricity markets has consistently increased. However, the intraday pricing of night contracts has not been explicitly addressed in scientific research hitherto. Our paper fills this gap in the literature. The literature concerned with intraday electricity trading can be classified into five major strands: Refs.  [5,6,8,9] determine price drivers on the intraday market based on trading-related and fundamental factors; Refs.  [10,11,12,13] examine the impact of renewable power generation and its forecast errors on intraday electricity prices; Refs.  [14,15,16,17] derive optimal trading strategies for an agent who aims at marketing both renewable and conventional power on the intraday market; Refs.  [7,18,19] provide forecasting studies for intraday electricity prices; Refs.  [20,21,22] model the market microstructure of the intraday market based on transaction and market order arrivals.



The intraday electricity trading of 15-min. contracts has scarcely been studied in the literature though. Ref.  [5] present an econometric threshold model for 15-min. electricity prices in the continuous intraday market. They document an asymmetric impact of renewable power forecast changes on intraday prices with respect to the proportion of expected demand met by conventional power generation capacities. Ref.  [6] refine their model and illustrate that the intraday pricing process depends on the regime of the merit order curve. Moreover, they identify prices of neighboring contracts as important price drivers of 15-min. intraday trading. Ref.  [23] investigate the effect of introducing 15-min. contracts on the trading of hourly contracts. Their results indicate that prices of hourly contracts have dropped between 11% and 28%. Ref.  [24] analyze the price volatility of 15-min. contracts traded in the intraday call auction and on the continuous intraday market. They find that varying demand and the variable renewable power production are significant explanatory factors for intraday volatility. Ref. [25] model and forecast realized volatility of 15-min. contracts traded on the German/Austrian intraday market. They show that decomposing realized volatility into its continuous and jump component improves the forecasting performance. Ref.  [26] examine the economic benefits of precise 15-min. electricity price forecasts. They conclude that a “buy low, sell high” strategy combined with accurate price forecasting can yield decent profits.



This article extends previous research along a number of dimensions: first, and to the best of our knowledge, we present the first work studying the intraday electricity pricing of night contracts explicitly. In particular, this is the first article explaining the hourly price seasonality of 15-min. contracts during night hours in detail. Second, our tailor-made econometric model only entails ex-ante market knowledge and is, thus, inherently designed for applications in academia and practice. Third, we examine a unique data set of intradaily updated forecasts of wind power production; these data correspond to the same real-time forecasts market participants incorporate into their bidding strategies on the intraday market. Fourth, we provide the first comprehensive comparison of the intraday pricing process of day and night 15-min. contracts.



This paper is organized, as follows: in Section 2, we lay out our data set and conduct an empirical analysis of the hourly seasonality of prices and volumes of 15-min. contracts in night hours. In Section 3, we present a tailor-made version of the econometric model by [6] for night contracts and the threshold regression. In Section 4, we calibrate the econometric model to market data and discuss our estimation results. We offer our conclusions in Section 5.




2. Stylized Facts


In this section, we present our data set and empirically analyze the hourly seasonality of intraday prices and volumes of night 15-min. contracts.



2.1. Data


We examine high-frequency transaction data and linked fundamental supply and demand data of night 15-min. contracts traded on the German continuous intraday power market at EPEX SPOT SE. As night contracts, we consider 15-min. contracts delivering electricity in the time period between 10 PM and 4 AM. Our observation period ranges from 1 January to 31 December 2015. As explanatory variables, we include intraday transaction prices and trading volumes of 15-min. contracts from the continuous intraday market, 15-min. intraday auction prices, intraday wind power forecasts, expected electricity demand (total load forecasts), and expected conventional generation capacities. As conventional energy sources, we include coal, garbage, gas, lignite, oil, other, pumped-storage, run-of-the-river, seasonal-store, uranium. A detailed description of the employed explanatory variables, including units, granularities, and sources, is provided in Table 1.



In 2015, the continuous intraday market for 15-min. contracts with delivery in Germany opens daily at 4 PM and ends 45 and 30 min. before the delivery of electricity begins, respectively. On 16 July 2015, EPEX SPOT SE reduced the lead time on the German continuous intraday power market from 45 to 30 min. before delivery [27]. The lead time within the four German control zones was further reduced to 5 min. before delivery on 14 June 2017 [28]. The intraday transaction data (prices and volumes) from the continuous trading session are provided with a maximum time resolution of 1 min.; this does not mean that one transaction is observed every minute, but it can take several minutes until the next transaction is conducted. If multiple transactions are executed in the same minute, then we calculate the volume-weighted average price for that trading minute. The German 15-min. intraday auction takes place daily at 3 PM and its results, which is, market clearing prices and volumes, are published from 3:10 PM onwards. Throughout this paper, we denote a 15-min. contract by HhQq, where   h = 0 , … , 23   and   q = 1 , … , 4  ; for example, contract H1Q1 refers to the delivery period 1:00–1:15 AM.



The intraday wind power forecasts are the same real-time wind forecasts as available to market participants on the intraday market. Each wind forecast update contains a forecast time series of wind power generation in Germany for the subsequent eight days in a 15-min. time resolution; every 15 min., a new wind forecast update time series is received. To the best of our knowledge, intraday renewable power forecasts and their impact on intraday electricity prices have only been studied by [5,6]; Ref.  [29] simulate and predict the evolution of intraday renewable forecasts.




2.2. Hourly Seasonality


We perform an empirical analysis of the hourly seasonality of intraday prices and volumes of 15-min. contracts in line with [5,6]. Here, we particularly concentrate on 15-min. contracts delivering electricity during night hours, which are not the focus of the latter studies. Figure 1 displays the volume-weighted average transaction price and the total trading volume of 15-min. contracts during off-peak hours for summer and winter. We identify a distinct hourly seasonality of both 15-min. intraday prices and volumes. The hourly seasonality maintains for unweighted average transaction prices as the seasonal averages of unweighted and volume-weighted average prices differ by approximately 2% only.



The hourly seasonality of volume-weighted average prices shows a sawtooth-like shape: For contracts H20Q1–H1Q4, the average price declines from the first 15-min. contract with the highest average price to the last 15-min. contract with the lowest average price within each hour. Conversely, for contracts H4Q1–H6Q4, the lowest average price is observed for the first 15-min. contract which increases to the highest average price for the last 15-min. contract in a given hour. Overall, average prices are fairly similar in summer and winter. The largest deviations are present for hours H7 and H20 as a result of varying times of sunrise and sunset between summer and winter.



Coincidently, total trading volumes exhibit a U-shaped hourly seasonality pattern: The first and last 15-min. contract within each hour entail larger trading volumes, while lower trading volumes are observed for the second and third 15-min. contract in that hour. Total trading volumes are particularly low for contracts H0Q1–H5Q4 during off-peak hours and overall very similar in summer and winter.



The hourly seasonality of 15-min. prices and volumes and its change around 3 AM can be explained by the quarter-hourly electricity demand profile in conjunction with the trading of hourly contracts in the day-ahead auction: From evening until after midnight (8 PM–2 AM), electricity demand continuously declines in each quarter-hour of a given hour in the wake of human activity. Energy supply companies first market their within-day generation on the day-ahead market by selling hourly contracts and produce the hourly average accordingly. The largest discrepancies between the decreasing quarter-hourly demand and the constant hourly supply is present at the beginning and at the end of each hour, respectively. Power suppliers thus produce too little electricity in the first quarter-hour and too much in the last quarter-hour of an hour io satisfy the quarter-hourly demand profile. Hence, they have to compensate the electricity shortfall in the first quarter-hour by purchasing large volumes of 15-min. contracts (buy pressure) and offset the electricity surplus in the last quarter-hour by selling high volumes of 15-min. contracts (sell pressure). As a result, the average 15-min. prices decrease within an hour.



The discontinuity between the low average price of the last 15-min. contract in a given hour and the high average price of the first 15-min. contract in the next hour is induced by trading hourly contracts day-ahead: Due to the established hourly position, there is a sharp transition from high sell pressure at the end of a given hour to high buy pressure at the beginning of the next hour.



In the early morning hours (4–7 AM), after electricity demand has reached its lowest level (around 3 AM in Germany), the demand increases in each quarter-hour of an hour following human activity. Thus, there is sell pressure in the first and buy pressure in the last quarter-hour of an hour. Consequently, the hourly seasonality pattern is reversed. The existence of buy and sell pressure at the beginning and the end of an hour is supported by the U-shaped hourly seasonality of trading volumes.



Eventually, we argue that (i) the electricity demand profile determines the slope of the sawtooth-shape within an hour and (ii) established hourly positions from the day-ahead auction are responsible for the discontinuity between the average price of the last and first 15-min. contract of two consecutive hours.





3. Methodology


In this section, we present a tailor-made econometric model with fundamental impacts for night contracts as well as a threshold regression to calibrate our model to market data.



3.1. Econometric Model


We employ a modified version of the econometric model for intraday price changes of 15-min. contracts suggested by [6]. The modification for night contracts excludes solar power forecast changes and includes expected conventional capacities in line with the electricity generation mix during night hours. For a given 15-min. contract   i = 1 , … , 96  , the model specification reads


     Δ  P t  ( i )       =  α 0  ( i )   +  ∑  τ = 1  m   α τ  ( i )   Δ  P  t − τ   ( i )   +  ∑      j = − n ,       j ≠ 0      n   β j  ( i )   Δ  P  t   ( i + j )   +  η 1  ( i )    ξ  ( i )   +  η 2  ( i )    P  Auc , ( i )   +  η 3  ( i )    V t  ( i )             +  η 4  ( i )   Δ  w t  n , ( i )   +  η 5  ( i )   Δ  w t  p , ( i )   +  η 6  ( i )    c  ( i )   +  η 7  ( i )     Δ  t  ( i )     +  ε t  ( i )    ,     



(1)




where   Δ  P t  ( i )   =  P t  ( i )   −  P  t − 1   ( i )     denotes the transaction price change between times t and   t − 1  ,   Δ  P t  ( i + j )     the last observed price change at time t of neighboring contract   i + j  ,   ξ  ( i )    the slope of the merit order curve,   P  Auc , ( i )    the 15-min. intraday auction price,   V t  ( i )    the trading volume at time t,   Δ  w t  n , ( i )   = min  Δ  w t  ( i )   , 0    and   Δ  w t  p , ( i )   = max  Δ  w t  ( i )   , 0    negative and positive wind power forecast changes, respectively, where   Δ  w t  ( i )   =  w t  ( i )   −  w  t − 1   ( i )     is the last available wind power forecast change at time t,   c  ( i )    the expected conventional capacity,   Δ  t  ( i )     the interarrival time between two successive transactions executed at times t and   t − 1   of contract i, and    ε t  ( i )    ∼ iid  N  ( 0 ,  σ 2  )    the error term.



The first sum presented in Equation (1) contains autoregressive price changes   Δ  P  t − 1   ( i )   , ⋯ , Δ  P  t − m   ( i )    , where the number of lags m is determined by partial autocorrelation. The second sum in Equation (1) comprises price changes   Δ  P t  ( i + j )     of neighboring contracts   i ± 1 , ⋯ , i ± n   of contract i: We symmetrically include the latest price change of n contracts with delivery before and n contracts with delivery after contract i; e.g., if we model contract   i =   H1Q1 and choose   n = 2  , the latest price change of contracts H0Q3, H0Q4, H1Q2, H1Q3 is incorporated into the model. The intraday auction price   P  Auc , ( i )    does not vary over the continuous trading session, but is determined before continuous trading begins. Thus,   P  Auc , ( i )    serves as a first price reference for contract i on the continuous intraday market. The model differentiates between positive and negative wind power forecast errors   Δ  w t  p , ( i )     and   Δ  w t  n , ( i )    , respectively, as they have a contrary impact on electricity prices. The interarrival time   Δ  t  ( i )     controls for the fact that the intraday transaction data are not equally spaced in time. In particular, liquidity on the intraday electricity market increases and, thus, interarrival times decrease towards gate closure. as shown by  [6,17,21,35]. This behavior is typical for financial markets whose underlying design corresponds to a forward market [see, e.g., [36] for a recent empirical study on the German electricity futures market].



The slope of the merit order curve   ξ  ( i )    is not directly given by empirical market data, but it has to be estimated. [6] suggest to estimate   ξ  ( i )    from the demand side based on intraday auction prices   P  Auc , ( i )    and expected demands, or total load forecasts,   ℓ  ( i )    of contract i. The estimation procedure involves four steps:




	
make a scatter plot of intraday auction prices   P  Auc , ( i )    versus expected demands   ℓ  ( i )   ;



	
fit the empirical merit-order-curve function   f  ( ℓ )  =  e  a  ℓ + b     to the price–demand data;



	
compute the derivative    f ′   ( ℓ )    of the fitted merit-order-curve function; and,



	
substitute empirical demands   ℓ  ( i )    to obtain merit-order-curve slopes    ξ  ( i )   =  f ′    ℓ  ( i )     .








The slope of the merit order curve   ξ  ( i )    does not vary during continuous trading and its value can be estimated before intraday market opening. The information conveyed by the expected conventional capacity   c  ( i )    and the slope of the merit order curve   ξ  ( i )    is not redundant, as the merit order curve is modeled from the demand side, whereas the conventional generation capacity is a supply-side explanatory factor (see [6] chap. 1, for a detailed discussion).



It is essential to point out that our econometric model (1) only involves ex-ante market information on the underlying price drivers to model intraday price changes. This is a valuable property of our model, in particular, from a trader’s and practitioner’s point of view.




3.2. Threshold Regression


We use the threshold regression, or sample-split, model introduced by [37] with the aim of calibrating our econometric model (1) to market data. The threshold regression model splits the entire data set into two regimes and estimates a linear regression model in each regime separately.



Given an observed sample    {  y i  ,  x i  ,  q i  }   i = 1  n   of size n, where   y i   is the dependent variable,    x i  ∈  R m    the vector of independent variables, and   q i   the threshold variable, the threshold regression model reads


     y i     =       θ 1 ′    x i  +  ε i  ,     if   q i  ≤ γ        θ 2 ′    x i  +  ε i  ,     if   q i  > γ      ,          =  θ 1 ′    x i   𝟙  {  q i  ≤ γ }  +  θ 2 ′    x i   𝟙  {  q i  > γ }  +  ε i   ,  i = 1 , ⋯ , n .     



(2)







Here,  γ  is the threshold parameter,    θ 1  ,  θ 2  ∈  R m    are the regression parameter vectors,  𝟙  is the indicator function, and    ε i   ∼ iid  N  ( 0 ,  σ 2  )    the error term. Hence, the threshold regression model splits the sample at a specific value  γ  of the designated threshold variable   q i   and allows for the regression parameters in    θ 1  ,  θ 2    to change depending on the regime. The regression parameters    θ 1  ,  θ 2  , γ   can be estimated by least squares and jointly minimize the sum of squared errors function.



A prerequisite in the context of regime-switching threshold models is to test whether a threshold model specification is preferred over the alternative linear model. The threshold test used by [37] tests for a statistically significant threshold effect in the threshold, or sample-splitting, variable   q i   and it computes asymptotic p-values via bootstrapping.



A detailed description of the inference on and the estimation of the threshold and the regression parameters may be found in [6,37]. The threshold model can be tested and estimated using the R package thrreg that was developed by [38].





4. Estimation Results


In this section, we estimate the parameters of our econometric model by the threshold regression and linear regression for all 15-min. contracts during night hours, which is, for contracts H22Q1–H3Q4.



4.1. Threshold Regression


We aim at re-estimating the econometric model (1) for night 15-min. contracts by the threshold regression described in Section 3.2 using the slope of the merit order curve  ξ  as threshold variable in line with [6]. The merit-order-curve slope is used as threshold variable in order to distinguish between a flat and steep merit-order regime, in which the intraday pricing process behaves differently. They provide statistical evidence for a threshold effect in the merit-order-curve slope  ξ  and, thus, different pricing regimes, for morning, noon, and evening contracts.



As a prerequisite, we test for a threshold effect in the merit-order-curve slope  ξ  for all night 15-min. contracts H22Q1–H3Q4. In general, the threshold test does not show evidence for a statistically significant threshold effect in the slope of the merit order curve at the 10% level for all contracts. The reason for the poor statistical significance of the threshold test is that the merit order curve is relatively flat during night hours in the wake of generally low demand. Therefore, the merit-order-curve slope does not allow distinguishing between a flat and steep merit-order regime in night hours. Consequently, a linear model specification is preferred over the alternative threshold model for the intraday pricing process of night contracts.




4.2. Linear Regression


We estimate our econometric model (1) for 15-min. contracts in night hours by linear regression using ordinary least squares, as there is no statistical evidence for a threshold model specification. Here, we analyze a representative selection of night contracts, that is, 15-min. contracts in hours H1 and H3, Q1–Q4 each. We correct for heteroscedasticity and autocorrelation of residuals via Newey–West, or heteroscedasticity and autocorrelation consistent (HAC), standard errors. The estimation results of all 15-min. contracts in hours H1 and H3 are presented in Table 2 and Table 3, respectively. As the results in both hours are very similar, we focus our in-depth discussion on the findings of hour H1. The adjusted   R 2   ranges between 20% and 29%.



The estimated coefficients of the merit-order-curve slope  ξ  are not statistically significant for all contracts in hour H1. Thus, the slope of the merit order curve does not add explanatory power to explaining intraday price changes   Δ  P t    of night contracts. In [6],  ξ  is not a significant explanatory factor for intraday price changes within each price regime during morning, noon, and evening hours. Overall, we conclude that the merit-order-curve slope is neither suited as threshold variable nor as explanatory variable for explaining the intraday pricing process of night 15-min. contracts.



The estimated coefficients of lagged price changes   Δ  P  t − 1   , Δ  P  t − 2   , Δ  P  t − 3     are highly statistically significant and negative for all contracts in hour H1. The higher-order autoregressive terms have less impact on the price change   Δ  P t    at time t. The negative coefficients of autoregressive price changes suggest mean reversion in the price formation process of 15-min. contracts at night. Ref. [6] find mean reversion in the pricing process of morning, noon, and evening contracts.



The estimated coefficients of price changes of neighboring contracts   Δ  P t  ( i ± 1 )   , Δ  P t  ( i ± 2 )     are highly statistically significant and positive for all contracts, while the coefficients of   Δ  P t  ( i ± 2 )     exhibit less statistical significance. Hence, price information of neighboring contracts contribute to explaining intraday price changes of a given contract. The positive sign of the coefficients indicates that neighboring price time series are positively correlated. Furthermore, the impact of price changes of nearest neighbors   i ± 1   is greater than the impact of next-nearest neighbors   i ± 2   on the price changes of contract i. In particular, the price changes of 15-min. contracts Q1 and Q2, for one thing, and Q3 and Q4, for another thing, have the strongest effect on one another, which reflects the hourly seasonality of 15-min. electricity prices presented in Section 2.2. Ref. [6] document the same effect of neighboring contracts on morning, noon, and evening contracts. Additionally, ref. [19] find that neighboring contracts’ price information improves the forecast accuracy of intraday electricity prices.



The estimated coefficients of the intraday auction price   P Auc   are statistically significant and positive for contracts Q1 and Q4. It seems plausible that the intraday auction price has a significant impact on intraday price changes   Δ  P t    of contracts at the beginning and end of the hour, since the (volume-weighted) average transaction price of Q1 and Q4 deviates the most from the average price during that hour due to the hourly price seasonality (see Section 2.2). Therefore, a first signal of the price level, as indicated through the intraday auction, is more important for the pricing process of contracts at the edge than in the middle of the hour. For morning, noon, and evening 15-min. contracts, however,   P Auc   is not a significant intraday price driver [6]. Consequently, we find that the importance of intraday auction prices for the continuous intraday market is greater at night than during daytime.



The coefficients of trading volume   V t   are statistically significant for contracts Q1–Q3. For contracts Q1 and Q2, they are negative, whereas, for Q3 and Q4, they turn positive. This sign profile is sensible and it may be explained by the joint hourly seasonality of transaction prices and trading volumes described in Section 2.2: In the first half of the hour, intraday prices decrease due to sell pressure, as more electricity than the hourly average is generated; in the second half of the hour, intraday prices increase in the wake of buy pressure that arises from below-average electricity production.



The coefficients of negative and positive wind forecast changes   Δ  w t n    and   Δ  w t p    are highly statistically significant and negative for all contracts. The negative sign of both negative and positive wind forecast errors are economically meaningful: electricity prices should increase if less wind power infeed is anticipated and decrease if a higher share of wind power is expected. Hence, intraday forecast errors of wind power production add explanatory power to the intraday price formation of night contracts. The same result holds true for morning, noon, and evening contracts [6].



The coefficients of expected conventional capacities c are not statistically significant for all contracts in hour H1. This is not surprising, as the empirical data on c only comprise daily averages of expected conventional capacities. Thus, it not expected that c significantly affects the continuous trading of 15-min. delivery periods. This finding underpins our expectation that conventional power generation is primarily marketed on the day-ahead market and, consequently, from the supply side, only wind power forecast errors are balanced on the intraday market.



The coefficients of interarrival times    Δ t    are statistically significant for contracts Q1, Q3, Q4. They are positive for Q1 and Q2 and negative for Q3 and Q4. Let us consider the median significant coefficient of    Δ t   , which amounts to   − 0.078   and it is observed for contract Q3: if no transaction is conducted within one minute, the price is expected to decrease by roughly 0.08 EUR/MWh on average; if no transaction is conducted within 60 min., the price is expected to decrease by    60  × 0.078   EUR/MWh ≈ 0.60 EUR/MWh on average. Depending on the time to gate closure, typical bid–ask spreads on the German intraday electricity market vary in the range of 1–7.5 EUR/MWh [17,35]. Hence, the expected average price decrease resulting from    Δ t    is comparatively small.



Eventually, we conclude that intraday trading of 15-min. contracts at night is driven by trading-related variables (past, idiosyncratic price information, price information of neighboring contracts, intraday auction prices, trading volume) and wind power forecasts. However, the slope of the merit order curve and expected conventional capacities do not contribute to explaining the intraday pricing process at night. Consequently, intraday trading of night contracts is less driven by fundamentals than the trading of morning, noon, and evening contracts and the 15-min. market is more affected by pure price information.





5. Conclusions


This article investigates the intraday electricity pricing of night contracts. We examine high-frequency transaction data of 15-min. contracts traded on the German continuous intraday power market as well as linked fundamental supply and demand data. In particular, intradaily updated forecasts of wind power production are analyzed. We perform an empirical analysis of intraday prices and volumes of 15-min. contracts and identify a distinct hourly seasonality: While prices exhibit a sawtooth-shaped hourly seasonality on average, volumes show a U-shaped seasonality pattern. The hourly seasonality at night can be explained by the electricity demand profile along with the established hourly delivery positions from the day-ahead auction.



We tailor the recently introduced econometric model with fundamental impacts by [6] to night contracts, which has been proven to adequately describe the price dynamics of morning, noon, and evening contracts. As such, our model only incorporates ex-ante market knowledge. Our estimation results show strong evidence of mean reversion in the pricing process of night 15-min. contracts. Moreover, price changes of neighboring contracts have a statistically significant and positive effect on one another. These two findings are consistent with the results of morning, noon, and evening contracts, and, thus, independent of the time of day. Therefore, mean reversion and the positive price impact of neighboring contracts are generic features of the price formation mechanism on the intraday electricity market.



The 15-min. intraday auction price has explanatory power for pricing the first and last 15-min. contract within a night hour, and thereby serves as a first price signal for these contracts. Additionally, we infer that the importance of intraday auction prices is greater for intraday trading at night than during daytime. Moreover, the intraday trading volume adds explanatory power in explaining the intraday pricing process. On the side of fundamentals, intraday wind forecast changes have a statistically significant and expected negative effect on intraday prices. However, the slope of the merit order curve and expected conventional capacities do not contribute to the price dynamics of night contracts.



Overall, we conclude that intraday electricity pricing of night 15-min. contracts is predominantly determined by trading-related factors. Fundamentals play a subordinate role and 15-min. intraday trading is mainly driven by price information at night.



Our study is inherently designed for a number of applications in both academia and practice as it only involves ex-ante market information: first, our article paves the way to build trading strategies for the intraday trading of night contracts. In particular, we highlight the most important price drivers which should be taken into account in such strategies and how they affect intraday price changes. This knowledge also helps to enhance the optimal bidding behavior (optimal price, volume, and timing of a bid) of market participants on intraday markets. Moreover, our analysis lays the foundation for forecasting models for intraday electricity prices that are based on intradaily updated information on idiosyncratic and neighboring prices as well as wind power forecasts. Ultimately, our article conveys valuable implications for energy supply companies on the path towards the automation of intraday electricity trading.
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Figure 1. Volume-weighted average transaction price ( left) and total trading volume ( right) of 15-min. contracts during off-peak hours averaged over summer (red) and winter (blue). 
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Table 1. Summary of explanatory variables, granularities, detailed descriptions and data sources. Variables indexed by t vary over the continuous intraday trading session of a 15-min. contract.
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	Variable [Unit] (Granularity)
	Description
	Source





	Transaction price  P t  [EUR/MWh] (1-min.)
	Transaction price of 15-min. contracts traded on the German continuous intraday power market at EPEX SPOT SE
	European Energy Exchange AG [30]



	Trading volume  V t   [MW] (1-min)
	Trading volume of 15-min. contracts traded on the German continuous intraday power market at EPEX SPOT SE
	European Energy Exchange AG [30]



	Auction price  P Auc   [EUR/MWh] (quarter-hourly)
	Market clearing price of 15-min. contracts traded in the German 15-min. intraday auction at EPEX SPOT SE (published: daily after 3:10 PM)
	European Energy Exchange AG [31]



	Wind power forecast  w t   [GW] (quarter-hourly)
	Intradaily updated forecast of wind power generation for each quarter-hour on the delivery day in Germany
	EWE TRADING GmbH [32]



	Expected demandl [GW] (quarter-hourly)
	Day-ahead total load forecast for each quarter-hour on the delivery day in Germany (published: daily at 10 AM)
	European Network of Transmission System Operators for Electricity Transparency Platform [33]



	Expected conventional capacityc [GW] (daily)
	Expected daily average of available generation capacity of conventional power plants on the delivery day in Germany (published: daily at 10 AM)
	European Energy Exchange AG Transparency Platform [34]
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Table 2. Estimation results of the econometric model (1) for intraday price changes   Δ  P t    of 15-min. contracts H1Q1–4.
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H1Q1

	

	
H1Q2




	
Variable

	
Estimate

	
Std Error

	
Variable

	
Estimate

	
Std Error




	
Const

	
0.160

	
(0.808)

	
Const

	
−0.263

	
(0.890)




	
  ξ  

	
−0.378

	
(2.508)

	
  ξ  

	
2.251

	
(3.204)




	
   Δ  P  t − 1     

	
−0.393   * * *  

	
(0.024)

	
   Δ  P  t − 1     

	
−0.406   * * *  

	
(0.028)




	
   Δ  P  t − 2     

	
−0.201   * * *  

	
(0.020)

	
   Δ  P  t − 2     

	
−0.196   * * *  

	
(0.022)




	
   Δ  P  t − 3     

	
−0.098   * * *  

	
(0.014)

	
   Δ  P  t − 3     

	
−0.079   * * *  

	
(0.022)




	
   Δ  P t  ( i − 2 )     

	
0.022  * 

	
(0.012)

	
   Δ  P t  ( i − 2 )     

	
0.014

	
(0.010)




	
   Δ  P t  ( i − 1 )     

	
0.014    * * *   

	
(0.005)

	
   Δ  P t  ( i − 1 )     

	
0.124   * * *  

	
(0.023)




	
   Δ  P t  ( i + 1 )     

	
0.157    * * *   

	
(0.032)

	
   Δ  P t  ( i + 1 )     

	
0.119   * * *  

	
(0.017)




	
   Δ  P t  ( i + 2 )     

	
0.033    * *   

	
(0.016)

	
   Δ  P t  ( i + 2 )     

	
0.011

	
(0.013)




	
   P Auc   

	
0.020  * 

	
(0.016)

	
   P Auc   

	
0.003

	
(0.017)




	
   V t   

	
−0.054   * * *  

	
(0.007)

	
   V t   

	
−0.050   * * *  

	
(0.013)




	
   Δ  w t n    

	
−0.059

	
(0.261)

	
   Δ  w t n    

	
−1.073   * * *  

	
(0.373)




	
   Δ  w t p    

	
−2.085   * * *  

	
(0.246)

	
   Δ  w t p    

	
−1.177   * * *  

	
(0.250)




	
c

	
0.000

	
(0.021)

	
c

	
−0.009

	
(0.021)




	
   Δ t   

	
0.071  * *  

	
(0.032)

	
   Δ t   

	
0.002

	
(0.040)




	
#Obs

	
6649

	

	
#Obs

	
6421

	




	
   R adj 2   

	
0.224

	

	
   R adj 2   

	
0.203

	




	

	
H1Q3

	

	
H1Q4




	
Variable

	
Estimate

	
Std Error

	
Variable

	
Estimate

	
Std Error




	
Const

	
−5.207

	
(4.508)

	
Const

	
−2.601

	
(1.632)




	
  ξ  

	
39.743

	
(45.309)

	
  ξ  

	
10.180

	
(11.879)




	
   Δ  P  t − 1     

	
−0.358   * * *  

	
(0.025)

	
   Δ  P  t − 1     

	
−0.608   * * *  

	
(0.084)




	
   Δ  P  t − 2     

	
−0.177   * * *  

	
(0.018)

	
   Δ  P  t − 2     

	
−0.351   * * *  

	
(0.086)




	
   Δ  P  t − 3     

	
−0.101   * * *  

	
(0.013)

	
   Δ  P  t − 3     

	
−0.157   * * *  

	
(0.045)




	
   Δ  P t  ( i − 2 )     

	
0.023

	
(0.014)

	
   Δ  P t  ( i − 2 )     

	
0.047   * *  

	
(0.021)




	
   Δ  P t  ( i − 1 )     

	
0.078   * * *  

	
(0.020)

	
   Δ  P t  ( i − 1 )     

	
0.170   * * *  

	
(0.024)




	
   Δ  P t  ( i + 1 )     

	
0.223   * * *  

	
(0.021)

	
   Δ  P t  ( i + 1 )     

	
0.169  * 

	
(0.094)




	
   Δ  P t  ( i + 2 )     

	
0.033  * 

	
(0.018)

	
   Δ  P t  ( i + 2 )     

	
0.041

	
(0.027)




	
   P Auc   

	
0.016

	
(0.012)

	
   P Auc   

	
0.027  * 

	
(0.016)




	
   V t   

	
0.030   * * *  

	
(0.010)

	
   V t   

	
0.011

	
(0.013)




	
   Δ  w t n    

	
−1.032   * *  

	
(0.492)

	
   Δ  w t n    

	
−1.291   * * *  

	
(0.435)




	
   Δ  w t p    

	
−1.090   * * *  

	
(0.229)

	
   Δ  w t p    

	
−0.621   * *  

	
(0.270)




	
c

	
0.006

	
(0.024)

	
c

	
0.004

	
(0.029)




	
   Δ t   

	
−0.078   *  

	
(0.040)

	
   Δ t   

	
−0.180    * * *   

	
(0.061)




	
#Obs

	
7075

	

	
#Obs

	
7914

	




	
   R adj 2   

	
0.207

	

	
   R adj 2   

	
0.290

	








* p < 0.1; ** p < 0.05; ***p < 0.01
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Table 3. Estimation results of the econometric model (1) for intraday price changes   Δ  P t    of 15-min. contracts H3Q1–4.
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H3Q1

	

	
H3Q2




	
Variable

	
Estimate

	
Std Error

	
Variable

	
Estimate

	
Std Error




	
Const

	
−1.352

	
(0.881)

	
Const

	
0.865

	
(0.810)




	
  ξ  

	
−3.468

	
(4.834)

	
  ξ  

	
−2.496

	
(1.742)




	
   Δ  P  t − 1     

	
−0.399   * * *  

	
(0.020)

	
   Δ  P  t − 1     

	
−0.365   * * *  

	
(0.024)




	
   Δ  P  t − 2     

	
−0.214   * * *  

	
(0.017)

	
   Δ  P  t − 2     

	
−0.190   * * *  

	
(0.019)




	
   Δ  P  t − 3     

	
−0.076   * * *  

	
(0.015)

	
   Δ  P  t − 3     

	
−0.102   * * *  

	
(0.016)




	
   Δ  P t  ( i − 2 )     

	
0.039   * *  

	
(0.018)

	
   Δ  P t  ( i − 2 )     

	
0.017

	
(0.014)




	
   Δ  P t  ( i − 1 )     

	
0.014

	
(0.016)

	
   Δ  P t  ( i − 1 )     

	
0.119   * * *  

	
(0.017)




	
   Δ  P t  ( i + 1 )     

	
0.140   * * *  

	
(0.020)

	
   Δ  P t  ( i + 1 )     

	
0.139   * * *  

	
(0.024)




	
   Δ  P t  ( i + 2 )     

	
0.037   * *  

	
(0.017)

	
   Δ  P t  ( i + 2 )     

	
0.069   * * *  

	
(0.017)




	
   P Auc   

	
0.029   * * *  

	
(0.009)

	
   P Auc   

	
0.011

	
(0.015)




	
   V t   

	
0.024   * *  

	
(0.010)

	
   V t   

	
0.037   * * *  

	
(0.011)




	
   Δ  w t n    

	
−1.012  * * * 

	
(0.360)

	
   Δ  w t n    

	
−0.702   * *  

	
(0.283)




	
   Δ  w t p    

	
−1.669   * * *  

	
(0.275)

	
   Δ  w t p    

	
−1.289   * * *  

	
(0.181)




	
c

	
0.031

	
(0.023)

	
c

	
0.009

	
(0.020)




	
   Δ t   

	
0.038

	
(0.036)

	
   Δ t   

	
−0.050

	
(0.033)




	
#Obs

	
6357

	

	
#Obs

	
6309

	




	
   R adj 2   

	
0.208

	

	
   R adj 2   

	
0.191

	




	

	
H3Q3

	

	
H3Q4




	
Variable

	
Estimate

	
Std Error

	
Variable

	
Estimate

	
Std Error




	
Const

	
−0.227

	
(1.475)

	
Const

	
−1.199

	
(0.913)




	
  ξ  

	
4.497

	
(8.890)

	
  ξ  

	
−1.381

	
(2.122)




	
   Δ  P  t − 1     

	
−0.428   * * *  

	
(0.027)

	
   Δ  P  t − 1     

	
−0.370   * * *  

	
(0.021)




	
   Δ  P  t − 2     

	
−0.174   * * *  

	
(0.016)

	
   Δ  P  t − 2     

	
−0.166   * * *  

	
(0.018)




	
   Δ  P  t − 3     

	
−0.053   * *  

	
(0.021)

	
   Δ  P  t − 3     

	
−0.057   * * *  

	
(0.013)




	
   Δ  P t  ( i − 2 )     

	
0.053    * * *   

	
(0.015)

	
   Δ  P t  ( i − 2 )     

	
0.023  * 

	
(0.014)




	
   Δ  P t  ( i − 1 )     

	
0.072   * * *  

	
(0.017)

	
   Δ  P t  ( i − 1 )     

	
0.183   * * *  

	
(0.015)




	
   Δ  P t  ( i + 1 )     

	
0.210   * * *  

	
(0.020)

	
   Δ  P t  ( i + 1 )     

	
0.049   * * *  

	
(0.016)




	
   Δ  P t  ( i + 2 )     

	
0.075   * * *  

	
(0.028)

	
   Δ  P t  ( i + 2 )     

	
0.035   * *  

	
(0.016)




	
   P Auc   

	
0.005

	
(0.011)

	
   P Auc   

	
0.021  * 

	
(0.011)




	
   V t   

	
0.015

	
(0.010)

	
   V t   

	
−0.010

	
(0.008)




	
   Δ  w t n    

	
−0.711   * * *  

	
(0.242)

	
   Δ  w t n    

	
−0.809   * * *  

	
(0.280)




	
   Δ  w t p    

	
−1.063   * * *  

	
(0.167)

	
   Δ  w t p    

	
−0.981   * * *  

	
(0.223)




	
c

	
−0.015

	
(0.020)

	
c

	
0.030

	
(0.024)




	
   Δ t   

	
−0.042

	
(0.030)

	
   Δ t   

	
−0.027

	
(0.033)




	
#Obs

	
6610

	

	
#Obs

	
7337

	




	
   R adj 2   

	
0.219

	

	
   R adj 2   

	
0.174

	








* p < 0.1; ** p < 0.05; ***p < 0.01
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