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1 Theoretical Economic Model

1.1 Firm Problem

We assume that every field is managed by a risk-neutral firm ¢, which exerts no
market power. The firm decides in period t its production and investment plan
for all periods t + s with s = 0,1,2,.... In other words, the firm commits in
period t to its future production and investment plans. While this assumption is
admittedly unrealistic, it is often imposed in this class of models because it eases
the derivation and interpretation of the results while having negligible consequences
on the implications on the analysis (Favero, 1992 Favero & Pesaran) 1994)).

The field intra-temporal profits,

= Ptl—i—sQ;—l—s - CZ+5(Q;+sa fﬁ+s—1v Eff+s) - th—l—s ) (1)

are the difference between the field’s revenues and the field’s costs. The former

%
Ht+s

are the product between the price at which field i sells its output P} '+, and the
quantity of the output produced Qi ,. The costs are divided into two macro-
classes. The first ones are production costs. The second ones are discovery costs.
Production costs are function of the quantity of oil extracted and of the amount of
reserves available when the production decision starts. The latter are equivalent
to the initial size of the deposit R’ plus the discoveries occurred after the initial
assessment of the field L}, , = L'+ fo:{l D', where D! are the new discoveries
:L:Tl ¢, such
that R;,, , = R'+Li,, ,+ M, ,. Finally, the extraction costs are function of an

in period r, minus the sum of extracted liquids My, , ; = M*+ 3

idiosyncratic shock €, ., which can randomly increase or decrease the extraction
costs due to unexpected events. The exploration costs, W/, , are the expenses
incurred to discover new oil located in field i. They equal the product between the
number of spud wells and the per-well cost.

Every field tries to maximize while facing two physical constraints. The first

one,
Li—&-s = Li—i—s—l + Dz"-i-s(Wti—i-s? Li—&—s—la ff+s) ) (2)

makes the cumulative discoveries obtained till time ¢ + s equal to the cumulative
discoveries obtained till time ¢+ s —1 plus the ones obtained at time ¢+ s, Dy, (.).
The latter are function of the exploration costs, of the cumulative amount of past
discoveries, and of an idiosyncratic shock & +s» Which can randomly increase or
decrease the volumes of discovered reserves.



The second constraint ensures that the reserves available at time ¢ + s equal the
ones at time t+ s — 1, plus the new discoveries, minus the quantity of oil extracted,
plus eventual idiosyncratic revision-extensions of previously discovered reserves,
l/tﬁrs, such that

Ri—&-s = Ri—l—s—l + Dz—l—s - Qi-ﬁ-s + Vti—l—s . (3)

The field solves the optimization problem consulting an information set, Q. , ,
which includes previous prices, quantities and shocks,

Qo = {[PI g [QLWELRL L, [€,6, V]

I587 78

t—1
s=0

1.2 Cost and Discovery Function

We make the extraction costs function of the volumes of oil produced and of the
volumes of reserves available when the production decision is taken.

The link between extraction costs and volumes of production reflects the convex
nature of the field’s costs. In other words, fields increase their costs as they increase
production. Furthermore, the more the production level is closed to the pick capac-
ity, the more extracting the next barrel becomes costlyl] The link between extrac-
tion costs and volumes of reserves reflects the role played by the reservoir pressure
in the production process. If a reservoir contains low viscosity oil, trapped in im-
permeable rocks (a.k.a. Shale & Tight Oil), the wells fracture the oil-containing
rocks to allow the natural pressure of the reservoir to lift above ground a mixture
of oil, water and stones. In the same way, if a reservoir contains low (a.k.a. Light
& Medium Oil) or high (a.k.a. Heavy & Extra Heavy Oil) viscosity oil, trapped in
permeable rocks, wells drill vertically to reach the deposit. Once the wells reach
the petroleum liquids, the natural pressure lifts the oil above ground. When the
pressure declines, the management needs to inject increasing amounts of water
and /or of steam to keep the volumes of production constant. In other words, there
is an inverse relation between the costs of production and the reservoir pressure
in all types of oil formation, with the exception of oil Sands. Capturing this real-
ity would require to collect information about the volumes of water injected, the

'If this assumption is not respected, the optimal production level is the pick capacity of the
field. An explanatory analysis of our dataset suggests that this is never the case for the analyzed
sample, with a median distance between the actual level of production and the pick production
capacity of 11,510 barrels per day and an average distance of 46,849 barrels per day.



volumes of steam injected, the injection pressure, the water-oil-ratio, the steam-
oil-ratio, and the water-injection ratio, possibly starting from well-level data. To
the best of our knowledge no such data are available on a global scale. There-
fore, we follow a long-standing micro-econometric tradition and use the volumes
of available reserves as a first-order approximation of all the mentioned variables
under the general assumption that more reserves equal more pressure and those
lower marginal costs (Uhler, |1976| [1979a; [1979b; Livernois & Uhler, [1987)).

We capture the two previous intuitions rewriting the cost function used in |Pesaran
(1990) in panel data form,

Q Geo Geo i QZGGO i 2 Qgeo i 2 7
Ct :90 + ‘91 Qt + 5 ¢ T 9 R + €, (4)
t—1

In equation , the dependent variable C! equals the sum of Operating (OPEX)
and of Capital Expenditures not linked to exploration (Non Exp CAPEX)E| mea-
sured in Million US Dollars (MM $) spend per Year. The explanatory variable Q!
equals the amount of output produced, measured in Million Barrels of Oil Equiv-
alent (MM BOE) extracted per Yearﬂ, while R! | is the volume of recoverable
reserves, measured in MM BOE. The idiosyncratic shock is normally distributed
with finite homoskedastic variance, € <Y A’(0,02). Finally, §5% identifies the fixed
costs, while (65 g5 05) identify the variable production costs, rescaled by the
volumes of available reservers. All the coefficients are expected to be positive. 65
is expected to be positive because fields experience positive costs even when the
production level is zero such as license fees and insurances. 6 is expected to
be positive because increasing production increases costs by increasing expenses
such as utilities. In the same way, (65, 05°) are expected to be positive because
increasing production is marginally more expensive, irrespectively of the volumes
of reserves.

We make the volumes of discoveries function a quadratic function of current ex-
ploration expenditures W, and of cumulated past discoveries L |, and of the

20PEX includes expenditures like accounting, license fees, maintenance, repairs, office ex-
penses, utilities and insurance, while the CAPEX expenditures (not linked to the discovery pro-
cess) comprehend the installation, acquisition, repairing, upgrading and restoring of the physical
assets used to extract oil.

3The decision to use BOE, rather than the traditional Barrel (B), allows to sum the production
of condensate, gas, natural gas liquids (NGL) and oil, so to compare the marginal costs of
fields with a different composition of the output. For example, the BOE allows to confront the
marginal costs of Sands formations which produce almost only oil with the one of Shale & Tight
accumulations which produce considerable quantities of NGL and associated gases.



idiosyncratic shock &,
Dz = ’Ythi + ’Ythi 2+ ’YSLi—l + 74[’;—21 + SZ : (5)

In equation , D! is measured in MM BOE discovered in one Year, W/ is the
Exploration CAPEX measured in MM $ spent per Year, while L ;| equals the
sum of past findings measured in MM BOE. v; and 7, identify the link between
exploration expenditures and amount of discoveries. ~; is expect to be positive,
since the more a field invests in exploration the more it discovers new oil. s
is expected to be negative since marginal discoveries are declining in exploration
CAPEX. ~3 is expected to be negative since the more oil has been discovered in a
field the less likely is to find new one. 7, is expected to be negative since marginal
discoveries are decreasing in cumulative past levels of discoveries.

1.3 Optimization

The optimization problem,

o STT? i i 7 7 i
max o ]Etl{z:s:o"<J Ht+s( t+s7Qt+s7Wt+s7 t+sl7Lt+sl7€t+s)|Qtl} )
{Qt+97 t+s7Rt+97Lt+s

i o0
Di,,— Qi +vi,— R, +R, =0
3 T 3 N
st Lt+s Lt+s 1 Dt+s 0
.t ,
Qirs > 0; WZJFS >0
LT

Rt+8 Z 0) Lt+s Z O s=0

where 0 < k < 1 is the inter-temporal discount factor, can be solved using standard
methodsﬂ Before ensuring that the solution of the Lagrangian delivers a maximum,
we specify the functional form of the cost and of the discovery function.

We need to show that the (typically unique) solution to the FOCs of the firm
optimization problem is a global maximum under the restrictions on parameters
Yo <0, v4 <0, 65 >0, ¢ > 0. First, we perform a change of variable. That
is, we substitute Rj,  with the previously defined random variable By, using the
formula By, , = R+ Lj,, — R}, ,. The cost function becomes

] o o ) Geo G’eo QIZE
Ot = gGeo 9Geo ) A '
t 0 + 1 Qt Qt 2 Ri — Bz_l +L,7§_1

i
+ €

4Note that we are not explicitly accounting the presence of a natural capacity limit for each oil
field. This assumption is mostly innocuous if production costs are sufficiently convex, such that
marginal production costs become large in the proximity of the capacity limit and the optimal
production level is always lower than its natural upper bound as shown in Footnote (1).



and the problem gains the constraints R + L, — Bj , > 0 for s = 0,1,2, ...
(instead of Rj,, > 0). Thus, the firm’s optimization problem becomes:

max {ZK/SHiﬁ’S t+s>Qt+s7 t+s7BZ+s 17L7Zt+s 17€t+s) Qf&l}
{QLy Wi Bl oLy 3220
B;+S+B+S 1+Qt+s <0)"
L§§+s Lifsfl Di+s <0
s.t. Qifs 20
Wiy, >0
R =By + L, >0
\ Lz-&-s 2 0 7 s=0

The Lagrangian of the optimization problem is

L= Etl{ Z R = N [Blasor = Blys + Qi — Vi) +

- luzl;Jrs [LIZ‘:+3 - D§+s (WtZJrs? LiJrsfl? éZJrs) - L;‘,L.Jrsfl} +

— Opys |:_le5+8:| - X;+s [_WtZJrs] +

- lez—i-s [ RZ + Bt-l—s Li—i—s} - gti—&-s [_Li-l-s} |Qi—1}
Define the vector of constraints

. ‘9§,1(Wti‘v Li, L%—lag) o
gz,2<@%7 Bzv BZ'A; Wtzv Lgflv g? VZ)
92,4(Wtz)
gis(Bi, L)

A ‘gi 6(Lt) o
g ({Qiﬁ, Wf+s, LLFS 1 BZ+S_1}EO:0) = 4 g;+1,1(WtZ+17 Lé+1a Li, &)
9§+1,2(Q§+1= B§+}a Bfi’ 15 Li, ft+1a Vt+1)
9§+1 3(Qt+1)
9t+1 4(Wt2+1)
9t+1 5(Bt+17 Liy1)
9t+1,6<L§+1)

where each element is defined as:

i i i i i _ i
gt+s,1(Wt+s’ Lt+s7 Lt+s 1 §t+s) - Dt—}—s(Wt-‘rSa Lt+s 1y £t+s) + Lt+s Lt+s—1

7 7 7 _ 7
gt+s,2(Qt+s7 t+s2 BtJrs 1 Vt+s) - Bt+s + B t+s—1 + Qt+s VtJrs




forall s = 0,1,2,3,.... Theother constraints are g§+s 5(Qhs) = —Ql s gh o a(Wiy ) =

Wi Giys5(Bips Lits) = —R' — Li,, + B, Gy, g(L;Jrs) = —Li,,. The most
common approach is that of checking the second-order sufficient (necessary) con-
ditions. This consists in verifying whether the bordered Hessian

. ) ) 0 ] T Dg}f ({Qi-i-s’ Wti—&-s’ L%-{-s 1 BZ+S_1}ZO:0>
Dgi ({Q%‘FS’ th-‘rS’ lef-l—s b Btz-&-s—l}szo) D2‘C%

is positive definite (positive semidefinite). Due to the complexity of checking such
conditions, we follow a different approach. Namely, we show that this is a convex
optimization problem under the stated restrictions on parameters. We follow a
two steps procedure

1. Prove that the objective function OF} = Et—l{ > RSH§+8’Qi_1} is a con-

cave

2. Prove that the feasibleset {z € X | gj ({Q}, . W/\o. Liyo 1, Biyo 1 }o,) <0}
Is convex.

This approach has the further advantage of ensuring that the solution to the FOCs
is globally optimal.

Step 1. Let d*(z},y.,) denote the cross derivative of the objective function OF
w.r.t. any two choice variables zi,, y;,,. In order to prove that the objective
function is concave we must show that the matrix

d2(Qt7Qt) d2 (Q;Lé) d2 (Q;Bé) d2 (Q;th)
d2<L1157 ) d2 (L; L;) d2 (Léa Bf) d2 (Léa Wtz)
dQ(B§7QZ) d2 (B§7Li) d2 (B;Bf) d2 (Bsztz>

| EWEQY) (W L) & (W, By d? (W, )
My = dz(Qt—i—vat) ( 4 :

d2( t+1» ) (
dQ(BZ—H? Qt) d2 (Bz—i-l? Li
(Wi, Q) & (W}

t+17




( ) d2 (Qtv Lf&—l—l) d2 (Qt’ B§+1) d2
d2 (L§7 Qi—l—l) dZ(Li’ 1) dQ(Lza 1)
(( ) (B (

d* (By, Qi1 d*(B; LZ ) P(BLBLy) 4 (BLWE,
d2 ti? Qi+1) d2<WtZ7 Lz+l) dQ(Wtza B;Jrl) d2 (Wti? WtiJrl)
d2 (Qt+17 Qt+1) dz(Qt+17 Lf‘/+1> d2(Qt+l7 Blz:+1) d2 (QtJrl? t+1)
d2 (Lé—i-lv Qt+1) d2(L115+17 1) d2(L115+17 BZ—I—I) d2 (Lzlf—&—l? W;—«—l)
d2 ( t+17 Qt+1) dQ(BZ-&-lv 1) d2(B§+17 1) d2 (Bt2+17 th-i-l)
d2 ( t+17 Qt-i—l) d2( ti—i-l? t—i—l) d2( ti+17 t+1) d2 ( t—i—l’ t—i—l)

. . . . ; ] ; (e 9] .

is negative semidefinite for all values of {Qi,.,, Wt2+57L§§+5717B§+571}3_0 in X.
. . . 2 l l 1/ .

Since the cross-derivatives d*(z},,,y;,,) for o},  # y;,, are all equal to zero, i.e.

d’OF} — 0 d’OF} - 0: d’OF} - 0: d’OF} -0 d’OF} - 0:
dL7£+sdB;fL+r ’ dL7£+sdQ’z+'r ’ de+det’L+'r ’ dB175+de’z+r ’ dLi#»detZJﬁr ’

C@f% =0forall s=1,2,3,...and r = 1,2, 3, .... except for the following:

t+r

' ' dQOFi QGeon‘
) . ; B t . s’3 t+s
d (QHS’BHS%) - m - ﬁ ’
| ' d2OF1 9@60 7
e (Q;-}-s’L;LH-S—I) Tt ,{83,—62”5 7
Qi ALy,  Rii, o’
dzOFZ eGeoQi 2
2(B I - __ L = et
( t4+s—17 Hit4s— 1) dB§+371dL7t/+sil Y %+5713 )

the matrix of cross derivatives can be rearranged in the form of a diagonal matrix:

A; 012 Og3

AT 021 AQ 023
Me=1 0, 04, A

31 32 3

where each (n; X n;) submatrix A; is either diagonal, or it contains all the cross
derivatives that are non-zero with respect to a specific choice variable, and where
0, is a (ny x n;) null matrix. Then, the matrix ]\Ajf is negative semidefinite if all
the non-zero submatrices Ay, As, Az, ... are negative semidefinite. First, notice
that the own second derivatives are

) ) S eo gGeo 4 ) S €o ) i —
d2(@t+s7 Qt+s) = =K (‘95 + 13—) d (Lt+s7 Lt—i—s) =K +19§ Qt+s+l2Rt+53
t+s—1
d (BZ—I—s? BZ-‘,—S) = S+19G60Qt+s+1Ri+_s3 dz(WIfi+s’ VVti—i—s) = 0 )
for all s =0,1,2,.... where R}, | = Byj, ., + L , . Since all the own second

derivatives satisfy d*(z},,, 2z}, ,) < 0, then any diagonal submatrix A; is negative

9



semidefinite. Thus, for the purposes of this prove, it is sufficient to show that each
non-diagonal submatrix is also negative semidefinite. Each of such submatrices
has form:

d2 (Q§+s7 Q%+s> d2 (Q%+s7 Bz{sfl) d2 (Qt+s7 t+s— 1) d2 (Qt+s7 t+s)
Mi — d2 ( t+s—1» QtJrs) d2 (BZ+8717Bz+871) d2 (BtJrs 1 Lt+s 1) d2 (Bt+s 1 Wt+s)
e d2 (Li-l-s 1 Qt+s) d2 (L;-&-s—l? B;—i-s—l) d2 (L%-ﬁ-s 17Lt+5 1) d2 (L;-&-s—l’ Wt+s)
d2 (Wf+97 Qf+9) d2 (Wti—&-m B§+S—1) d2 (Wf+97 Lt+9 1) d2 (Wti—&-m Wti+8)

— . a : a : -
_QGeo _ 93690 _ 03°°Q% 1 037 Qi 46 0
- - > - >
G R% +s5—1 g;l»sf_l 5 524’5*_1 5
€eo €eo €0 1
9 Qt+s 0 Qt+s 0 Qt+s 0
2 3 3
= K/S R;-‘—s 1 R; +s5— 1 R7i+s 1
eGeoQ HGeoQ eGeoQ 2
t+s t+ s _ t+s O
] 2 i 3 L 3
R%-ﬁ—s—l R%-ﬁ—s—l Rz-ks—l

for s =1,2,... and is negative semidefinite for ¢ > 0, §$°° > 0. Lastly, notice
that for each s = .. if M}, is negative semidefinite for s = 1,2, ... the objective
function is concave. Slnce Qi,, and R}, | are weakly positive scalars, the matrix

Ml

I, is negative semidefinite if the following conditions hold true: 65 > 0, 65 >
0.

Step 2. We show that the set defined by {z € X | g ({Qi,,, Wi . Li 1, B§+s_1}zi0) <0}

is a convex set. First, recall that — because X is a convex subset of R, — the set

{r e X |gi,;(..) <0} is convex if gj,,  is a convex function of the choice vari-

ables. Second, recall that intersections of convex sets are convex sets. Thus in or-

der to prove the result it is sufficient to show that each set {z € X | gi,, () < 0}

fors =1,2,...and 7 = 1,2 is a convex set. In conclusion, it is sufficient to show that

each function g§+s,1<Wti+s7 Liys Liyso1, &) and gz—l-‘s,Q(Qi—s—.s’ By, Z—&-s 0 Wik L1y Elss Viges)
for s = 0,1,2,... is convex. Then we have: gi, ,(Qi,,,Bl,s, Blys 1,V1s) =

—Bj,, + Bj., 1+ Q. — v, which is trivially (weakly) convex because it is

a linear function. Secondly, we have

A 7 7 7 7 % A 7 A 7 A
gt—l—s,l (Wt+s7 Lt+s7 Lt+s—17 ét—i-s) Lt-l—s Dt+s (Wt+s7 Lt+s—17 £t+s) Lt—i—s 1

. . ani . .
Let ¢, (z},,,9i,) = ﬁ. In order to prove that g, , is convex, we need
S T

to show that the matrix:

C?—l—s ( ‘ ti—l-s? ti—o'—s) C?—}—s ( ' ti—l-s? i—}—s—l) C?—I—s ( t—l—s? Lzlf—s—s)
C%+s ( trs—1s th—&—s) C?+s (Li—&—s 13 [ﬁzt+s—1) C§+s ( t+s—11 L%—&—s) =
C?—&—s (Lzzf—‘rm th—i-s) c?—i—s (L;—f—s? i—&-s—l) C?—&—s (Li—&-s? Lé—i—s)

= 0 -2y 0
0 0 0

10



is positive semidefinite. Thus, g;, (W}, ,, Li s, Li, o 1,& ) s convex if 75 < 0
and 74 < 0. Lastly, the functions gt+s,3<Qt+s) = —Qits 9§+s,4(Wf+s) = Wi
Givss(Birs Livs) = —R' — Ly + Bi,, gi+s,g(Li+s) = —Lj,, are all linear, which
implies that they are trivially (weakly) convex. In turn, these three results im-
ply that the set {z € X | g} ({Qi o, W/ s Lty 1. Bio1}.,) < 0} is aconvex set

given the restrictions v < 0, 74 < 0.

Lastly, the results of Step 1 and 2 together imply that the firm maximization is
a convex optimization problem given the restrictions on the parameters v, < 0,
vy <0, 65 >0, 65 > 0. This implies that the solution to the FOCs is a global
maximum. Q.E.D.

First-Order Necessary Conditions for a Global Mazimum. The FOCs for each
s=20,1,2,3,.. write:

[Qt—i—s] cEey {Pt+s - an%Jr - )\t—i-s Qt—l} =0
) OD? ( ) .
Wi Ei 14 pl, QZ_}ZO
[ t+] t 1{ t+ aWt+s t—1

a0 . aDh()
Lt E, g . t+$f1 7 t+s+1 )
[ t+s] t—1 { Hips — K aR?H-s + Klygst1 aLH—s + Kl st1

8CZ+S+1(') QZ } _ 0
t—1 -

[Bz—i—s] E; {A;-i-s - RTQFS "{)\t—i—s-‘rl
[Mt+s B 1{ Dt+s Wigs, Ligs—1, ft+s) + Lt+s Ly 1| Q;_ } <0
plus the standard primal feasibility, dual feasibility and complementary slackness
conditions.

mA}zo

Interior Solution. From the first part we know that the solution is a global maxi-
mum. The solution must be interior for (Qi, ,, W/, ,, Lt , Bl ) if Qi s, Wiy, Lty By o+
Li )* > 0. Thus, whenever (Q,,, W/, Li R )" > 0 the FOCs w.r.t.
Qs Wiiss L, Bii g, Mas, fits must be binding, and therefore they can be used

to derive the following equilibrium conditions. Q.E.D.

Equilibrium Conditions (Shadow-Prices). The results in the previous sections lead
to the following equilibrium conditions in period t:

1. Shadow-price of discovered oil:
oC(.)

By [N Q] = By [P 90,] —Eo s { il
t

0 }

11



2. Expected shadow-price of undiscovered oil:
i -1
oD;(.)

3. Law of motion of the shadow-price of discovered oil:

E:iq [M; |Q§—1} =K Qi—l

; : NoaC ()]
E; 4 [)‘tJrl ‘Qtfl} =Ei [Et - 5;}%’ Qt1:|

4. Law of motion of the expected shadow-price of undiscovered oil:

(% . aczH(-)) (aDz’H(.) N 1)1

Bt [pisy |1 ] = Eiy oL OL:

Qi—l] )

Notice that A} is fully known at time ¢ by the firm — i.e., B,y [N Q1] = Xl —
but it is a random variable for the econometrician, because the exact realizations

of the random coefficients are unknown. All these results are in line with standard
natural resource economics.

2 Empirical Economic Model

The empirical analysis associates the shadow price of a field,

Qi . aCi(.
Ee 1[N ] = Eea [P ] — Eva {—t(l)
Q)

to its Carbon Intensity (CI). Its realization relies on four distinct datasets.

|, Q

Environmental The OPGEE global CI dataset contains information about the
emissions of 8,962 children commercial fields in 2015 (Masnadi et al., 2018)).

Price The Energy Information Administration dataset on Landed Costs of Im-
ported Crude for Selected Crude Streams contains the future prices for
twenty-three oil classes over the time interval 1979-2018 (EIA| [2019). Com-
plementary information about the relative chemical composition of the Se-
lected Crude Streams is imported from the PSA Management and Services
BV database (Management & BV 2019) .

12



Costs The WoodMac Upstream Data Tool contains information about costs, pro-
duction and reserves across two levels: 30,235 children and standalone com-
mercial oil fields and 1,916 parent fields over the time interval 1965-2018
(Mackenzie, 2020).

The granularity of the data sources is heterogeneous. The environmental infor-
mation is available at children level, the price at an oil class level, while the costs
both at the children and standalone and at the parent level. Nevertheless, since
the children’s level costs presents a considerable number of missing values, we de-
cided to preserve the largest amount of information by focusing on the parent and
standalone level. Therefore, we harmonize the granularity of all the other data
sources to the standalone and parent level. First, we refer to the oil category
prices, enhanced by the information of the chemical composition of the category,
to approximate the price at which parent and standalone producers sell their oil
(see Section Firm Expected Prices). Then, we aggregate the CI at the parent level
by computing a weighted average of the 8,817 fields resulting from the harmoniz-
ing the OPGEE and the WoodMac IDs (see Section Data Harmonization and IDs
Match).

2.1 Firm Expected Prices

The prices at which fields sell their output respond to the timely interaction be-
tween demand and supply. In addition, they depend upon some chemical charac-
teristics of the crude, such as the gravity and the sulphur content (Lanza, Manera,
& Giovannini, 2005; Fattouh, 2010)E]. Consequently, the field-level equation,

Etfl[PﬂQi—l] = Bo + ay + B API" + 335", (7)

reflects how the price at which field 7 sells depends on time-invariant aggregate
factors (), on the demand driven trend at time ¢ (i), on the gravity (API?) and
the percentage of sulphur (S?). The unit of account of 3y and «; is $ /BOE. The
same applies to [y and (3 since API and sulphur are dimensionless quantities.

E; 1 [P}|€2_,] is unobservable to the researcher, but it can be proxied by the prices
of several mixtures of crudes, which group oils coming from different fields into a

5A variation of oil prices due to their quality can be thought as the outcome of a Bertrand
competition between two or more buyers (typically refineries or intermediaries), which evaluate
the crude depending upon its qualities.
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tradable oil class. Using the Energy Information Administration dataset and the
PSA Management and Services BV database, we collect, respectively, the yearly
future prices and the chemical characteristics of twenty-three oil classes over the
time interval 1979-2018f] (EIA] 2019; Management & BV] [2019). Table [1] pro-
vides the summary statistics of the future prices, together with the gravity (API)
and sulphur content (S). Figure (1)) shows how the future prices (F'P) of twenty-
three oil classes k homogeneously respond to a general trend (ay), whereas Figure
(2) portrays the positive relation between the future price of a category of crude
(FP(k)) with its API and the negative relation between F'P(k) with its sulphur
content in a single year (2015).

120
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Price ($/BOE)

30

o o o o C
<) (=2} o =y o
(<)} (&2} o o C
- - N N o
Year
-o— Lloydminster -o— Arabian Medium Berri Brent -o— Qua lboe
-o— Mayan Bow River Heavy Leona WTI -o— Cabinda
Qil Class -e— Light Sour Blend Napo Furrial  -e— Bonny Light -e— Saharan Blend
-o— Basrah Light Arabian Light Olmeca -e— Forcados Blend
-o— Merey Oriente Marlim -e— Rabi-Kouanga

Figure 1: Future prices of twenty-three oil class over the time interval 1979-2018.
Colors reflect the Sulphur content, where dark red represents high content whereas
dark blue low percentages.

In order to justify the use of such proxy, we assume that the oil class prices equals
the weighted average of the field prices belonging to the respective class. In this
context, if all the information is publicly available, 2 | = Qfﬁli, the time-varying

weights {wg}i\;(lk ) identify the relative importance of a field belonging to class k in

6We take advantage of the full time span of the series to improve the model’s fitting.
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Table 1: Summary Statistics of F'P,(k) for Twenty-Three Oil Classes.

Oil Class (k) Country of Origin  Mean  SD Min Max  API S

Arabian Light Saudi Arabia 40.39 2936 12.36  109.43 32.8 1.97
Arabian Medium Saudi Arabia 40.70  29.34 10.86 107.12 30.2 2.59
Basrah Light Iraq 76.11  25.70 39.90 106.93 30.5 2.90
Berri Saudi Arabia 78.82 25.79 45.62 110.77 385 1.50
Bonny Light Nigeria 4221 30.84 13.62 117.70 334 0.16
Bow River Heavy Canada 33.96 22.82 1041 84.29  24.7 2.10
Brent Crude United Kingdom  28.10 13.30 13.94 64.60 38.3 0.37
Cabinda Angola 26.90 1392 12.69 69.17 324  0.13
Forcados Blend Nigeria 3234 2295 1435 111.07 30.8 0.16
Furrial Venezuela 18.27 4.26 12.24 28.23 30.0 1.06
Leona Venezuela 2098  9.36 9.79 51.55  24.0 1.50
Light Sour Blend Canada 69.09 20.51 40.04 96.52 64.0 3.00
Lloydminster Canada 33.88 2395 10.15 8250  20.9 3.50
Marlim Brazil 78.42 2783 47.77 11432 19.6 0.67
Mayan Mexico 36.01  27.09 9.21 100.29 21.8 3.33
Merey Venezuela 72.31 2494 3897 103.28 150 2.70
Napo Ecuador 70.78 2576 3746 101.53 19.0 2.00
Olmeca Mexico 31.82 2298 13.58 101.14 373 0.84
Oriente Ecuador 39.10 2757 11.55 10550 241 151
Qua Iboe Nigeria 99.73 2216 68.26 117.02 36.3 0.14
Rabi-Kouanga Gabon 33.79 2338 13.65 9546  37.7 0.15
Saharan Blend Algeria 83.16 24.68 49.82 115.82 45.0 0.09
WTI United States 4230 2768 14.34 9956 39.6 0.24

Sources{EIA|(2019); Management and BV|(2019).

period t, such that
FR() = Bt| L uipiops| =5 | il ®)
ick i€k
Thanks to the assumption entailed in equation we can stack the different time

series of the oil classes price into a longitudinal dataset and we can estimate re-
gression

FP,(k) = Bo+ ar + BAPI(k) + B5S(k) + (k) , (9)

where, E,[q(k)|API(k), S(k)] = Eo[>°, o (w;—w") (BoAPI'+ 35| API(k), S (k)] =
0 is the random error component. Table [2| reports the results using a Pooled Or-
dinary Least Square (POLS) («; = 0) and a time fixed effect (FE) (8y = 0). The

"Please notice that equation [8 only serves as a theoretical justification of our next steps and
it is not estimated.
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Figure 2: 2015 prices of fourteen oil classes based on their API and Sulphur content.

sole presence of gravity and of sulphur is unable to explain a significant portion
of the variance of the future price of the different oil classes since it ignores the
demand driven trend. The introduction of the latter (o) substantially increases
the adjusted R? from 2% to 97%, while returning a sign of 3 in line with eco-
nomic theory. When controlling for the yearly effect, the time trend spans from
a minimum of 12.98 § / BOE in 1998 to a maximum of 104.70 $ / BOE in 2012.
Furthermore, a unit increase in the API augments the value of the crude by 0.07
$ / BOE, while a 1% increase in sulphur content decreases the value of the oil by

2.21'$ / BOE.

Table 2: Estimated Parameters of the Pricing Function

Dependent Variable: Future Price $/BOE

POLS Time FE
Intercept 20.62**
(6.44)
API(k) 0.50** 0.07**
(0.17) (0.03)
S(k) 3.19** -2.21%
(1.21) (0.19)
Time FE No Yes
Adjusted R? 0.02 0.97
Note: *p<0.1; *p<0.05; **p<0.01.
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We use the estimates in column 2 to obtain the field-level prices. For example, in
2015, when dog15 = 49.80 $ / BOE, the estimated price at which field ¢ containing
oil with API =55 and S = 0.03 would be,

L 53.58
B, 1[P/_,] = 49.80 4 0.07 % 55 — 2.21 % 0.03 = 53588

. 10
(1.55)  (0.03) (0.19) BOE (10)

Notice that under the assumption stated in this section l’f’tZ is an unbiased estimator
of By 1[P/|2_,] as long as 3, & are unbiased estimators of 3, . Figure (3) shows
the resulting field-level mapping for the year 2015.
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Figure 3: 2015 estimated prices of 1,103 oil fields.

2.2 Data Harmonization and IDs Match

This subsection describes the harmonization of the OPGEE and the WoodMac IDs
necessary to link the shadow prices to their emissions. The WoodMac Upstream
Data Tool contains historical data for 20,522 children and standalone commercial
oil & gas fields (Mackenzie, 2020). The OPGEE global carbon intensity models
the emissions of 8,962 commercial children fields. The OPGEE field IDs were
harmonized to the Wood Mac ones with the following steps:

e Harmonization of the apostrophes and of the countries’ names (Sudan vs
South Sudan, Republic of Congo vs Congo, Brunei vsBrunei Darussalam)

e Partition of the Sacha field into Sacha (pre-2016) and Sacha (post-2016)
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o Aggregation of fields Garzad A, Garzan B and Garzan C into a unique field
labeled Garzan

e Removal of the field Columba BD since it was overlapping with two separate
fields Columba B and Columba D

e Aggregation of the fields G-Ain Dar, G-Haradh, G-Hawiyah, G-Shedgum,
G-Uthmaniyah into a unique field named Ghawar.

The first attempt to join the two datasets, using only the fields ID, matches 8,632
out of 8,962 fields. Next, we perform a smart string search using R commands
str_dectect and stringdist_left_joint to recover 24 out of the 325 unmatched
fields. Then, we match by-hand 29 fields checking the field names spelling and their
geographical coordinates. Finally, we assign the CI measure for the representative
Canadian field Other heavy (conv. production) to all the unmatched Heavy
and Extra Heavy Canadian fields. In the same way, we assign the CI measure
for the representative Canadian field Other conventional to all the unmatched
Light & Medium and Other Oil Canadian fields. At the end, we were able to match
8,817 fields out of the initial 8 962.

The WoodMac Upstream Data Tool almost exclusively provides balance sheet
data at the parent or standalone level. In order to pair the granularity of the two
datasets, we compute the volumes weighted average CI, measured in KgCOqe per

BOE,

Y, Qicr
i Qf

of 6,841 children field§] The result is a techno-economic dataset containing the

Cl' = Vi€,

accounting and the environmental characteristics of 995 parent fields and 2,062
standalone fields.

After restricting our sample to fields which have production bigger than zero and
provide information about their OPEX and CAPEX expenditures, the final dataset
follows 2,062 fields, across 77 countries, over the decade 2009-2018. Our panel con-
tains 17,494 data points’] and covers an average of 72.57 percent of the global oil
demand as estimated by the Organization for Economic Co-operation and Devel-
opment (OECD). The dataset does not only cover a large fraction of the global

8Please notice that no action as been taken for the remaining standalone fields.

9Note that a balanced dataset would have had N x T' = 2,062 10 = 20, 620 data points. The
discrepancy originates because the 15.16 percent of the fields are not observed at every point in
time because they either stop or start operations during the studied period.
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oil demand, but it is also representative of the supply in terms of field location
(On Shore, Shallow Water, Deepwater, Ultra-Deepwater) and of the chemical and
geological peculiarities. Namely, it contains information about low viscosity oil
trapped in impermeable rocks (Shale & Tight Oil), low viscosity oil trapped in
permeable rocks (Light & Medium Oil), high viscosity oil trapped in permeable
rocks (a.k.a. Heavy & Extra Heavy Oil), and oil sands, see Table [3]

Table 3: Absolute Frequency of different Geological Formations

On Shore  Shallow Water  Deepwater  Ultra-Deepwater

Light & Medium 682 480 118 31
Heavy 102 47 10 5
Shale & Tight 339 7 0 0
Sands 27 0 0 0
Extra Heavy 9 0 0 0
Other Oil 195 6 4 1

2.3 DMarginal Extraction Cost

Extraction costs are the sum of all the expenditures faced to get the oil out from
the ground. Exploration costs are the sum of all the expenditures faced to find
new oil. WoodMac classifies costs into twenty-three categories, see Table 4] . We
sum the first twenty-one of them to obtain the extraction costs,

C? = Abandonment Costs. + Capital Receipts. + ... + Terminal! ,
and the last two to obtain the exploration costs,

W; = Development Drilling’ + Exploration and Appraisal’ .

Figure |4 shows the relative importance of the different cost categories, where fixed
costs (~ 30%) and variable costs (~ 20%) already account for a half of the total
costs a field faces. Figure [4 reflects Equation (4), where 65°° captures the field
fixed costs and the joint behavior of 0§ 05¢° and 65 the sum of all the other
extraction costs. An explanatory analysis of C! confirms the positive relation of
the costs with both the production (see Figure |5) and the reserves (see Figure
@. However, the relations vary across different geological formations. Light &
Medium, Heavy and Shale & Tight Oil depict a concave pattern as the quantity
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Table 4: Summary Statistics of the Twenty-Three Types of Cost listed in Wood-
Mac.

Cost Type Number of Observations = Mean SD Min Max

Extraction Costs

Abandonment Costs 14,196 1.155 9.767 -8.870 378.720
Capital Receipts 401 6.218 59.260 0.000 1,044.790
Country Specific CAPEX 3,859 7.824 60.812 0.000 1,586.930
Country Specific OPEX 1,772 3.957 12.661 0.000 317.390
Field Fixed Costs 18,056 73.583  237.959 0.000 5,175.100
Field Variable Costs 17,701 45.779 117941 0.000 2,928.380
General and Administrative 2,549 6.388 12.904 0.000 186.450
Insurance 40 0.066 0.414 0.000 2.620
Non Tariff Transport 2,055 20.051 70.269 0.000 931.030
Offshore Loading 854 3.934 20.699 0.000 264.490
Other CAPEX 10,461 19.141  77.250  -235.080  1,805.820
Other Costs 776 52.394  94.010 0.000 1,246.240
Other OPEX 726 9.080 31.826 0.000 212.170
Pipeline 14,491 6.295 32.496 -17.140  1,060.070
Processing Equipment 13,287 30.313  138.371  -32.600  3,191.380
Production Facilities 16,670 40.375  188.193  -40.140  6,260.000
Subsea 3,701 25.614  84.894 0.000 1,378.670
Tariff Gas 6,987 11.527  60.259 0.000 1,678.200
Tariff Oil 11,731 30.491  134.681 0.000 3,378.910
Tariff Receipts 1,604 11.474  25.170 0.000 239.460
Terminal 759 3.400 17.454 0.000 269.040

Exploration Costs

Development Drilling 17,898 82.588  206.935 0.000 4,495.880
Exploration and Appraisal 123 3.458 12.332 0.000 82.870

SourcesiMackenzie| (2020).

produced increases, whereas Extra Heavy, Sands and Other Oil depict a convex
one. The scenario is a little different when visualizing the relation between the
costs and the reserves. Heavy, Shale & Tight and Extra Heavy report a concave
pattern, Light & Medium a linear pattern, Other Oil a convex pattern, while Sands
a non-linear one.

In equation {4] the dependent variable is always positive defined. In order to avoid
the use of generalized linear model, we estimate it in first differences. More pre-
cisely, we estimate five versions of equation [l We start using a Linear Mixed
Model, column (1) in Table [ where all the random coefficients are normally dis-
tributed. Then, we add a time effect, such that € = 05°°Q! t + !, to isolate the
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Figure 4: Relative weight of the different cost categories.

impact of technological change, column (2), and a quadratic time effect, such that
e = 0§°Qi t + 05°Q: 1* + ] to allow the technological improvment to have
a (linear) trend. Finally, column (5) combines the three fixed effects, such that

€ = ¢, + Geo' + 1 + £, In all four cases, we assume i < N(0, 02).

In all cases the coefficients have the expected sign. Namely, both %< and 05 +
ége" /R!_, are bigger than zero. The introduction of a constant technological effect
does not substantially change the magnitude of the coefficients suggesting the
absence of a homogenous shock across fields belonging to a same geological class.
The introduction of a linear technological trend diminishes the magnitude of élce",
while increasing the overall convexity of the problem while rising the adjusted R?
from 17% to 23%. Note that, since the regression is estimated in first differences,
these goodness-of-fit measures are in line with standard econometric resultg']

10Geo! is a categorical variable which takes values Light & Medium, Heavy, Extra Heavy, Shale
& Tight, Sands and Other Oil.
HFurther diagnostic analysis are avilable upon request of the reader.
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Figure 5: Relation between costs and production for different geological formations.

3 Shadow Prices

In this section we bridge the theoretical with the empirical model. Namely, we
conjugate the results obtained in section Firm Expected Prices and Marginal Ex-
traction Costs with equation [6] to obtain
N = Gy + B API + 3357 — (9?60 + 05°Q + égGeO—R?t + 05t + 9}?@%2) .
t—1

Vv
Marginal Extraction Cost

~-
Expected Field Future Price

(11)

Equation identifies the profitability of a field at a point in time. In other
words, when 5\1 is strictly positive the field is lucrative, when it is equal to zero the
field breaks-even, and when it is negative the field looses money. Its magnitude is
impacted by the demand driven trend at time ¢ (o), the chemical qualities of the
oil (Bs, B3), the volumes of production (f,) and the volumes of production rescaled
by the volumes of recoverable reserves (ég) and the technological trends with a
particular geological class of fields (6, 05).
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Figure 6: Relation between costs and reserves for different geological formations.

The magnitude of ) is a versatile measure of the extensive margin of the industry.
On a disaggregated level it shows the least profitable fields. For example, according
to our estimates, three fields had a negative shadow price (Kucavo-Arreza (Alba-
nia), Sabanero (Colombia) and Bozhong Area (China)), while all the others were
profitable. Among the profitable ones the least profitable one was West Esh El
Mallaha A-1 (Egypt), an On Shore Heavy deposit hosting petroleum with an API
fo 20.92 and 7% sulphur content. According to our estimates its shadow price is

= 49.80 4 0,07+ 20.92 — 221+ 7 — 34.65 = ]%85 .

Either a decline in selling price or a rise in marginal extraction costs of 1 § /
BOE would make the field almost unprofitable. In other words this field identifies
the extensive margin of the industry in 2015. On a more aggregate level A shows
which regions of the planet are the least profitable. For example, a volume weighted
average of the shadow prices suggests that three countries with the least valuable
oil are Albania (23.19 $§ / BOE), Colombia (27.00 $ / BOE) and Suriname (28.76
$ / BOE), while among the top ten producers Mexico (35.11 § / BOE), Canada
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Table 5: Cost Function Regression Results

Dependent variable: Delta Total Costs C; MM USD
(1) (2) (3)

Quantity 11.090**  11.062*** 10.106***
(0.162) (0.161) (0.157)
Quantity squared —0.004**  —0.004** —0.004***
(0.0001) (0.0001) (0.0001)
Reserves squared 127.168*  128.797*** 167.830***
(7.157) (7.135) (6.946)
Constant Technology No Yes Yes
Linear Technological Trend No No Yes
Observations 17,503 17,503 17,503
Adjusted R? 0.16 0.17 0.23
Note: *p<0.1; *p<0.05; **p<0.01

(39.34 $ / BOE) and the United States (42.30 $ / BOE) are the ones closest to
the margin.

4 Additional Treatments for North American Fields

Additional treatments are conducted on two important global producers based on
the available data:

e Canada: generic OPGEE CI estimated are assigned to unmatched Canadian
fields using crude type and density (i.e., conventional and heavy conven-
tional).

e United States: many U.S. oil fields (shale tight oils in particular) are not
named consistently and systematically. These fields are typically labeled
based on their basin, the producer company name, or a combination of both.
Therefore, it is very difficult to match these fields between different datasets.
In order to improve the U.S. coverage in this work, after a rigorous field-
by-field manual matching, two generic oil fields - US tight oil_generic and
US heavy_generic - are created, and volume-weighted-average CI and MC of
production of other U.S. matched tight oil and heavy fields are attributed
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to these two generic fields. The volumetric production of these two generic
fields are estimated based on the missing production volume from the total
production of the corresponding crude types using EIA U.S. tight oil pro-
duction [EIA| (2020b)) and crude oil and lease condensate production by API
gravity EIA| (2020a)) statistics in 2015, respectively.

5 Data coverage

The production coverage summary of the top 20 largest global crude oil producers
in 2015 (shown in Table [f) confirms that the dataset used in this study covers
different types of crudes from different countries and fairly represents the global
oil production market. See the supplementary Excel sheet for list of all countries
coverage.

Table 6: Production coverage summary of top 20 largest global crude oil producers
in year 2015.

Country Count of parent fields 2015 total production*, mmbbl/d  Coverage in this work, %
Russian Federation 151 10.3 96
Saudi Arabia 15 10.2 100
United States 490 9.4 80
China 65 4.3 97
Iraq 27 4.0 70
Canada 151 3.7 90
Iran 23 3.3 92
United Arab Emirates 8 3.1 44
Kuwait 4 2.8 100
Venezuela 44 2.5 69
Brazil 34 2.4 94
Mexico 19 2.3 99
Nigeria 73 2.2 91
Angola 32 1.8 95
Kazakhstan 35 1.7 84
Norway 56 1.6 100
Qatar 9 1.5 51
Algeria 20 1.4 83
Colombia 59 1.0 91
Oman 10 1.0 100

*Crude oil including lease condensate. Source{EIA|(2016).
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6 Additional maps

The geographical location and the qualitative volumetric production magnitude
of covered global oil fields are presented in Figure . The 2015 carbon intensity
map of global oil fields is also illustrated in Figure (§]).

Yearly production

Min. Max.
]

Figure 7: Geographical location and the qualitative volumetric production magni-
tude of covered global oil fields in 2015

Cl
Min. Max.

Figure 8: Geographical location and the carbon intensity of covered global oil fields
in 2015
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