Online Appendix

Appendix A. Empirical results of hourly autoregressive model for day-ahead

and intraday electricity prices

In the following, we present our autroregressive models estimated for each single hour
of the day. The results are reported for the day-ahead (Tables A.1 to A.3), as well as

intraday electricity prices (Tables A.4 to A.6).
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hases II and III (2010-2014) of the EU ETS. Dependent variables are the hourly

ing p
day-ahead electricity prices.
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Estimated coefficients of autoregressive model measuring the influence of the carbon pr

Table A.1
electricity pr
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Estimated coefficients of autoregressive model measuring the influence of the carbon pr
electricity prices during phases II (2010-2012) of the EU ETS. Dependent variables are the hourly day-ahead

Table A.2

ity prices.
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Estimated coefficients of autoregressive model measuring the influence of the carbon pr
electricity prices during phases III (2013-2014) of the EU ETS. Dependent variables are the hourly day-

Table A.3

ity prices.
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Estimated coefficients of autoregressive model measuring the influence of the carbon pr
electricity prices during phases II and III (2010-2014) of the EU ETS. Dependent variables are the hourly

intraday electricity prices.

Table A.4
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Appendix B. Robustness check with de-seasonalized global model

As part of our robustness checks, we follow an alternative approach based on a two-step
procedure [1]. First, we de-seasonalize the electricity prices, as well as the covariates, and,
subsequently, measure the influence of EUA on electricity prices in the different phases of

the EU ETS.

Appendiz B.1. Step 1: de-seasonalization of electricity prices

Accounting for seasonality is a crucial step when analyzing the the spot price of electric-
ity [2]. Hence, we first de-seasonlize the time series by means of hourly, daily and monthly
dummies, as well as a trend ¢. In addition, we add lags of 24, 48 and 168 hours in order to

account for recurring patterns [2]. This yields the specification
Py =yt + E1Py—o4 + E9P—as + &1Pi—168 + Rt Dhour + Wi Duweekday + Mt Dimontn, + Pr, (B.1)

with electricity price P;, residual P, dummy variables Dyour, Dweekdays Pmonth, and coef-
ficients ~, &1, &2, &3, ht, wy and my. We then utilize the residual P, in step 2, as it yields

the de-seasonalized electricity prices.

Appendix B.1.1. Step 2: regression on de-seaonalized electricity prices
In a second step, we analyze the impact of the EUA price by running a regression on

the de-seasonalized electricity price, i.e.
P, = 1 Windy + B2 PV; + B3 Load; + B4EUA; + &, (B.2)

with the de-seasonlized spot price P;, coefficients S, ..., 84 and an error term e;. It is
noteworthy that, in the case of phase II of the EU ETS, we apply the difference operator
A to the EUA price in order to obtain a stationary time series. The reason is that the

underlying time series is stationary only after first differences and we thus need to adapt



the above model specification. When estimating the day-ahead market, we utilize the
lagged EUA price, since this price is set one day in advance. Table B.7 presents the final

regression results.
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Table B.7: Estimated coefficients of autoregressive model measuring the influence of the carbon price on

electricity prices during phases II and III of the EU ETS. Dependent variables are the de-seasonalized

variables of the hourly day-ahead and intraday electricity prices.
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Appendix C. Policy review in the context of our findings

Evidently, not all policy adjustments to the Emissions Trading System implemented be-
tween phases IT and IIT have resulted in the outcomes desired by policy-makers. Therefore,
previous research discusses potential improvements for the future [e. g. 3, 4]. We now draw
upon previous works from carbon-related research and embed our empirical evidence in
the bigger picture. That is, we review policy implications from the literature regarding the
current, as well as future, phases of the Emissions Trading System in order to achieve the
climate goals of the European Union. More specifically, these policies (that are potentially
under consideration) are likely to change the direction and magnitude of how emission al-
lowances impact electricity prices with the aim of attaining a positive relationship between

both price variables:

e Reducing supply of emission allowances. The current price of emission allowances
is fairly low, especially when compared to previous phases of the Emissions Trading
System. A low EUA price serves as a strong indicator of excess supply and, hence,
policy-makers should re-evaluate the available volume of emission allowances. Such a
reduction has recently been encouraged by economists; see e. g. [5] and [6]. Further cuts
to the available volume are, in fact, indispensable in the quest to reach the stated climate
objective by the year 2030. In particular, since the renewable policy might trigger price
reductions [7]. In fact, the next development stage of the EU ETS, starting in 2020, is
going to include additional measures to decrease emissions by yearly 2.2%. Due to a
strongly negative impact of the EUA price in our analysis, which is highly contrary to

theory, it still remains unclear if this reduction yield appropriate results.

e Evaluating side-effects among different regulatory tools. Policy-makers should
assess the interdependencies between different regulatory mechanisms such as the prefer-
ential treatment of renewable energies, the price-setting mechanism, and the Emissions

Trading System. Support schemes for renewable energy sources encourage increased

11



electricity generation from these sources. This simultaneously replaces existing (carbon-
intensive) power plants and frees up emission allowances for trading. The newly avail-
able allowances are not withdrawn from the market and, as a result, support schemes
for renewable energies might not fulfill their original goal of reducing carbon emissions
[8, 9, 10]. As a possible remedy, one could incorporate an automatism that reduces the
number of EUA for each additional unit of electricity production that is carbon-free,
such as those generated by renewables. Thereby, the volume of available emission al-
lowances would shrink in proportion to the increase in the installed capacity of renewable
energy sources. Additionally, in this context, a carbon tax system might overcome this
drawbacks [11, 12]. However, carbon taxes and emission trading systems might cause

different price effects depending on the market structure [13].

Introducing a lower bound to the carbon price. Policy-makers might want to con-
sider a minimum price for every emission allowance. This can help to create additional
incentives to reduce greenhouse gases, especially as an ongoing lever during the transi-
tion from fossil fuels to renewable energy sources. For instance, to promote renewable
energies, Gavard [14] calls for a minimum carbon price of at least 27€ /tCO2 if wind
feed-ins are expected to compete with coal and an even higher figure in order to compete
with more expensive power sources such as gas. Even with a lower bound, emission
allowances can still be traded freely as part of the cap and trade system, leaving the
eventual price to market dynamics. An extensive overview can be found in [11], which

discussed hybrid cap-and-trade systems and their (dis)advantages.

Our results provide evidence that the current system of emissions trading lagging the

original intentions of the policy-makers. Hence, the above review of policy options outlines

potential levers that policy-makers can utilize in designing phase IV of the European Union

Emissions Trading System. It is clear that such a design must be carefully chosen in order

to successfully combine economic growth, penetration of renewable energy sources, and the

total volume of emissions.
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