
Appendix (For Online Publication)

A Background on the management interviews

A.1 Interview practice

Interviews were carried out by graduate and postgraduate students after they had been

trained. The interviewers were paid according to the number of interviews conducted,

encouraging them to do more interviews and discouraging any firm background re-

search, thus preserving the double-blind nature of the survey. Interviewers made “cold

calls” to production facilities (not head offices), gave their name and affiliation and

then asked to be put through to the production or environmental manager. In the case

of EU ETS firms, interviewers requested to speak to the person responsible for the

EU ETS. At this stage, the terms “survey” and “research” were avoided as both are

associated with commercial market research and some switchboard operators have in-

structions to reject such calls. Instead, we told them that we were doing “a piece of

work” on climate change policies and their impact on competitiveness in the business

sector and would like to have a conversation with the manager best informed.

Once the manager was on the phone, the interviewer asked whether s/he would be

willing to have a conversation of about 40-45 minutes about these issues. Depending

on the manager’s willingness and availability to do so, an interview was scheduled. If

the manager refused, s/he was asked to provide the interviewer with another knowl-

edgeable contact at the firm who might be willing to comment. Managers who agreed

to give an interview were sent an email with a letter in PDF format to confirm the date

and time of the interview and to provide background information and assure them of

confidentiality. A similar letter was sent to managers who requested additional infor-

mation before scheduling an interview.

All interviewers worked on computers with an internet connection and used VOIP

software to conduct the interviews. They accessed a central interview database via

a custom-built, secure web interface which included a scheduling tool and the inter-

view application which displayed the questions along with the scoring grid. The inter-

view screen contained hyperlinks to a manual with background information on each

question. Interviewers scored answers during the interview. For all interviews, the

scheduling history as well as the exact time and date, duration, identity of interviewer,

etc. were recorded. All interviews were conducted in the language of the interviewee’s

residence.

The interview format follows the design pioneered by Bloom and van Reenen

(2007). This approach seeks to minimize cognitive bias by asking open-ended ques-

tions and by delegating the task of scoring the answers to the interviewer. In addition,
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Table A.1: Interview response rates by country
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Notes: There are more interviews than interviewed firms as we conducted several interviews with different partners in a small

number of firms.

a large sample size and interviewer rotation is exploited to control for possible bias on

the part of the interviewers by including interviewer fixed effects in regression analy-

ses. For further details, see Bloom and van Reenen (2010).

A.2 Sample characteristics

Table A.1 provides an overview of the number of interviews and the response rates

broken down by country and by EU ETS participation status.1 The last column shows

the response rate i.e. the fraction of firms that were contacted and with whom we suc-

cessfully conducted an interview. These vary somewhat between different countries.

For example, it is particularly low in Germany (38%) and the UK (40%), whereas in

Belgium or Hungary, firms were more willing to participate (74% and 78%, respec-

tively). Generally, these figures are very high compared to response rates achieved in

postal or online surveys.

It is important for the validity of our analysis to rule out possible selection bias

in our sample. EU ETS firms are different from non-ETS firms, but within these two

categories, interviewed firms are not significantly different from non-interviewed firms

in regards to the most common characteristics available in ORBIS. This is shown in

Panel A of Table A.2 where each of the principal firm characteristics available from

the ORBIS database (turnover, employment and capital) is regressed on a dummy vari-

able indicating that a firm is part of the EU ETS, a dummy indicating that a firm was

contacted, and a full set of sector and year dummies, with the result that the estimated

coefficients are small and statistically insignificant. For the set of firms that either con-

1All analysts would first conduct interviews in the UK and only then go on to conduct interviews in

another country allowing a common reference, hence the larger number of interviews for this country.

This allows us to control for interviewer bias as discussed below and also for UK responses to be used

as a benchmark.
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Table A.2: Sample representativeness
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ceded or refused an interview, we ran analogous regressions to estimate an intercept

specific to firms that granted us an interview. The results in Panel B of Table A.2

show that none of these intercepts is statistically significant. We thus conclude that our

sample is representative of the underlying population of medium-sized manufacturing

firms in the six European countries covered by our study.

B Robustness of vulnerability score

B.1 External consistency: Energy price regressions

We compile data on firm-level employment, wages and energy prices in European and

OECD countries for the years from 1999 until 2007. Table B.1 summarizes the data.

Employment Our sample covers all firms contained in the ORBIS database which

have 10 or more employees in at least one year during the sample period. In ad-
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Table A.3: Firm characteristics by ETS participation status
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Notes: Based on 2007 data. Stars next to a variable name indicate that the respective means for ETS and non ETS firms are

significantly different at the 10% (*), 5% (**), and 1% (***) levels.

Figure A.1: Distribution of vulnerability score by country and industry

0 20 40 60 80 100

UK(194)

Poland(74)

Hungary(68)

Germany(131)

France(136)

Belgium(122)

0 .2 .4 .6 .8 1

Wood & Paper(88)

Wholesale(5)

Vehicles(47)

Textile & Leather(20)

TV Communication(11)

Publishing(19)

Other Minerals(8)

Other Business Services(3)

Other Basic Metals(9)

Machinery & Optics(68)

Iron & Steel(39)

Glass(29)

Furniture & NEC(17)

Fuels(14)

Food & Tobacco(106)

Fabricated Metals(45)

Construction(3)

Chemical & Plastic(118)

Ceramics(13)

Cement(63)

1 2 3 4 5

Notes: Bar charts show the distribution of the vulnerability score by country (left) and by 3-digit NACE sector (right). The score

ranges from 1 (no impact) to 5 (complete relocation). A score of 3 is given if at least 10% of production or employment would be

outsourced in response to future carbon pricing. The number of observations in each country and industry is given in parenthesis.

NEC: Not elsewhere classified.
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Table A.4: Descriptive statistics of the vulnerability score
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Notes: Summary statistics of the overall vulnerability score (first row), by country (panel A) and by 3-digit NACE sector (panel

B). The score ranges from 1 (no impact) to 5 (complete relocation). A score of 3 is given if at least 10% of production of

employment would be outsourced in response to future carbon pricing. NEC: Not elsewhere classified.
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Table A.5: Differences in vulnerability score by sector and country
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additional controls for interview noise and employment (column 2). The asterisks indicate statistical significance of a t-test of

equality of the country/sector’s intercept and the overall mean (* p<0.1, ** p<0.5, *** p<0.01). NEC: Not elsewhere classified.
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dition to employment, this source also provides industry codes at the 3-digit NACE

level. The EU sample includes Austria, Belgium, Czech Republic, Finland, France,

Germany, Hungary, Italy, Netherlands, Poland, Portugal, Romania, Slovakia, Spain,

Sweden and the United Kingdom. In addition to those countries, the OECD sample

includes Canada, Mexico, Japan, Switzerland, and the United States of America, but

not Romania.

Energy prices Price data for electricity, gas, liquid and solid fuels comes from the

‘Energy Prices and Taxes database’ maintained by the International Energy Agency.2

To ensure comparability of prices across fuels, we adjust for net calorific value using

prices in US$ per ton of oil equivalent (TOE). For each country c and year t, we

compute the energy price in sector s as

EPD
cst =

(
∑
e

ωe
s ln(pe

ct)

)
(B.1)

where pe
ct is the price of fuel e ∈{electricity, gas, liquid fuel, solid fuel} and ωe

s is the

expenditure share of fuel e in sector s. Since expenditure shares are not available for

all countries in the sample, we impute them using UK data at the 3-digit NACE code

taken from the Quarterly Fuels Inquiry data maintained by the UK Office for National

Statistics. We hold these shares fixed at their 2004 values – the latest year for which

we have this information – in order to avoid the issue of endogenous changes in fuel

expenditures.

In order to account for energy price variation in the other countries, we calculate a

sectoral index of foreign energy prices as the average of the energy price indices (EPD)
in all countries j other than c, inversely weighted by their geographical distance dc j to

country c:

EPF
cst = ∑

j 6=c

EPD
jst

(
d−1

c j

∑k 6=c d−1
ck

)
(B.2)

Finally, we define the energy price differential between home and foreign countries as

ẼPcst ≡ EPD
cst−EPF

cst (B.3)

Wages Wages at the 2-digit industry level, Wcst , are taken from the LABORSTA

database maintained by the International Labour Organization (see http://laborsta.ilo.org).

Note that wage data are reported on different scales (e.g. monthly, hourly) by the dif-

ferent sectors. This is however not an issue as we take the logarithmic measure of

wages and control for sectoral trends in the regressions. We construct an index of

2International Energy Agency (2009). Energy Prices and Taxes. Quarter 3. Paris, France.
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Table B.1: Descriptive statistics: Employment, energy prices and wages

���� ��� ��� ��	��� �
� ����

�������


��������� ��� ��� � �� �� �� �����


��������������� ���
 ���� ���� ���� ���� ���� ����


 ��������������� ���� ���� !���� !���� ���� ���� ����

���� ���
 ���
 ���� ���
 ���� 
���

���� ���� ���
 ���� ���� ���� 
���

���� ���� !��
� !���� !���� ���� ����

 "�����#�����$����$�%� ���� ���� !���� !���� !���� ���� ����

���� ���� !���� !���� ���� ���� ����

���� ���� !���� !���� ���� ���� ����

!���� ���� !���� !���� !���� ���� ����

 "�����#��&��� !���� ���� !���� !���� !���� ���� ��
�

'�$�()����������*+(�$#�����()������
��

����	
��



��������� ��
 ��� � �� �
 �� �����


��������������� ���� ���� ���� ���� ���� ���� ����


 ��������������� ���� ���� !���� !���� ���� ���
 ����

���� ���
 ���
 ���� ���
 ���� 
���

���� ���� ���
 ���� ���� ���
 
���

���� ���� !��
� !���
 !���� ���� ����

 "�����#�����$����$�%� ���� ���� !���� !���� ���� ���
 ����

���� ���� !���� !���� ���� ���� ����

���� ���� !���
 !���� ���� ���� ����

!���� ���� !���� !���� !���� ���� ����

 "�����#��&��� !���� ���� !���� !���� !���� ���� ��
�

'�$�()���������*+(�$#�����()���������

,���	�$	�
	�#������

-���(��%�
����	���.
�-/

'�$�����
����	���.
�'/

"�����#�����$����$�%��.
�-!
�'/

-���(��%�&������	���.0-/

'�$�����&������	���.0'/

"�����#��&����.0���-!0���'/

-���(��%�
����	���.
�-/

'�$�����
����	���.
�'/

"�����#�����$����$�%��.
�-!
�'/

-���(��%�&������	���.0-/

'�$�����&������	���.0'/

"�����#��&����.0���-!0���'/

Notes: The sectoral energy price (EPD) is the average of the logarithmic prices of different fuel categories, weighted by the

sector’s expenditure shares for each category in the UK in 2004. The domestic wage index is the logarithmic change in the

wage against its level in 2004. Foreign EP and wage indices are the averages of all foreign EP and wage variables, respectively,

inversely weighted by the geographical distance to the foreign country. ∆ stands for the first time difference (t-(t-1)) of a variable.
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foreign wages for each country c and sector s in year t as

W F
cst = ∑

j 6=c

lnWjst

(
d−1

c j

∑k 6=c d−1
ck

)
(B.4)

and define the difference between local and foreign wages as

W̃cst ≡W D
cst−W F

cst . (B.5)

Vulnerable sectors We want to assess the ability of the VS measure to identify

firms that are at risk of relocation. Since we do not have firm-level VS for the en-

tire ORBIS sample, we compute the employment-weighted average VS for each (3-

digit level) sector in the interview sample. We examine the relationship between VS

and the price elasticities of employment using 3 types of interactions. Firstly, we

interact the price variables (energy and wages) with an above-median indicator vari-

able (I{V Ss > q(50)}). This group is referred to as “High VS”. Secondly, we interact

the price variables with the deviation from the mean VS (V Ss− V̄ S). Finally, we re-

estimate the first specification but interact the price variables also with indicators of

the second and fourth quartiles of the VS distribution, i.e. I{q(25)<V Ss < q(50)}
and I{q(75)<V Ss}. The coefficients on these variables tell us if price elasticities of

employment vary significantly between the quartiles on either side of the median.

Estimation We estimate equations of the form

lisct = βllisct−1 +βPẼPsct−1 +βWW̃sct−1

+∑X∈XXs

(
βXPẼPsct−1 +βXWW̃sct−1

)

+αct +αstt +αi + εit

(B.6)

where l is the logarithmic employment, X contains different sets of variables derived

from the sectoral VS,3 αct is a country-by-year effect, αst captures a sector specific

trend and αi is a firm fixed effect. Following Blundell and Bond (1998), we estimate a

system of equation (B.6) in levels and first differences with differences of the explana-

tory variables and lagged levels, respectively, as instruments. The system GMM esti-

mator is necessary in our case as its less restrictive alternative, the Arellano-Bond es-

timator, is susceptible to a severe weak instrument bias given the high auto-correlation

coefficient βl that we find below. In Table B.3 we also report OLS estimates of equa-

tion (B.6) (i.e. abstracting from firm fixed effects) which leaves our key qualitative

3In the first specification, X = {I{q(50)<V Ss}} = High V S, in the second specifica-

tion X = {V S−mean(V S}} , and in the last specification X = {I{q(50)<V Ss < q(100)} ,
I{q(25)<V Ss < q(50)}, I{q(75)<V Ss}}.
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Table B.2: Dynamic Panel Regressions of (log) employment
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Notes: The dependent variable is the firm employment measured on a logarithmic scale. The vulnerability score (VS) is the

sectoral employment-weighted vulnerability score, and the quartiles are defined on the panel sample. All regressions are imple-

mented with the System GMM by Blundell and Bond which includes a level and a differenced equation with lagged differences

and twice-lagged levels of the endogenous variables as instruments. Robust standard errors, clustered at the firm level, are in

parentheses. Asterisks indicate statistical significance at the 10%(*), 5%(**) and 1%(***) level.
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results on energy prices intact.

In addition to the energy price elasticities reported in Table 2 in the main text,

Table B.2 reports the coefficients on wages as well as an additional specification in

columns 3 and 6 where we interact the price coefficients with four VS quartile band

indicators. The effects of energy prices in the second and fourth quartiles are not

statistically significant, which supports the more parsimonious specification with the

High VS dummy that we report in main text.

In all specifications, employment responds negatively to an increase in relative

wages, which is in line with expectations. There is some evidence of negative inter-

actions with the VS measures, yet the pattern is less robust than the one found for

energy prices. For the EU sample, for instance, we find a non-monotone relationship

in column 6 where the third quartile is less responsive than the fourth quartile. Of

course there is no reason why we should expect a particular pattern for wages in terms

of VS. Finally, the OLS estimates of energy prices elasticities reported in Table B.3

lead to comparable results, although the coefficients on the endogenous wage variable

naturally look less plausible.

B.2 Reliability of the vulnerability score: a regression discontinu-

ity design

In this section we provide an additional reliability test of the vulnerability score (VS).

The score is based on the interviewees’ assessment of their reaction to carbon pricing

policies until 2020, under the explicit assumption that they would not receive any

permits for free. This is a counterfactual scenario because the manufacturing firms we

interviewed could expect to receive part of their emission permits for free under the

benchmarking rule, or receive even more permits for free if they were considered to be

at risk of carbon leakage. The precise rules were not finalized until after the interview

period, so that there was substantial uncertainty surrounding the process of free permit

allocation. Nonetheless, if some firms held correct expectations about their free permit

allocation during phase III, this might have influenced their response in spite of our

request to consider the case of no free permits. We examine this possibility using

a regression discontinuity design (RDD). As discussed in the main text, the criteria

for free allocation were defined in terms of a number of thresholds for the sector’s

trade and carbon intensity. If the criteria were in fact known by the respondents and

affected their reported VS, we should observe discrete jumps in VS around the relevant

threshold values. This can be tested using an appropriate RDD.

To begin, consider the four thresholds depicted by the bold line in Figure B.1. CI

thresholds are at 30% (segment 1) and at 5% (segment 3), whilst thresholds for TI

are at 10% (segment 2) and at 30% (segment 4). Most of the firms in our sample are

concentrated in segments 3 and 4. A traditional RDD can be employed to estimate
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Table B.3: OLS Regressions of (log) employment
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Notes: The dependent variable is the firm employment measured on a logarithmic scale. The vulnerability score (VS) is the

sectoral employment-weighted vulnerability score, and the quartiles are defined on the panel sample. All regressions are estimated

by OLS. Robust standard errors, clustered at the firm level, are in parentheses. Asterisks indicate statistical significance at the

10%(*), 5%(**) and 1%(***) level.

Figure B.1: Defining threshold bands

(a) Overlapping bands
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(b) Non-overlapping bands
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Figure B.2: Effect of exemption thresholds on VS? Graphical analysis

(a) 5% CI Threshold - 10% Bands

1
2

3
4

5
S

c
o
re

0 5 10 15
CO2 intensity

Impact Score

(b) 30% TI threshold - 10% Bands

1
2

3
4

5
S

c
o
re

20 25 30 35 40
Trade intensity

Impact Score
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the threshold effect in a narrow band around the threshold (Figure B.1a depicts 10%

bands on either side of segments 3 and 4). Figure B.2 plots fitted regression lines

and confidence bands on either side of the thresholds, for either of the two segments.

Figures B.2a and B.2c focus on the 5% threshold for CI, and Figures B.2b and B.2d on

the 30% threshold for TI. In Figures B.2c and B.2d, the regression lines are restricted

to have the same slope above and below the threshold. In neither case can we detect a

significant discontinuity at the threshold. The point estimates of these threshold effects

are small, positive and statistically insignificant. Had the interviewees factored in their

subsequent continued free allocation, we should have observed a significant negative

effect.

To account for multiple running variables and two-dimensional thresholds, we use

an approach similar to Papay et al. (2011). First, we partition the sample along the four

segments, as shown in Figure B.1b. Next, we estimate the equation
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V Si j =
4

∑
s=1

I{i∈Fs(B)} ·
(
β s

CI ·CI j +β s
T I ·T I j

)
+βD ·EXEMPTj +x′i jβx + εi j (B.7)

where s indexes the segment, Fs(B) denotes the set of firms i in sector j that fall into

the band B around a particular segment, I{·} is the indicator function and xi j is a vector

of additional control variables.4 EXEMPTj is a dummy variable taking the value 1 if

sector j will receive free permits by virtue of being above the threshold. The threshold

effect is identified across all partitions, using observations within a 10% band from

each threshold. We allow for different coefficients on the running variables CI j and

T I j underlying the threshold dummy D j.

Table B.4 reports the results. The baseline specification, which is linear in the run-

ning variables and lacks further controls, yields a statistically insignificant coefficient

of 0.108 (in column 1). This means that firms just above the threshold for free per-

mit allocation have a VS that is 0.1 points (about one tenth of the standard deviation)

higher on average than the VS for firms just below the threshold. The specification

in column 2 includes firm-level CO2 emissions and employment as control variables,

in addition to interview noise controls (i.e. interviewer dummies as well as interview

and interviewee characteristics). The point estimate for the threshold effect becomes

negative but remains insignificant and small in magnitude. Choosing narrower bands

(5% on either side of the threshold) changes the threshold estimate very little, as re-

ported in column 3. If anything, the point estimate is closer to 0. Columns 4 and 5

report regressions with 15% and 20% bands, and the regression reported in column

6 includes a second-order polynomial in the running variables. Neither specification

gives rise to a statistically significant threshold effect.

C Computational appendix

C.1 Firm level allocation

We implement the dynamic programming algorithm to solve programs (4) and (6) in

a STATA ado file using MATA language. The structure of these programs is akin to a

dynamic ‘cake eating problem’ (see e.g. Adda and Cooper, 2003), with the difference

that the ‘cake’ is not distributed over time but across firms. This approach can be

applied to a broad class of specifications for the relocation probability and objective

functions. Importantly, it allows us to solve the dual problem (6) as well.

4We experiment with different specifications for the running variables (linear vs. quadratic) and

controls, as well as with different bandwidths. They all yield similar results, as shown in Table B.4.

Additional results are available from the authors on request.
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Table B.4: Effect of exemption thresholds on VS? RDD estimates
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Primal program: Minimize risk subject to fixed permit allocation Firm i’s con-

tribution to aggregate relocation risk is given by

ri(qi) =
di

1+ exp(β0i +β1iqi)
(C.1)

where di is the damage caused by relocation of firm i. This is substituted into the

Bellman equation

Vi (si) = min
0≤qi≤si

ri(qi)+Vi+1 (si−qi) (C.2)

We evaluate eq. (C.1) for each firm on a grid ranging from 0 to Q̄. This matrix is

passed on to the program cake.ado which evaluates and solves (C.7).

Dual Program: Minimize free permit allocation subject to fixed risk. Since

Φi (−πi(·)) is strictly monotonic in qi we can invert eq. (C.1) to get

qi = π−1
i

[
−Φ−1

i

(
ri

αli +(1−α)ei

)]

and rewrite the dual program (6) as
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min
{ri≥0}

n

∑
i=1

π−1
i

[
−Φ−1

i

(
ri

αli +(1−α)ei

)]
s. t.

(

∑
i

ri ≤ R̄

)
. (C.3)

That is, rather than allocating the pieces of a fixed pie of free permits so as to reduce

total risk, we now allocate the pieces of a fixed pie of relocation risk so as to minimize

total permits. For all firms with β1i > 0 we invert function (C.1) over the positive range

to obtain

qi(ri) =

{
1

β1i
log
(

di

ri
−1
)
− β0i

β1i
ri <

di

1+exp(β0i)

0 otherwise
(C.4)

The corresponding Bellman equation is given by

Wi (si) = min
0≤ri≤si

qi (ri)+Wi+1 (si− ri) (C.5)

Again this function can be written as a vector on a grid and passed on to cake.ado

which computes the minimum allocation.

C.2 Sector level allocation

In the sector-level allocation scenario, it is assumed that the regulator assigns free per-

mits to the sector as a whole but refrains from redistributing emission permits amongst

the firms in this sector. Denote by θi j (0 ≤ θi j ≤ 1) firm i’s share in the total amount

of permits Q j allocated to sector j. We assume that firms receive emission permits in

proportion to their historical emissions ei, i.e. θi j =
ei

∑k∈ j ek
.

Primal program Sector j’s contribution to aggregate risk of relocation is given by

R j(Q j) = ∑
i∈ j

di

1+ exp
(
β0i +β1iθi jQ j

) . (C.6)

These can be vectorized and passed on to the cake.ado program to solve the Bellman

equation

Vj

(
S j

)
= min

0≤Q j≤S j

R j(Q j)+Vj+1

(
S j−Q j

)
. (C.7)

The program returns the optimal quantities of free permits for each sector, and thanks

to the shares θi j these map directly into firm level allocations.

Dual Program In order to use cake and the assumption of proportional permit al-

location within sectors, one would have to invert the sector risk function (C.6). Since

there is no closed-form solution for the inverse, we do not compute the permit mini-

mizing sector-level allocation.
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C.3 Further details on computation

Characteristics of the relocation probability The probability of exiting is a declin-

ing function of free permits qi bounded between 0 and 1 (cf. Figure C.1). The marginal

impact on firm exit of an additional unit of free permits for firm i is given by

dΦi [−πi(qi)]

dqi
= β1i

−exp(β0i +β1iqi)

[1+ exp(β0i +β1iqi)]
2

(C.8)

which is strictly negative for β1i > 0. This is the case if allocating more permits for free

strictly reduces the relocation probability, i.e. Φi(0) > Φi(0.8ei). Since the marginal

impact of free permits on the relocation probability is declining in absolute value, the

government should allocate free permits first to firms with the highest absolute impact

of the first free permit,
β1i exp(β0i)

[1+exp(β0i)]
2 .

Figure C.1: The shape of the exit probability function

Sample Out of 770 interviewed firms, there are 429 EU ETS firms. Of these we

dropped firms with missing information on the survey questions, on the ORBIS vari-

ables, and on the phase III benchmark allocation. This leaves us with 344 observations

across the six countries for the simulations.

Variables Employment li and turnover are calculated as pre-sample averages of the

number of employees from ORBIS over the years from 2005 to 2008. CO2 emissions,

ei, are caculated as the average of surrendered permits from CITL in years 2007 and

2008. Carbon intensity and trade intensity are computed for each sector as documented

in Sections 2 and 5.

Permit allocations in the reference scenarios are calculated as follows. The grand-

fathering allocation corresponds to the average CO2 emissions, as calculated above.
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The benchmarking allocation is the mean allocation from 2013 until 2020, taken from

the official NIMs for the six countries. The overall cap Q̄ is calculated as the sum of

the reference allocations across all firms in the sample.

C.4 Dynamic programming using ❝❛❦❡✳❛❞♦

The ado file cake.ado uses dynamic programming to solve a minimization program of

the type

min
xi

N

∑
i=1

fi(xi) s.t.
N

∑
i=1

xi ≤ x̄.

Before calling cake.ado we need to

1. Discretize the vector x on a finite support. For simplicitly, suppose that we have

discrete support 1,2, . . . , x̄−1, x̄.

2. Evaluate, for each firm i, the risk at each point of the support:

f =




fi(0)
fi(1)

...

fi(x̄−1)
fi(x̄)




The vector f is an input to the STATA program cake.ado. The program does the fol-

lowing:

1. Set the continuation value for the last firm to vN(x) = fN(x) and iterate back-

wards. The continuation value for the penultimate firm is given by vN−1(x) =
minc fN−1(c)+ vN(x− c). To do this numerically, vN−1must be evaluated for

each x and c. This is done by building a matrix with values vN−1(x,c)= fN−1(c)+
vN(x− c) where x shifts along the rows and c along the columns. The compo-

nents of this matrix are:

VN(x) =




vN(0) B B B

vN(1) vN(0) B B
...

...
. . . B

vN(x̄) vN(x̄−1) . . . vN(0)



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Figure C.2: Function plots: damage=100, β0 = 1, β1 = .5,

(a) Risk function (b) Inverse risk function (allocation)

and

FN−1(c) =




fN−1(0) B B B

fN−1(0) fN−1(1) B B
. . .

...
. . . B

fN−1(0) fN−1(1) . . . fN−1(x̄)




where B is a large number. The vector vN−1(x) is obtained by adding the two

matrices and picking the minimum in each row. The policy function aN−1(x) is

obtained in a similar fashion, as the argminof each row of the matrix.

2. This step is repeated recursively for all firms. The result is a vector v1(x) which

gives the minimal risk for every possible initial allocation of permits, and a pol-

icy matrix A which results from concatenating all the a vectors.

3. To obtain the optimal allocation, one can start with allocation x̄ and consult

the policy function for the first firm (in the first column of A). For example, if

a1(x̄) = k ≤ x̄ we know that the row minimum was in column k which means

that the first firm should receive k−1 free permits. Then move on to the second

column of A and evaluate at x = x̄− k to get the allocation for firm 2, and so on.

Figure C.2 shows the shape of the risk function (in panel a) and of the inverse risk

function (in panel b). Since negative allocations are not possible, we need to truncate

the function at the root and assign 0 permits to all risk allocations larger than the

root. Moreover, firms that do not respond to free permit allocation at all (β1 = 0) are

allocated 0 permits in a separate step prior to optimization.
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D Output-based updating

In Section 4 the firm’s response to free permits is modeled in terms of the probabil-

ity of exit from the EU for different allocation levels. In line with the institutional

framework of capacity-based updating, there is no intensive margin-response on em-

ployment or output. This section shows that a similar reduced-form response of home

(EU) employment (or output) can be obtained when allowing for output adjustments

in a more flexible framework.

Suppose that a firm’s final output Q is produced by means of a Leontief production

function

Q = min
ν∈[ε,1]

{vν}

using a continuum of intermediate input varieties vν . Production of a variety can

be in home or foreign. Varieties are produced with labor and energy leading to CO2

emissions. Home has lower effective wages (e.g. because of higher productivity),

foreign has lower energy costs.

Varieties differ in the amount of energy required to produce them. The technology

for producing varieties is Leontief

vν = min

{
Lν ,

1

γν
Eν

}

where Eν is the amount of energy and Lν labour. Energy intensity of production is

highest for variety ν = 1 and lowest for variety ν = ε . The parameter γ scales the

overall energy intensity of a firm. The cost of producing one unit of a variety ν is

given by

cν =WL + γνWE

For simplicity we normalize the energy cost in foreign and the wage cost in home

to 0. If the wage in foreign is equal to w and the energy cost in home is equal to τ we

can find the marginal variety s by equalizing the costs in home and foreign:

τγs = w (D.1)

The optimal offshoring decision

s =





ε if w
γτ < ε

w
γτ if ε ≤ w

γτ < 1

1 if w
γτ ≥ 1
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implies that higher energy costs at home lead to a larger number of varieties being pro-

duced abroad. Moreover, firms whose energy intensity increases faster across varieties

(high γ) produce a larger share of intermediates abroad.

The unit and marginal costs of producing a unit of final output will be equal to

c(s) =

✂ s

ε
τγνdν +

✂ 1

s

wdν =
1

2
τγ
(
s2− ε2

)
+w(1− s)

Since
∂c(s)

∂ s
= τγs−w, the heuristic derivation of the marginal variety in (D.1) gives

rise to the same interior solution as the unit cost minimization program.

Free allocation Free allocation in Phase III of the EU ETS consists of a lump sum

allocation Ā which is based on historical output and sector specific benchmarks for the

emissions intensity of output. When a firm outsources a substantive share of produc-

tion by shifting the production of certain varieties to foreign, the allocation is adjusted

downwards. As discussed above, this practice likens free permit allocation to a step

function in output. In the main text, we considered a simplified version of this step

function which had only a single step (all or nothing). Here we consider the opposite

extreme and assume that the number of permits that the firm can retain, Ai, is directly

proportional to output if output is smaller than historical domestic output H = s̄Q̄

A =

{
sQ
H

Ā if sQ
H

< 1

Ā otherwise
(D.2)

Profit maximization To complete the description of the firm’s problem we have to

make an assumption about demand. Suppose we have monopolistic competition with

linear demand

P = a−bQ

Profits are given by

Π
(
Q,s, Ā

)
= aQ−Q2b−Qc(s)+

sQ

H
Ā

and the profit maximization problem becomes

max
Q,s

Π
(
Q,s, Ā

)
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The first order conditions are given by

[Q] a−2Qb− c(s)+
sĀ

H
≥ 0 ∧ (D.3)

[s]
QĀ

H
−Q(τγs−w) ≥ 0 (D.4)

For an interior solution condition (D.3) implies

Q(s) =
a− c(s)+ sĀ

H

2b

From (D.4) we can solve for the optimal relocation threshold s∗:

s∗ =





ε if 1
γτ

(
w+ Ā

H

)
< ε

1
γτ

(
w+ Ā

H

)
if ε ≤ 1

γτ

(
w+ Ā

H

)
< 1

1 otherwise

(D.5)

From (D.3) and (D.5) it is straightforward to calculate total output Q∗, domestic

output s∗Q∗ and domestic employment

L∗ =

{
(s∗− ε)Q∗ if (s∗− ε)Q∗ < H

H otherwise
(D.6)

where the two cases follow from the allocation rule in equation (D.2).

Figure D.1 plots employment in home as a function of freely allocated permits Ā

for different parameter values. In the baseline case, employment initially increases

with Ā. The increase is more than proportional when s < 1, as the firm responds to free

permits both by increasing the share of varieties produced at home and by increasing

final output Q. Once all varieties have been repatriated, further increases in Ā linearly

increase home employment until the firm reaches its historical output level.

Upon comparing the different cases shown in Figure D.1, we see that the response

to free permits is slower when the firm is more energy intensive (γ high) because a

stronger incentive is required to repatriate the more energy intensive varieties. The

employment response is also slower whenthe demand elasticity is lower than in the

baseline case (b high). This is because the firm has more market power and chooses

lower levels of output irrespective of the share of intermediates produced at home. 5

Finally, firms with a higher historical output (H high) continue to increase employment

at higher levels of Ā than in the baseline case. The initial marginal impact in this case

5Hence the marginal impact of repatriating a variety and in turn the marginal impact of additional

free allocations is lower.
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Figure D.1: Home employment as function of free permits

L

H high

b high

Γ high

Baseline

is smaller than in the baseline case because the actual amount of permits received, A,

is inversely proportional to the (larger) reference output.

In sum, this appendix has illustrated that the S-shaped function we have used in the

main text to approximate the response of output and employment to free permit alloca-

tion provides a reasonable approximation even under the (counterfactual) assumption

that free permit allocation is directly proportional to output.
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E Additional Tables and Figures

Table E.1: Sector classification

Sector NACE Sectors CITL 2008 sectors

Food & Tobacco 15, 16

Textile & Leather 17, 18, 19

Wood & Paper 20,21 9

Publishing 22

Fuels 23 2,3

Chemical & Plastic 24, 25

Glass 261 7

Ceramics 262 8

Cement 264, 265,266 6

Other Minerals 267, 268

Iron & Steel 271, 272, 273, 275 5

Other Basic Metals 274

Fabricated Metals 28

Machinery & Optics 29, 30, 31,33

TV & Communication 32

Vehicles 34,35

Furniture & NEC 36

Notes: NACE sectors codes are based on NACE 1.1. NEC: Not elsewhere classified.

Figure E.1: Impact of free allocation on the vulnerability score

Notes: The chart shows the conditional distribution of the reduction in the vulnerability score when firms receive free permits

for 80% of their direct carbon emissions. The conditioning variable is the vulnerability score in the absence of free permits. For

example, the fifth bar represents firms that responded that future carbon pricing would likely force them to close down or relocate.

One fifth of these firms reported that receiving free permits would have no impact on this decision whereas another fifth reported

that this would neutralize any negative impact on domestic production.
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Figure E.2: Relative size of exemption groups in different samples

(a) All matched EU ETS firms

(b) Matched EU ETS firms in 6 interview countries (c) Interviewed EU ETS firms only

Notes: The charts display the relative size of each category of sectors in the EU ETS defined by the exemption criteria. The first

bar indicates the category’s share of firms, the second bar its share in employment, and the third bar its share in CO2 emissions,

based on figures from the CITL-ORBIS match. The sample underlying figure (a) includes all manufacturing firms in the EU ETS

which we could match to ORBIS. Figure (b) is based on all such firms located in the six countries under study. Figure (c) is based

only on EU ETS firms that we interviewed.

Figure E.3: Distribution of the vulnerability score

(a) Shares in number of firms (b) Shares in employment (c) Shares in CO2 emissions

Notes: The graphs show the distribution of the vulnerability score for interviewed firms included in the EU ETS and part of each

group of sectors defined in Sections 2.2 and 5. Panel a reports the shares of firms, panel b employment shares, and panel c CO2

emission shares, based on average permits surrendered in 2007 and 2008.
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Table E.2: Regressions of the vulnerability score on CI and region specific TI (long

version)
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Notes: OLS regressions in columns 1 and 2. WLS regression in column 3. The dataset is a cross section of 389 interviewed firms

that are part of the EU ETS and for which CITL data, carbon intensity data and geographically precise sectoral trade and carbon

intensity data are available. Robust standard errors, clustered by 4-digit NACE sector, in parentheses. Asterisks indicate statistical

significance at the 10%(*), 5%(**) and 1%(***) level. Includes a constant, country dummies and interview noise controls (not

reported). The dependent variable is the vulnerability score of the firm given by the interviews data. As explanatory variables,

CI indicates carbon intensity and TI trade intensity which are calculated from Eurostat and the EU Commission data. X indicates

that the two variables are interacted or squared.
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Table E.3: Regressions of the vulnerability score on CI, EI and II
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errors, clustered by 4-digit NACE sector, in parentheses. Asterisks indicate statistical significance at the 10%(*), 5%(**) and

1%(***) level. Includes a constant, country dummies and interview noise controls (not reported). The dependent variable is the

vulnerability score of the firm given by the interview data. In column 3, the firm’s employment is used to weight the regression.

As explanatory variables, CI indicates carbon intensity, EI export intensity and II import intensity which are calculated from

Eurostat and the EU Commission data. X indicates that the two variables are interacted or squared.xxvii



Table E.4: List of additional sectors not to be exempted from auctioning
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Notes: The table lists sectors that will be exempted from auctioning under the current EC criteria, but would no longer be

exempted under our proposed rule change. The list contains about half of the sectors currently exempted under EU Commission

proposals. The EC criteria apply at the 4 digit (NACE Rev. 1.1) sectoral level. For conciseness, we report the 3-digit sector if all

4-digit sub sectors in a 3-digit sector would cease to be exempted.
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