Appendix 1.

1. The moded

We develop a version of a neoclassical growth mddehis context, we represent the Spanish
economy using a dynamic stochastic general equitibmodel, assuming rational expectations
and the characteristics of a small open economyhikh model households, firms and the
external sector interact by trading a final goodyeggnment bonds and three energy inputs.
Finally, there are four possible sources of maanemic fluctuations: a productivity shock

and three fossil fuel price shocks (crude oil, @al natural gas). Time is discrete and infinite.

In this Appendix the production function of the romy is divided into three to make easier
the resolution of the model: the production functaf final goods and services, a production
function for “aggregate energy” and a productionction for “intermediate energy”. However,
the function “aggregate energy” and the functiontérmediate energy” are instrumental
variables and do not have an intuitive economicnimgp This is the reason why in the section
of the paper titled “The Model” we only show theoguction function for final goods and

services with five productive inputs, excludingtmsnental variables.

1.1 The Household

The economy is made up of a representative househbht obtains utility from the
consumption(C) and leisur€L — N), wherelL is the time endowment of the members of
household andN the time devoted to work in the economy. The regmegtive household
maximizes its expected utility defined over thechi@mstic sequences of consumpti@) and

labor (N) subject to the budget constraint:



{Zp ——[(Cc —WN)] — 1] &

whereW >0, >0, v > 1, Ey denotes the expectation based upon the informatiesia

available in the initial periodp is the intertemporal subjective discount rateis the risk

aversion parametely is the disutility related to labor, anty/(v — 1) is the intertemporal

elasticity of substitution for the labor supply

Resources not consumed during each period aretasedrease the stock of private physical
capital of the following period. The investment @riod t accumulates productive capital
available at period t+land there is a cost of adjustment that dependb®met investmeht

The capital accumulation in each sector is given by

Kiy1 — Kt>2 2)
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where? is the depreciation rate adulis the adjustment cost parameter.

The household total income consists of three comapisn i) labor incoméw;N;) wherew; is
the real wage, ii) the return on the real capitatls (r.K;), wherer, is the real return on
physical capital, and iii) the real return on halgs of debt(r;D,). On the other hand, the
current income and financial wealth can be usedijoconsumption(C;), ii) investment in
physical capita(l;), and iii) changes in his/her portfoliéD, — D;_;). Then the budget
constraint is given by:

Ct + It + (1 + T;)Dt = WtNt + Tth + Dt+1 . (3)

! A well-known fact in the real business cycle ktere for small open economies is that under Cobbglas
preferences in consumption and leisure, the consampath is too smooth compared to the data. Gorieves
and Rebelo (1995) show that under the preferertaswe are using, this problem does not arise duthe
absence of income effects on labor.

% The adjustment cost function is assumed to be emeous of degree zero. In particular we take thaltic
functional form from Bruno and Portier (1995).



bonds are one-period securities traded in intesnatimarkets where denotes the interest
rate at which domestic residents can borrow frotarirational markets in periaddWe assume
that the interest rate faced by domestic agents increasing in the aggregate stock of debt
D,.® More precisely, we assume thaevolves according to:

e =17+ ADy) , (4)

where r{ denoted the exogenous international interestamateA(D,) is the risk premium of
the domestic country assumed to be a strictly asirg function. For this purpose we follow
the second strategy proposed by Schmitt-Grohé aitzk (2003) in their seminal paper. We
assume the following functional form for the risk  remium:
A(D) = sign(D;_, ) pe!Pe-17Pssl — 1], whereg is a parameter anbl is the level of debt in

the steady state

Hence, the representative household chooses thes pét, N;, D., 1, K:+1}, taking prices

{w,, 1, '} and state variablg%;, D, } as given, and maximizes (1) subject to (2), 484 (4).

1.2 Firms
There are only three primary sources of energyhis €conomy: crude oil, natural gas and
coaP. Natural gas and coal are used as inputs to peodnother intermediate input, label
‘intermediate energy.’” Despite the fact that coal anatural gas are used in electricity

production, we do not label this intermediate ingsitelectricity’ because natural gas and coal

% The computation of real business cycle modelssfoall open economies has been troublesome becaese t
dynamics are such that the unconditional variarffiaebt or consumption is infinite. The specificasowe adopt
make such dynamics stationary.

“We follow Lim and McNelis (2008) for this formulati of the risk premium.

® We are aware that nuclear and renewable energyaplalevant role in the Spanish energy system. évew our
model does not take these energy sources into demasion. We focus on the impact of unexpectedilféssl
price changes on the business cycle, rather thagnergy policies. Renewable and nuclear energyuropson
responds to political strategies that have to doh wénvironmental concerns, energy security, indalstr
development, etc. In any case, these energiessearenly around 18 percent of total energy consiamp
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are also used in many industrial proe3#ie name electricity could be misleading. In eosel
stage, ‘intermediate energy’ and oil are combir@groduce ‘aggregate energy’. ‘Aggregate
energy’, capital and labor are the inputs used rmdyce final goods and services. This

approach gives us more flexibility to model thergyesystem.
1.2.1 Intermediate Energy Sector

The first firm produces an energy product labelermediate energy (E*). Intermediate

energy is produced using only two inputs, natural gas eoa. As mention before, coal and
natural gas represent the bulk of electricity padaun, but are also used in many industrial
processes. Intermediate energy is produced by eeseptative firm that operates in a
competitive market according with a Constant Egtstiof Substitution (CES) technology of
production with constant returns to scale. The fioncthat relates the technology of production

is expressed as:

1

E¢ = (DESF + (1— b)ESF)F (5)

where E; andE,, are natural gas and codl,is the participation of natural gas @# and

1/(1 — &g) is the interfuel elasticity of substitution betweeoal and natural gas. The

representative firm in this sector solves the folttg problen:

max [lg- = Pg:Ef — Py B,

(Egy Eer) ge Feelie
t'ct

=
sutijen: E; given by (5),

wherePg: is the price ofntermediate energy andF;, andF,, are the market prices of natural

gas and coal.

® For this reason, we jointly model coal and natges instead of oil and coal or oil and natural gas

’ Spain imports all the crude oil and natural gast thconsumes, since its indigenous productioneigligible.
This paper assumes, for the sake of simplicityt dfiafossil fuels are imported at internationaicps. Despite the
fact Spain has some domestic coal production dhasreasonable assumption since coal represelyt8%nof the
fossil fuel expenditures.



1.2.2 Final Energy Sector
There is another energy product that we defineggeegate energy or E. Aggregate energy are
generated using two inputs, crude @j, and intermediate energy. As for intermediate energ
a representative firm produces aggregate energycmmpetitive environment according to the

following production function,

1
E, = (ang + (1 —a)E"F)E (6)

wherea is the participation of oil of" and1/(1 — y,) is the interfuel elasticity of substitution
between oil and intermediate energy. As the previase, the representative firm in this sector
solves the following problem:

{Elj?,gz(t}HE = PEtEt - POtEOt - PE;E: ’

subject toE; given by (6),
where Py, is the price ofaggregate energy and F,, and P: are the market prices of oil and

intermediate energy.

1.2.3 Final Good Sector

Finally, there is a sector that produces a finapouaccording to a Cobb-Douglas production

function, combining capital, labor and energy segsias inputs,

Y, = Z.F (K, Ny, Ep) = 6,NEKPE} 7 (7)

whereY; is the final goodN; represents labokK; is the stock of capitaF; is final energy and
g, is the total factor productivity shock. The firgbods and services producer is perfectly

competitive and the representative firm in thig@esolves the following problem:



max Ily = P.Y, —w,N, — K, — P.. E
{E;’Eot} Y tit tivt tirt E: Mt

subject to¥; given by (7),

whereP, is the price ofinal goods that is normalized to one.
Figure 1 describes the theoretical framework ofeb@nomy

[Insert Figure 1]

2. Theequilibrium

The equilibrium of this economy is summarized ia tbllowing equations system:

VONY ! = agNe K E P (8)

2
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1
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1
E. = (aE}E + (1 — @)E;E)vE (19)
1
Ef = (bEJY + (1 - D)ESE )’ (20)



A competitive equilibrium is a set of allocatiof, N, Dy, K, E¢, Ef, Eo t, Eg ¢, Ecr, NXt} and a
system of prices{PEt,PE;,PEOIt,PEg,t,PEC’t,Wt,rt} such that, given the sequences of the
technological shocks: §C;, N;, D;, K;} solve the consumer problem; {iEg,t, Ec,t} solve the

problem of the representative firm that producdsrinediate energy; iii{EO,t, E!} solve the
problem of the representative firm that producealfenergy; ivN;, K;, E;} solve the problem
of the representative firm that produces the figabd iv) markets clear. The aggregate
resources constraint is:

Ct + It + XNt + PO,tEO,t + Pg,tEg,t + PC,tEC,t = Yt_PEtEt (21)

or Ct + It + XNt = Yt) Slnce, |n equlllbrlum PEtEt = PO,tEO,t + Pg,tEg,t + PC,tEC,t' The
available supply of the final good is consumed My tepresentative household and exported to

the rest of the world.

The trade balance can be obtained from the optawalution of the stock of assely, as a
function, among others, of external determinanthss the international interest fate

XNy = —Deyq +[1+ 717 + AD)]D; — PotEot — PytEge — PetEcy (22)

In this economic environment, there are four peéérsources of uncertainty: 1) productivity

shocks, 2) oil price shocks, 3) natural gas primks and 4) coal price shocks.

In the case of the productivity shocks, technolslggcks follow an AR(1) process:

6, =(1-p,)0 +p,In0,_; + &,
&g, ~1id N(0, 0%) (23)

® The international interest rate, in the end, isditioned by the evolution of foreign demand aglas monetary
policy is frequently used as a tool to expand ottt aggregate demand.
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As the prices for three fossil fuel are highly edated, we assume that the exogenous variable
given by the prices of the energy sources follomudtivariate vector autoregressive process

(VAR) estimated as:

P, = OP, + 0, with E(i,0i}) = 2, (24)

where Pryy =[Py Pyt Pe] . Pir =In(P;(/P), j ={o0,g,c}and P, is sample average.
Estimated matriX® a matrix captures the persistence of the proces<zdenotes the matrix
of variances and covariancesif Using a Cholesky decomposition, we identify threcural
shocks by ordering the price shocks for oil, ndtgas and coal. A, is positive-definite

matrix, there is a matriQ triangular superior that verifies thd; = Q'Q where:

q11912913
Q= [ 0 g22923 ]
0 0 qs3

The above assumption implies that the structuralehthat generates estimated VAR is

u; = Q'¢;, with matrix variance and covariand@&,&;') = I3y3, i.€.,

Uyt = qu1€o,
Uy = G160 + q22€4,t
U3 = q31€0,c + q3289,c + d338ct

This specification for energy price shocks implteat an oil shocks,, will also affect the
prices of natural gas and coal; a natural gas ghiceke, . will affect the coal price and a coal
price shock will not affect oil and natural gascps. This specification is based on the
following evidence. First, the oil market is glopateaning that oil shocks are immediately
transmitted all around the world. Natural gas apal are regional markets. Second, natural gas
markets are dominated by long-term contracts, Gsliaked to oil prices. For this reason,

natural gas prices tend to react to changes iprimés. Finally, a significant portion of natural



gas and coal is consumed in electricity generationmost electricity markets, natural gas
prices determine the marginal cost of productiow #nus the price of electricity. The demand

for coal reacts to changes in those prices andefibre, so do the prices of coal.

The results of the VAR estimation are key to un@eding the results of the DSGE model.
Academic literature generally focuses on oil priessthe main source of energy shocks,
ignoring natural gas and coal prices. However, naatgas and coal prices do not necessarily

move in parallel with oil.

3. The steady state

The steady state is a vectda; N,D,K,NX, E,E*,EO,Eg,EC,PE*,PE} that satisfies the
optimality conditions of all the agents. This medhat if this vector is reached in any period,

in the absence of any perturbation, the systemstaly at this point forever.

Given that our objective is to analyze the stodbgstoperties of the economy, we initially
describe the steady state, which we use to chaizethe long-run properties of the economy,

and to estimate the structural parameters as eslcim the next section.

The computation of the steady state can be caouéds follows:

Step 1: The following system of equations characterizes dteady state for this economy for
the allocations{Css, N, Dss, K5, Ess, Ess) Eo 550 Eg 551 Ec s PE*,PE}, and the trade balance to
aggregate output ratio given exogenou® /Y = p):

VONY ! = afN& K EL P (25)

1= p|pONEKE T ES P +1 - 5] (26)



NXss/Yss = 1 (27)

NXss = 7"*Dss - PoEo,ss - PcEc,ss - RgEg,ss (28)
Css + OKgs + NXog + PyEg oo + P Epgo + PyEgos = ONSKEEL “F — PpEg, (29)
1
- /P\TITE
Eo, = |a <_E)] " Egs (30)
SS | Po
.
[ * 1-6§
B, = | -0 ()] 7 Ex (31
SS | PC
_ 1
PE* 1-6g
E,. =|b El (32)
SS | Rg
1
Ess = (aE}E + (1 — a)EgY®)rE (33)
1
Ess = (PEgE + (1 - B)ECF)™ (34)
ESS 1_7/E
Py = [(1 —a)( * )] P, (35)
ESS
Py =(1—a—B)ONLKLE*F (36)

Step 2: i) from (25)-(34) we obtailiEss/Yss), (Eg,ss/Yss), (Ec,ss/Yss)» (Ess/Yss) and(Eo,ss/Yss)
ii) Pg_, Pg; is obtained from (34)-(36), iii) From (26) we obtdiK,/Y;,) iv) from production
function we obtain(N/Y,) and from (25) takingVs, = 0.31 we obtain¥, iv) from (28) we
obtain (Ds/Yss) and from (29) is obtained(Cg/Yss), V) then we can obtain

{Css, Ngs, Kgs, D5, E 555 Eg 55, Ec 555 Ess, Ess } @and vi) giver¥ from (26) we obtaing .

Step 3: From the first order conditions derived from tpheblem faced by the firm that

produces the final good, it is possible to ffmg r}.
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Appendix 2.

4. Solving the Model

We solve the model through the Blanchard-Kahn (1@80cedure. First, we log linearized the
optimality conditions and second, we solve the etqi®ons to obtain the model’'s solution.

Thus, the approximate solution can be written atesspace as follows:

&, =F& +BP + Gegryq (state equation), (37)
x, = A'P, + HE, (observation etipra), (38)

for all t=0,1,2,.. where ¢

o1 = (D41, Kiv1, G4q) is the state variables vector of the

systemux, = (9, Eo ., Eyr, Eg )’ is the control variables vecta?, = (B,,,P,;,,P,;,)" is the
exogenous  variables  vector, andG=(0,0,1)’, with Z=In(Z;/Z) for
Zi = D, Ky, 0, Y  Eo 1 Egt, Ecr , and P, is the price of the energy sources vector defimed i

deviations from the mean. MatricésB, A, andH are functions of the structural parameters of

the model.

Given the observable§X}l_, with X, = (9,,E,.,E;: E;¢)'s (35)-(36) give rise to an

empirical model of the form
&, = F& +BP + Gegeyq (State equation), (39)

X, =A'P,+H + 1, (observation equation), (40)

where 7/; denotes an observation error term. Given the agith singularity of the DSGE
models, they cannot be estimated by maximum likelthusing more observable variables than
the number of structural shocks specified in thelehdgsee Ruge-Murcia, 2007). To address
such singularity we add measurement errors givery byWe suppose thaf; is serially

uncorrelated innovationse,,, and that variance-covariance matrik(/;/;) =W =
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diag(w,, @,, w5, @,) is diagonal, implying that error terms are unclatexl across observable
variables. To estimate the structural parameteth@imodel first we construct the likelihood
function for the sampl€x}’_; as outlined by Hamilton (1994, Ch. 13) using Kainfilter,

and second, we use a Bayesian likelihood estimaifapnoach.

Given the estimation of the structural parametess,estimate Variance Decompositions and
Impulse-Response functions for the model evaluaiiée are interested in the effects of energy
price shocks on macroeconomic variables and enssggumption. Thus, it is convenient to

rewrite the system given by (39)-(40) as follows:

G s
[ t 1] B [0:x3 g] Pil +M [859;11]

Pry1
1Al é:t
X, =[HA]| |+ 1%
Py

02x4 Eo,t+1
whereM = | [1  04,3] [ andg,, = [8g,t+1]

[03,1 Q] Set+1

Bayesian DSGE models combine microeconomic behalvioundations with a full-system
Bayesian likelihood estimation approach using kegrmeconomic variables. In this sense, we
confront our model with the data using Bayesian hod#$ Formally, we stack all the
parameters in the model in the
vectorgey, ¢= (G, v, 4,0 6. b, 7.0, 0,5, é,pg, Oy s W1, Wy, M3, Vy) and

x= (v, 8¢ .b, 7, a a,ﬂ,é,pe,agg,wl, w,, w3, @4, p,0), given the observed data
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XT ={X1, X5, ..., X7}, whereX, = (9,60, éc., ég,t)'. Then, we have the posterior distribution

of ¢

p(s/xT)ocp(XT /5)p(9),

where [0 indicates proportionality. The posteriortriisition summarizes the uncertainty
regarding the parameter values and it can be wsqubfnt estimation once we have specified a
loss function. We obtain the parameter values uyiderthe quantitative results presented in
the remaining of the paper in two ways. Some drattparameters are calibrated to match
specific macroeconomic ratios and the long run ayes of datdp, 6, ). The remaining

structural parameters and the parameters of tlehastic process for the productivity shock (
6) are estimated using a Bayesian version of thedaral maximum likelihood approach. In

particular we use Random WalMarkov Chain Monte Carlo (MCMC) Metropolis-Hastings

methods.

5. Calibration, priorsand posteriors

The parameterization strategy consists of keepimgesparameters fixed and estimating those
related to model dynamics using Bayesian techniqié® Bayesian estimation process
involves combining the estimation of the parameteys maximum likelihood, using an

observed set of data with information obtained fromor distributions defined for those same
parameters. The model has 20 parameters, 3 of vaneclealibrated and the remaining 17 are

estimated.

The calibrated parameters are shown in Table 1. 3Mected these parameters before

estimating the model in such a way that the balhmrewth path of the model replicates the
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long run properties of the data for the period 12623. The discount factor is consistent with

an annualized real interest rate of 4 percentpfotilg Martin-Moreno et al (2014).

[Insert Table 1]
The set of estimated parameters includes the velaisk aversion and the intertemporal
elasticity of substitution of labor supply in theusehold preferences, the parameter associated
with adjustment cost of investment, the risk premidhe interfuel elasticities of substitution
between gas and coal and between oil and interteeerergy, the share parameter associated
with natural gas and the parameter share linkealltdhe output elasticities in the production
function and the stochastic processes driving shaokluding their first order autocorrelations
and standard deviations.
This study assumes prior distributions that ar@dsied in Bayesian estimations of DSGE
models. In particular, we assume Inverse Gammar pdistributions for non-negative
parameters, such as the risk aversion parametdrBata prior distributions for parameters

between 0 and 1, such as output elasticity of labor

Table 2 shows prior main parameters. Regardingehection of the prior means and in general
terms, we set the hiperparameters of the distobuto guarantee that the mean of the
distribution is in line with the values found in aa@emic literature, economic studies,
microeconomic evidence, etc. The risk aversionmpatar is 1.9, according to Prescott (1986).
Thev parameter is 1.7 in accordance with Greenwoodl €1288). We select the risk premium
parameter taking into consideration the trade lwa@lato GDP. The parameter is 0.62,
according to the average observed labor share @én Spanish National Accounts. The
parameters for the energy production functionscaesen in line with Atallah and Blazquez
(2015). Finally, the parametepand og, linked to productivity shocks, are 0.9 and 0.005
according to Martin-Moreno (1998).

[Insert Table 2]
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We generate 20.000 draws from the posterior usiMgetopolis-Hastings random walk. The

posterior medians and the 5 and 95 percentile sabdighe 17 estimated parameters of the
model are reported in Table 3. Figure 2 plots tistograms of each parameter. Figure 2 is a
valid instrument to understand and to summarizegttadity of the estimations and the strength

of the model, according to Fernandez-Villaverdale(2008).

[Insert Table 3]

[Insert Figure 2]

This model is innovative in its approach to therggesystem. The model considers three
sources of fossil fuel at the macroeconomic leo:natural gas and coal. The key parameters
to understanding the relationship among differant& of energy are the short-run inter-fuel
elasticity of substitution of each production fuont 1/(1 — ;) andl /(1 — yg). According to
the estimations in table 5, the elasticity of sitbsbn between coal and ga$/(1 — 8g)) is
0.54 and the elasticity of substitution betweeraaill intermediate energ¥A(1 — y)) is 0.45.
These elasticities are relatively high short-ruasstities. For example, the US Energy
Information Administration (2012) estimates inteef elasticities of substitution of around 0.1
to 0.2 among coal, gas and oil for different tedbgs but it does not include those of gas and
oil. Switching from one fuel to another is technicalhypiossible to do at a micro level. For
example, a coal power plant cannot run with natgasl Burniaux and Truong (2002) explains
that the interfuel elasticity of substitution iretlshort run is very low (0.25) and it increases
with time’. Our results suggest additional capacity to swieong fuels at a macro level
because Spanish power plants do not run at fulk@tp In any case, this is the first time that

these energy production functions have been estdratta macro level. This alone represents a

° After the first oil crisis, academic literaturecfesed on inter-fuel elasticities of substitutionoam fossil fuels
including Atkinson and Halvorsen (1976), Griffird@7) and Pindyck (1979).
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remarkable finding. These parameters are very rdiftefrom the ones used in other DSGE

models that take into account energy inputs, ssdBaosov (2014.

The estimated inter-fuel elasticities have a sigaift impact on the model dynamics and
results. The negative value &f implies that coal and natural gas are complemgniguuts.
Similarly, the negative value ofy implies that oil and intermediate energy are also
complementary inputs. This means that oil, natges and coal behave as complements and

according to economic theory, these inputs tertwetased together.

The results are as expected for the parameterseoprtoduction function of final goods and
services a and. The estimation of the model shows thats around 0.61 anfl is around
0.33, while a standard calibration process of tloglpction function shows a value of 0.62 for

a and 0.38 fof.

The estimates for parametessand v are quite close to other estimates in the academic
literature. Posterior estimates fifst-order autoregressive coefficients for prawuty shock

are quite similar to the estimated priors and shioat the persistence of technology shock is
0.91, while the estimated posterior mean is 0.9Gally, the posterior mean of the standard

deviation of this shock is 0.007, also quite simitathe prior.

YGolosov (2014) uses an inter-fuel elasticity of stitbtion of 0.95, implying that fuels are very wea
complements.
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Figurel

Description of the model

Coal Production
Natural gas (CES)
Production g 3
| Intermediate energy| | Energy services | function 8 §
(Cobb Douglas) ;: 3
Production
(CES)
Table 1. Calibrated parameters
p Discount factor 0.96
Fo) Depreciacion rate 0.049
N Fraction of hours worked 0.31
Table 2. Priors
)y Y () 0] 3 YE
Ga(3.61, 0.52) Ga(s.66, 0.3) Ga(s, 1) Ga(0.06, 0.3) Ga(0.476, 1) Ga(0.37, 1)
B a a atf g o)
Be(1.38, 1) Be(2.12, 1) Be(1.63, 1) Be(24, 1) Ga(l, 2) Be(9, 1)

Op (OV] 2 w3 Wy

Ga(0.03,0.3)  Ga(0.003,0.3) Ga(0.003,0.3) Ga(0.003,0.3) Ga(0.003, 0.3)

Be(.) denotes beta distributioBa(.) denotes gamma distribution.
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TABLE 3. Mean estimated parameters (5 and 95 percentage in brackets)

o v

2.312 1.555
[1.710, 3.423]

[1.188, 1.911]

d

3.776
[1.912, 5.289]

0.029

[0.019, 0.046]

O

- 0.857
[-1.762, -0.335]

YE
- 1.336

[-2.195, -0.715]

b a
0.586 0.724
[0.513, 0.664]

[0.638, 0.843]

a

0.613
[0.490, 0.726]

B

0.335

[0.247, 0.418]

6

1.163

[0.618, 2.081]

Pe
0.905
[0.883, 0.927]

Op
0.007
[0.005, 0.010]

W

0.0017
[0.0009, .0031]

V)

0.0009

3

0.0012
[0.0007, 0.0011] [0.0009, 0.0015] [0.0007, 0.0015]

(V]

0.0010

Figure 2. Prior and posterior distributions
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