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Motivation

> Why oil
» Oil price and volatility are strong economic state indicators

» Historical recessions were associated with energy price surges
> Qil prices went negative in 2020

> Why options
» Options provide a hedge against price and volatility risks

» This paper studies

» Economic implications of oil from option risk premiums
» Empirical consistent option pricing models with a comprehensive
consideration of risks featured in the energy market
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What do we do
» Show asymmetric aversion to oil risk from option risk premiums
» Empirical evidence from new data across energy sectors
> monthly options on crude oil, natural gas, and heating oil
> weekly options on crude oil
» Consistent patterns from estimated model-based option risk
premiums

» Provide a comprehensive framework to price commodities and
options written on commodities
» Model is featured by four risks: spanned, unspanned, jump, and
idiosyncratic risks
» Each risk corresponds to one empirical properties of commodities
prices
» The model is estimable by Kalman filtering

» New ingredients provided in the paper
» New data to identify oil option risk premiums
» New model for oil option risk premiums
> New estimation strategies
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Key findings

» Empirically, we show the aversion to large upside risks on oil
returns, which is not reflected on the downside

P> Analytically, we provide solutions for oil price volatility, options
prices and option risk premiums

» Each term exhibits state-dependence on idiosyncratic volatility
» The estimated model fits risk-neutral return volatility, option

prices, VIX and upside option risk premiums from data
» Both non-idiosyncratic and idiosyncratic volatility are relevant

4/26



Data fact 1: aversion to return upside in crude oil

» Weekly options

» Hedge on upside: negative premiums

v

Hedge on downside: insignificant

» Hedge conditioning on high oil market uncertainty: significant negative
on both sides

Panel A: Properties of excess returns of weekly options on oil futures (weekly, %)

OTM puts Straddle OTM calls

Moneyness 6% 3% 3% 6%
Option delta -10 =25 25 10
Pk (%) 43.6 40.5 40.2 39.8 40.5
Unconditional Mean 2 12 -2 —49°
959% Bootstrap CI [—43,40] |18, 39) [~11, 6] —79, —25]
NW[p] (0.91) (0.44) (0.61) (0.00)

# positive (out of 345) 42 73 139 27
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Data fact 1: aversion to return upside in crude oil

>

vYyy

Monthly options

Hedge on upside: negative premiums

Hedge on downside: insignificant

Hedge conditioning on high oil market uncertainty: significant negative

on both sides

Panel B: Properties of excess returns of monthly options on oil futures (monthly, %)

OTM puts Straddle OTM calls

Moneyness 10% 5% 5% 10%
Option delta -10 -25 25 10
Pk () 37.7 35.8 34.5 34.4 35.5
Unconditional Mean 22 -8 -1

95% Bootstrap CI [—53, 6] [-31,13] [-9,7]

NWI[p] (0.16) (0.48) (0.84)

# positive (out of 360) 45 77 155

Conditional on VIX;P% being Low 27 -6 1 -13 44
Conditional on VIX;P4% being Medium -7 6 6 5 232
Conditional on VIX{P%% being High -32 -24 -10° -11 -33°
Conditional on VIX;"‘ being Low 5 24 13* -4 -48
Conditional on VIX;" being Medium 22 -16 1 8 -14
Conditional on VIX;" being High -48° -33° -16° -24° -47%
Oil futures curve is in backwardation -61° -36° 2 19 -11
Qil futures curve is in contango 11 15 0 -27° -57*
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Data fact 1: more evidence

» Same patterns in option returns across the energy sector

» Monthly options on natural gas
» Monthly options on heating oil

Panel A: Properties of excess returns of options on natural gas (Henry Hub, monthly (%))
OTM puts Straddle OTM calls
Moneyness 10% 5% 5% 10%

Mean 5 5 -9
95% Bootstrap I~ [—33, 39| [—22, 30] [-19, 1]

Panel B: Properties of excess returns of options on heating oil (NY Harbor ULSD, monthly (%))
OTM puts Straddle OTM calls
Moneyness 10% 5% 5% 10%

Mean 3 -1 -1
95% Bootstrap CI | —60, 56] [—38, 32] [-12,9]

Panel C: Properties of excess returns of options on WTI crude oil (monthly (%))
OTM puts Straddle OTM calls
Moneyness 10% 5% 5% 10%

Mean 19 16 1
95% Bootstrap CI |48, 75| [~25, 52| |11, 12]
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Data fact 2: idiosyncratic risk evidenced by oil VIX

» Average VIX{' (VIX3*7?) is 36.9% (19.2%)
P Significant amount of idiosyncratic volatility implied by a single
index asset pricing model (e.g., CAPM)

» Imperfect correlation of 0.62 (0.34 in changes)

» Idiosyncratic risk is likely needed to fit (1) level and (2)
time-variations of VIX in oil market
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Comparison of model properties across published papers

o Our estimated model: There are idiosyncratic, jump, unspanned. and spanned risks. The extracted variables are
(i) idiosyncratic variance and (ii) non-idiosyncratic variance.

e Model 1: Gibson and Schwartz (1990) (models of futures prices)

o Model 2: Schwartz (1997) (models of futures prices)

« Model 3: Hilliard and Reis (1998) (model of futures prices)

. us and Collin-Dufresne (2005) (models of futures prices)

 Model 5: Kogan, Livdan, and Yaron (2009)

® Model 6: Trolle and Schwartz (2009) (with Heath-Jarrow-Morton setup for cost of carry)

o Model 7: Chiang, Hughen, and Sagi (2015)
o Model 8: Christolfersen, Jacobs, ind Li (2016) (discrete-time GARCH framework)
o Model 9: Heath (2019)

o Model 10: Equilibrium models (e.g., Routledge, Seppi, and Spatt (2000, Ready (2018). and Bornstein, Krusell.
and Rebelo (2023)).

« Model 11: Crosby and Frau (2022) (with Heath-Jarrow-Morton sctup for cost of carry)

o Model 12: Christoffersen, Jacobs, and Pan (2022) (extract state-price density from crude oil option prices

 Model 13: Gao, , and Xu (2022) ( i model with and

 Model 14: Jacobs and Li (2023)

Our 1 23 4567 8 910111213 14

paper
Consider idiosyncratic risks V'm0 no o mo no mo no o mo mo no na no no
Consider jump risks V' no o v no mo mo no v no no v na no no
Consider unspanned risks V'm0 nono nono v v ona mo no v ona no no
Explore model fit to patterns of option risk premiums v no no no mo 0 1o 1o 1O Mo Mo N0 Aa MO 1O

Explore model fit to {VIX;

Q EF,
EX({~3}log()) v 1m0 no m0 mo no no mo n0 no no n0 n0 o o
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Comparison with Trolle and Schwartz (2009)

» Trolle and Schwartz (2009) provides a commodity modeling
framework, featured by unspanned risks
» A stochastic volatility HIM-type commodity model
» Focus on option prices and level of volatilities

» Incremental contribution of this paper
» |diosyncratic terms shapes volatility, option prices, and their risk
premiums
» Jump risks with weekly option data
» Estimation of option risk premiums (this paper extends to
modeling under the physical measure)
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Model setup: the pricing kernel

vvyyvyy

v

7‘;"{”{ =—ndt+ OV dzy  +N0[Vy]  duf +{(e/t —1)dNF — AV EY (et —1)at},
~— ~— —_— —
spanned risks unspanned risks jump risks compensator

OVil = =i v/Ve  and N[V =—x; vVi,

1 with probability AT ot P (P2
aNp = 1 here Jp ~ Normal(y} ,{c
! 0 with probabilty 1 - AP ar, Vo ormal(xy . {0y }")
Poisson jump oil jump size distribution

dz} : spanned risks
dlu]F: unspanned risks considering model market incompleteness

Evolution of V; is driven by both spanned and unspanned risks

dNItP: Jump risks ( a Poisson random variable) with intensity NE’ and size
J
Idiosyncratic risks are not in the pricing kernel
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Model setup: spot oil prices

oMy o5,
M- St

1
kg =( Yt - 700\/?(
S Ju T

cost of carry

Nat + /Vidzi + /lidel +{(e”t —1)aNF — ATE} (et —1)dt}

» Cost of carry captures the combined effect of interest rates, storage
cost, and the convenience yield

> dz}: spanned risks

> dN]tP: Jump risks ( a Poisson random variable) with intensity k]}f and size
Ji
> de;: idiosyncratic risks
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More on model features

> I; (V;), the idiosyncratic (non-idiosyncratic) diffusive variance,
follows a stochastic volatility model

ave = (O —EVidt + ovpy Ve dzf +ovy/1—p2VVy duf, and
~ ~—~—
spanned risks unspanned risks
dly = (8] =] L) dt + op /T def .

» Compensation for diffusive risks

azf = dz2 + O[Vi]at, duf = dul + N[Vidt  and def = del.

» Compensation for jump risks

P Py2 Q P I 2 P2 y
W=+ PR = enP)  {of)2={c}12x  exp(c])
—— —— ———
jump intensity (absolute) mean jump size variance of jump size

» Cost of carry specification
vt =8 + & xIt + &) x V¢
~~
cost of carry
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Analytical results

» Futures price is exponential affine in Vy and I;

TF
F, .
> g—t = exp (agylt] + byt x Vi + cqylt] x 1), with © = Tg—t.

» Risk-neutral futures return variance is linear in V; and I;

TF
.
P log(1 + EZ((52 ~ 1)) = av0llA] + buallA] < Vi + eyailA] <1
t

» Expected integrated variance of futures returns under IP is linear
in V¢ and I,

futures,P __
{t=t+A} —

> Spot return variance under PP : rv??j‘,’fA} = af\?m [A] + b?‘?m [A] x Vi + Cf\?m [A] x I

P> Futures return variance under P: v alita] + blUtA] x v, + cfUta] <1

P Variance spreads exhibit a zero exposure to I;
> VSPREAD( ;14 A} = Byspread[A] + byspread[A] x Vi

» Five measurement equations in Kalman filtering
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Estimation

» Formulate model solutions in state-space form

v

Y; is constructed using data on options, futures, and spot price

» VSPREAD helps identify parameters governing non-idiosyncratic
volatility

> Maximume-likelihood estimation via Kalman filtering

P VIX and option prices are left for cross-validating model
performance

T
i
tog(5-)

Q,F >
log(1+E ({772 — 1))
1
5ot P
v {t—1+A}
futures, P

rv(l s+A}

VSPREADY, 4

Agu[T] brut]
aald]  buald]
al™A] - bE(A]
ay[a] b4

?ll\\plc.ul[A] D)\\pnmnl[A]

Cruc[T]
Cyol[A]
ezl

c(a)

all data in monthly units

= C[©]
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Analytical results (for cross-validation)

» {VIX?'} has an idiosyncratic variance component

P (VIXO2 = ayi [A] + byi[A] X Ve + oyi[A] <1

» Option prices and option risk premiums are solved in
semi-analytic forms using Fourier inversion
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Estimation resulis

Panel A: Features of extracted idiosyncratic variance and non-idiosyncratic variance

Percentiles
Mean SD  Min Sh 25t 500 750 95h Max.
VY, (annualized, %) 33 14 5 423 31 4o 57 103
VI Gmnualized, %) 11 3 4 79 10 12 17 28
Panel B: Panel C:
Idiosyneratic variance Jump component
! o o i of pr P oF w
Estimate  7.049 0.083 0855 0080 0003 0859 0.008 0.004  0.131
(SandadEmn (1600 05D wore) oo oom  oa win e w2
Panel Panel E:
Non-idiosyncratic variance Risk premium components of variance
Ky oy Sy x L pv
Esimate 3432 0339 0722 3337 -3.304 0.677
SundadBron  0000) (003 oo 0o 0s 0000,
Panel F: Cost of carry Panel G: Measurement error
3 5 : VaTVEm S JE Qs L©
Estimate  0.010  0.049  0.074 0021 0000  0.008 0.014 0.008 5836
GundadBron  OO)  ©25) w0os0) 0o 000 o0 woon) 0000)
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Extracted idiosyncratic and non-idiosyncratic variance
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Summary picture of model fit and actual values

Percentiles

Mean  SD Min. St 25th 50t 75t 95t Max.

1VIXg! Model 374 13 163 212 285 356 437 60.0 1069
Actual 369 13, 170 205 275 351 426 580 1098

2/ Variance? Model 371 13.1 163 211 283 353 433 595 1076
Actual 371 131 163 211 283 353 433 595 1076

3100 EOTBLIIE  Nodel L1 1L 0.0 02 05 08 13 27 9.9
Actual 12 10 0.0 02 05 10 15 30 7.1

4 100x TLZMBURIE Mol 21 14 2 06 12 18 25 43 1.8
Actual 22 13 0.2 0.6 20 28 44 9.4

5100 x A buhce Model 39 1.6 13 20 30 37 45 64 138
Actual 42 15 L1 22 31 40 49 67 1.3

6 100x A clpie Model 4.0 16 1.2 19 31 37 45 67 14.7
Actual 42 16 14 2232 40 49 69 122

7100 B  Model 21 15 0.2 05 12 18 26 45 125
Actuial 22 14 0.3 06 12 20 28 47 9.1

8 100 JEGIMARMIC  Model 11 12 0.0 01 04 07 13 30 116
Actual L1 LI 0.0 02 04 08 14 29 7.9

9 Futures return volatility  Model 354 12 157 202 270 336 413 564 1003
Actual 32215, 9.8 150 227 292 377 6l4 1337

10 Spot return volatility Model 354 123 15.7 202 271 337 413 565 100.6
Actual 349 184 117 159 241 309 396 714 1764
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Pricing error cross-validated by option prices

Panel A: Panel B Panel C:
Dollar Option Percentage Option Regression
Pricing Errors Pricing Errors
(model - actual) (100 x log(;‘l‘?ﬂ:{ ) lng('ﬁﬂ:ﬂg’) = o+ B log( ‘T“"l‘:zi’r t-é
Average Absolute RMSE Average Absolute RMSE o NW[pl B NW[pl R
10% OTM puts  $0.09 $0.13 $0.25 9 27 36 -0.05  0.83 097 0.00 83
5% OTM puts $0.15 $0.19  $0.34 10 19 25 -0.15 040 094  0.00 86
ATM puts $0.18 $0.22 $0.38 5 11 3 -0.06  0.60  0.96 0.00 88
ATM calls $0.06 $0.11 $0.22 6 10 13 -0.17  0.06 093 0.00 89
5% OTMcalls  $0.13 $0.18  $0.32 19 25 -0.34 002 089 0.00 87
10% OTM calls ~ $0.18 $0.22  $0.38 2 27 36 -032 0.16 093 0.00 85
Panel D: Cross-sectional fit to option prices across moneyness
100 x log(1odel y Mean  SD Min 5 25 50 75 95 Max
Average errors (all options) 7 21 -61 -33 -2 6 20 40 65
Absolute errors (all options) 19 14 0 3 17 27 43 65
RMSE (all options) 22 15 0 4 9 19 30 48 78
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Information contents in option pricing errors

Panel E: log(29%8) — constant + T2, Bl pelmm | Y2 s pelles 5
10% OTM put 5% OTM put ATM put  ATM call 5% OTM call ~ 10% OTM call
constantx 100 9 10 5 6 8 2
(0.00) (0.00) (0.00) (0.00) (0.00) (0.45)
R (%) 3 4 5 6 5 3
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Pricing error cross-validated by VIX

» Absolute pricing error (RMSE) is 1.3 (1.7)
> log(actual;) = o+ Blog(model;) + &

> o = —0.04(0.00)

> 3 =0.98(0.00)

> R?=98%

— Actual
1004 —— Model

80

60

VIXS! (%)

40

o

1992 1996 2000 2004 2008 2012 2016 2020
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Model-implied option risk premiums

H H call — rf ]E]P(max(ex 7ek~,0))
> Risk Premium®,,, A, = R{HHA}(IE(,b(max(ex g0y )
T,
_ Fefn K
> x = |OE§( F;%F ) and k = hDE;( ;ifg')

> Within the range of bootstrapped average option returns

v

The model is consistent with aversion to upside risk

» Idiosyncratic volatility affects option risk premiums by entering P
and Q characteristic function (exponential affine in V; and I;)

» Put and call options on S&P 500 cannot have both negative risk
premiums (e.g., Coval and Shumway (2001))

10 OTM put Straddle 10% OTM call
(%) (%) (%)
Lower Bootstrap (data) -53 -9 -66
Upper Bootstrap (data) 6 7 -11
Option Risk Premium (model) “16 [=1] —14

(mean)
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The role of idiosyncratic risks

» Spanning augmented with changes in idiosyncratic variance
improve goodness-of-fit

Panel A: Spanning regressions augmented with {I, , —T,}

OTM Puts Straddle OTM Calls
) 5 5 10
Afphrm 80 76 0.16 75 70
(NW[p]) 0.00)  (0.00) (0.62) 0.00)  (0.00)
Al 1.57 3.94 413 -194 247
(NW/p]) ©070)  (0.15) (0.01) 001 (0.03)
ARbreom 11.8 57 -0.64 212 324
(NW[pD) (031) (0.51) (0.89) (0.36) (0.37)
Tisio 36.0 27.6 119 16.8 20.2
(NW[p]) (0.00)  (0.00) (0.00) 0.00)  (0.01)
constantx 100 21 7 0 6 -36
(NW[p]) (0.08)  (0.30) (0.89) 047)  (0.00)
R (%) 36 52 21 48 34
R (restricted Yigio = 0, %) 277 43 6 45 31

(when risks are spanned by oil futures)

P Incorporated in option risk premiums with positive effects
» The non-idiosyncratic volatility is incorporated in option risk
premiums with negative effects

24/26



Evidence on unspanned volatility risks and jumps

» p, = —0.677: around half of the non-idiosyncratic volatility is
unspanned

> kﬂp = 0.859: the expected number of jumps in oil prices per year
is 10

> yjp = 8%: expected annualized jump size
» Contribution of jumps to spot return volatility

M)
24 [oT18) v s — 117
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Conclusion

» A new model for oil price featuring (1) idiosyncratic, (2) jumps, (3)
unspanned, (4) spanned risks

» Model estimation supports relevance of risk components
» Model is aligned with data

» Model fits oil VIX, option prices, and option risk premiums, while
individual option prices are not used in estimation

» A general modeling framework for commodity derivatives
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