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Abstract

How should monetary policy respond to an oil discovery? Oil discoveries provide news
that natural output will rise in the future, which lowers the natural real interest rate. Optimal
policy must accommodate these changes, and is well-approximated by a Taylor rule that
includes the natural real rate. Ignoring these changes, as in currency pegs or naive Taylor
rules, causes forward-looking inflation and a recession. I prove this by analytically deriving
optimal policy in a small open economy with oil and news shocks, and then discuss the

results using stylised illustrations.
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1 Introduction

An oil discovery provides news about the future. In the months and years that follow contracts
will be negotiated, wells will be drilled, and after some delay oil revenues will feed into the
domestic economy, typically based on the spending choices of the government (Pieschacon,
2012; Arezki et al., 2017). During this delay households and firms can react to the knowledge of
the impending windfall, causing changes in the economy. However, because these changes are
driven by news, rather than contemporaneous shocks, it is unclear how the central bank should
respond. This paper aims to fill that gap.

The monetary response to an oil discovery matters because, of the approximately 200 sover-
eign states in the world, 130 are endowed with natural resources and 47 are resource-dependent
(by the IMF’s definition; Baunsgaard et al., 2012). Recent major oil and gas discoveries have
been made in the US, UK and Australia amongst others. I will show that the majority of
resource-dependent countries are conducting monetary policy poorly, as three-quarters follow
some form of exchange rate target (split evenly between developed and developing countries;
IMF, 2016). More broadly, oil discoveries are a rare example of a large, well-identified news
shock (Arezki et al., 2017), and so studying how monetary policy should respond may yield
insights relevant for news shocks more generally.

To study this I extend a standard New Keynesian small open economy model (Gali and
Monacelli, 2005; 2008) in two ways: by including a government that receives oil revenues, and
allowing households to respond to news. I assume that households consume both home and
foreign goods, have perfect access to international borrowing, and their wealth increases relative
to their foreign counterparts when oil is discovered. Firms set prices according to Calvo (1983).
Oil is produced using both reserves and capital, which takes time to build, and the revenues
accrue to the government which spends them according to simple fiscal rules. The model is
sufficiently parsimonious that it allows me to analytically derive both the central bank’s objective
function and optimal policy. To illustrate that optimal policy matters, I compare it to commonly
used Taylor rules and an exchange rate peg under a variety of fiscal rules, illustrated in stylized
examples.

I find that an oil discovery lowers the natural real interest rate until oil production peaks,
and optimal monetary policy should do the same with the policy rate. The natural real rate falls

because households and firms expect output to be higher in the future. Firms therefore raise



prices in anticipation, which suppresses consumption. Optimal monetary policy offsets this by
cutting rates to boost consumption and close the output gap, and this is well-approximated by
a Taylor rule that includes the natural interest rate.

If monetary policy fails to move with the natural interest rate, for example under widely-used
exchange rate pegs or naive Taylor rules, it can cause a recession. The reason is because of the
forward-looking behaviour of households and firms. Consider an exchange rate peg, as used by
75% of resource-dependent economies. When oil is discovered the real exchange rate will need
to appreciate twice: immediately as households learn they are wealthier and consume more,
and at production as the government spends the oil revenues. If the nominal exchange rate is
fixed then the real exchange rate can only appreciate through higher domestic prices, which are
sticky. Between discovery and production inflation will therefore be both backward-looking - as
firms ‘catch-up’ on the first appreciation, and forward-looking - as firms anticipate the second
appreciation. The latter depresses output below its natural level, creating a negative output
gap and stagflation. A naive Taylor rule will respond aggressively to forward-looking inflation,
exacerbating the negative output gap further. This can be avoided if the rule incorporates
changes to the natural interest rate.

This work contributes to three main strands of literature. The first is on monetary policy in
oil exporters. The literature on oil and monetary policy has focused on oil importers (Hamilton,
1983; Bernanke et al., 1997; Elekdag et al., 2007; Blanchard and Gali, 2007; Kilian, 2009; Nakov
and Pescatori 2010; Kilian and Lewis, 2011; Bodenstein et al., 2012; Dagher et al., 2010). For
oil exporters there has been a considerable body of work on medium to long term fiscal policy
(see survey by van der Ploeg and Venables, 2012; Pieschacon, 2012; van den Bremer et al.,
2016). However, the majority of work on monetary policy in oil exporters was done without
the benefit of DSGE models. For example, Eastwood and Venables (1982) were motivated by
the UK’s North Sea oil and found that an oil discovery immediately causes the exchange rate
to appreciate due to raised expectations, which can cause a recession if not immediately offset
by increased demand (see also Buiter and Purvis, 1983; van Wijnbergen, 1984; Neary and van
Wijnbergen, 1984). More recent work has started to incorporate oil exports into modern New
Keynesian frameworks (Catao and Chang, 2013; Bergholt, 2014). This literature has focused
on oil price shocks, such as Ferrero and Seneca (2015) who find that optimal policy should cut
when the oil price falls if the economy has substantial spillovers from the oil sector; and Gross

and Hansen (2018) who find that taxation is more efficient than monetary policy at stabilizing



commodity price shocks, within a class of numerically-optimized Taylor rules. This is the first
paper to study how monetary policy should optimally respond to an oil discovery.

Second, this paper also contributes to the growing literature on news shocks, and provides
the first study of how monetary policy should optimally respond to news about future demand.
The news shock literature has focused on Pigou (1927) cycles, where good news about future
productivity (rather than demand as studied in this paper) generates positive co-movement in
consumption, investment and hours worked today (see review by Lorenzoni, 2011). They have
proved challenging to ground theoretically (see Beaudry and Portier, 2004 and 2007; Den Haan
and Kaltenbrunner, 2009 and Jaimovich and Rebelo, 2009). They are also difficult to identify
and there is empirical evidence both for and against these cycles (for: Beaudry and Portier, 2006;
and Beaudry and Lucke, 2010; against: Barksy and Sims, 2011 and 2012). Lorenzoni (2007)
studies the optimal monetary response to productivity news shocks and finds that policymakers
should announce in advance how they will react to new information, which is consistent with my
findings. Recent work has also studied news about future fiscal policy, and find that identifying
anticipated shocks is crucial in understanding government tax and spending multipliers (Mertens
and Ravn, 2010, 2011, 2012 and 2013; Romer and Romer, 2010; Ramey, 2011). Arezki et al.
(2017) use oil discoveries as a well-identified news shock, and find that during the period between
discovering and producing oil GDP and employment falls, and consumption rises financed by
foreign borrowing, which are reversed when oil production begins. Using a parsimonious model 1
am able to replicate these dynamics, and extend their analysis by introducing nominal rigidities
to study how monetary policy should respond.

Third, this paper adds to work that emphasizes the importance of the natural real interest
rate in conducting monetary policy. The natural rate of interest (or “r star”) was first proposed
by Wicksell (1936), and is the real interest rate that would exist without nominal rigidities. The
importance of this rate for conducting monetary policy is well-established, and has particularly
influenced monetary policy in recent years (see Draghi, 2016; Yellen, 2017; Woodford, 2003;
Laubach and Williams, 2003; Barksy et al., 2014; and Curdia et al., 2015; Holston, et al.,
2017). The natural interest rate is typically expressed as a function of the expected change in
natural output (Gali, 2008), so is intrinsically linked to news that natural output will change
in the future, like oil discoveries. To my knowledge this is the first paper to emphasize the link
between news shocks and the natural rate of interest when conducting monetary policy, both in

general and for oil discoveries in particular.



The rest of the paper proceeds as follows. Section 2 develops a model of a small open
economy with a government that receives oil revenues, and households that respond to news
about the nation’s oil wealth. Section 3 introduces the central bank’s micro-founded loss function
and derives optimal monetary policy. Section 4 uses stylized illustrations to demonstrate that
optimal policy is important by comparing it to Taylor rules and an exchange rate peg. Section 5

then simulates how the model responds to the UK’s North Sea oil discovery. Section 6 concludes.

2 Model

This section extends a standard, workhorse model of a developed small open economy (Gali
and Monacelli, 2005 and 2008; Gali, 2008) with two key additions. The first is a government
that receives a stream of foreign-denominated oil revenues, and spends them on home goods
according to a simple fiscal rule. The second is households that respond to news about future
oil production, which raises their wealth relative to abroad, and relaxes the “divine coincidence”

that characterizes similar models.

2.1 Households

The representative household maximizes utility subject to a per-period budget constraint,

= E E1(1 = )1 1 -t 2.1
Ctr,n]\%?(DtUO ”%B (1-x)InC; + xIn G, o (2.1)
s.t. PtCt S WtNt - PHJCTt - Et[Mt,t—i—lDt—‘rl] + Dt (22)

where C} is a domestic consumption bundle with consumer price index (CPI), P;; G, is the
government spending bundle which is partly funded by taxes, T3, levied in domestic currency,
Prry; Ny is hours worked for wages, W;; and Dy is the nominal payoff in domestic currency
at time ¢t + 1 of the household’s portfolio of perfectly internationally traded financial assets
(including shares in firms), which has stochastic discount factor, Mt,t+1.1 Utility will depend on
three key parameters: the discount factor, 5, the utility weight of government spending, x, and
the elasticity of labour supply, ¢. I use lower case letters to denote the log of each variable, define
the time discount rate as, p = 7! — 1, the nominal interest rate as, iy = In(E;[M;41]71), and

CPI inflation as, my = ps — ps—1. This optimization problem therefore yields two log-linearized

!This abstracts from borrowing constraints that may be faced by developing countries (see van der Ploeg and
Venables, 2011; Wills, 2017).



first order conditions, describing labour supply and the stochastic Euler equation,?
we—pr = ¢+ eng—1In(l —x) (2.3)

c = Eifci] — (i — Ey[mea] — p) (2.4)

Total consumption is a Cobb-Douglas bundle of home (H) and foreign (F') goods, C; = C}{taCﬁt-
(1— a)_(l_o‘)a_a. The preference for foreign goods is described by an index of openness, o €
[0,1]. Home and foreign goods are allocated optimally to minimize, P,C; = PyCh s+ PriCry,
where CPI is an index of home and foreign prices, P, = P}{Tto‘Pﬁt. Note that the elasticity of
substitution between home and foreign goods equals one. If home and foreign consumers were
also perfectly symmetric, then there would be a “divine coincidence” in the objectives of a central
bank in a closed and an open economy. This happens because any movement in the terms of
trade will see the increase in purchasing power over imports perfectly offset by lower demand
for exports. Divine coincidence breaks down in our model because of asymmetric wealth, as
discussed in Section 2.5.

Home and foreign goods are both CES bundles of individual varieties that are produced
in all countries. The foreign good is a bundle of goods produced by a continuum of foreign
countries, f € [0, 1], with an elasticity of substitution of one. In logs this is, cpy = fol cydf,

with price index, pr; = fol pr+df. The consumption good produced at home and in every

foreign country is a CES bundle of individual varieties, i € [0,1], Cj; = (fol C’j,t(i)ilali)ej
for j = [H,f € [0,1]]. Each variety is produced in every country and has an elasticity of
substitution of e, allowing for monopolistic price setting in Section 2.6. The associated price

1
indices are, Py, = (fy Pu(i)\=di) " for j = [H, f € [0,1]].

2.2 Terms of Trade and Exchange Rates

The effective non-oil terms of trade (the “terms of trade” from now on) allocates global household
demand between home and foreign goods, and is defined as the price of the foreign bundle in
terms of home goods, s; = prt — puy+ (see Gali and Monacelli, 2005). The terms of trade links
the CPI to the domestic price level, p; = pr ¢ + asy, so CPI inflation is m; = 7 + aAs;. The

price index for all goods produced in any foreign country expressed in the home currency is,

2The model is log-linearized around a steady state for tractability. This is appropriate because in the developed
countries that are the focus of this paper, like Australia, Canada, the UK and the US, resource rents fluctuate by
less than 5 percent of GDP (World Bank, 2015). In Norway they account for 20 percent of GDP, but approximately
6 percent is released from the sovereign wealth fund each year.



Prt = et + p;, where e; = fol ef+df is the effective nominal exchange rate and, p; = fol prdf,
is the world price index. The terms of trade is thus related to the nominal exchange rate by,
sy = e; + p; — put. The bilateral real exchange rate describes the CPI in country f as a
proportion of the CPI at home, ¢y, =In Qy; = e{ —|—p{ —pt, where p{ is the (log) CPI in country
f- The effective real exchange rate is an index of the bilateral real exchange rates, ¢ = fol qr.df

. Linking the effective real exchange rate and the terms of trade gives, ¢; = fol(e{ +p{ —p)df =

et +pf —pr=(1—a)sq.

2.3 Oil Production

When oil is discovered there is a delay before extraction begins and the associated rents are
spent.®> I want to capture this in the simplest and most tractable way possible, so I construct
a profile for oil production that jumps V periods after discovery, and then is constant until
the new reserves are exhausted. This can be thought of as oil production following a Leontief
function of the stock of capital, K;, and known oil reserves, R;, O; = min(aK{,bR;).* Known
reserves increase randomly with discoveries, €r, and fall when fields are exhausted E;, R; =
Ri_1 — Ei + ery. When oil is discovered I assume it takes V' periods for the government-owned
extraction firm to build the capital needed to extract it, financed offshore.? Until then oil output

remains constant, so Ky = K° if t <V and K; = gRi/c if ¢ > V. During this phase there is

1-a) ,—a

a flow of investment demand for home and foreign goods, J; = J}{’_tO‘J%’t (1 —a) (-®q= at
price P; for t € [0, V] and zero otherwise.® There are decreasing marginal returns to investment
each period, Ky = (1 — §)K;—1 + In J;, to tractably encourage investment smoothing, and it
is financed using the internationally traded financial asset, P,J; = —Ey[My11Bi11] + By. The

extraction firm must therefore maximize the intertemporal effectiveness of its investment over

3For oil and gas discoveries, of the 400 offshore fields discovered in the UK between 1957-2011, the mean time
between discovery and production was 4.5 years (OGA, 2017), similar to the 4-6 years found by Arezki et al.
(2017). For recent US shale gas the delay was 2-9 years. For mineral projects, of the 82 new projects in Western
Australia during the mining boom of October 2012 the mean expected time to production was approximately 3
years (BREE, 2012). Of the 35 new projects that were “committed but not yet complete”, only 6 percent expected
to begin production within 3 months, and only 60 percent expected to begin production within 15 months.

4Over the life of the well there may be some substitution where better capital allows the exploitation of more
marginal reserves. However, when oil is discovered a partially-built well will produce nothing, which is what the
Leontief function captures here.

5In practice the time to build the oil wells will endogenously vary with the complexity of the site, the costs of
capital and labour, and the oil price (see for example Pindyck, 1978; Gross and Hanson, 2018). I assume this time
is exogenous to keep the model tractable - which allows a closed-form solution, and to provide a clean stylised
depiction of a news shock - which is the focus of the paper.

5This uses the same degree of openness as the consumption bundle, which provides major advantages in keeping
the model tractable enough to arrive at a closed-form solution.



V' periods, taking into account movements in the terms of trade,

v
max Et[z B (In Jisy + Mt (—Miv t1v+1 Bttt + Brrw — Prpodisn))
t,Dt =0
so Myey1 = B(Je/Jev1) (Pr/Pey1) (2.5)

Once oil production begins we assume it is constant until exhaustion for tractability, Oy = bR; for
t >V and O; = Og otherwise, bR; > Oy > 0.7 The production firm receives an inelastic, foreign
denominated stream of revenues® each period, £tPo 1O, where the oil price Pp; is expressed in
units of the global price index and numeraire P/ = 1, so that fluctuations in the exchange rate,
et, will alter the relative value of oil income. The firm’s costs are covered using (1 — 7p) of oil

revenues, and the rest is transferred to the government.

2.4 Government

The government receives lump-sum oil rents from the government-owned extraction firm, levies
lump-sum taxes and spends the proceeds on public consumption and a small transfer to firms.?
I abstract from any distortionary taxes. This paper’s first addition to the benchmark model
is that the government will spend oil revenues according to a simple rule. This is summarized
in the government’s per-period budget constraint, where F} is the portfolio of risk-free foreign
assets held at time ¢, T; are lump sum taxes, 7; is a subsidy to firms and 7oe;Pp O; are oil
revenues,

Py Gy + 1 + E[M 1 Fi11) < Fy + 100P0 1O + P Ty (2.6)

The government controls how oil revenues are released into the economy, which is summarized
by the “resource balance”, RB; (Pieschacon, 2012). The resource balance is expressed in units
of world currency as, RB; = 10Pp Oy + Fy — Ey[M; 441 Fi41]. Substituting this into 2.6 gives,
Py G411 = . RBy+Ty, which in log-linear terms is, §; = §t—132k+7?bt—ft, where t; = — ln(l—g—i).
Foreign prices, and lump sum taxes as a share of government spending, are both assumed to be
constant, so gy = §; + T’Abt. Assuming that the share, rather than the level, of lump sum taxes is

constant makes the analysis more tractable, which is discussed in Appendix D.

"Having non-zero oil production before and after the boom, Og > 0, is necessary to avoid log-linearizing around
a zero value in the initial steady state.

80il is inelastically supplied over business-cycle horizons because of geological constraints (Anderson at al.,
2014), and are regularly treated as an exogenous windfall of foreign exchange (van der Ploeg and Venables, 2011).

9National oil companies control 90% of the world’s oil reserves and 75% of production (Tordo et al., 2011).
In theory governments could sell future oil revenues when they are discovered. In practice this does not happen,
due to the size of the assets and the political risk if oil prices rise.



Government revenues are spent on public consumption and a small transfer to firms. The gov-
ernment only consumes home-produced goods, reflecting the higher weight of services in public
consumption like health care, education and justice. These goods are combined in a CES bundle
with the same elasticity of substitution as for households, Gy = ( fol Gt(i)%di) 6%. Quantities
are chosen optimally so government demand for each good is, G¢(i) = (Pu+(i)/Pu+)” “ Gi. The
government also makes a small transfer to firms, 74, to offset the marginal cost distortion from
monopolistic competition, following Gali and Monacelli (2005).

The government will follow one of two simple fiscal rules, illustrated in Section 4. The
first spends all oil revenues as they are received. This neatly captures the news shock we are
interested in. It is also relevant in practice as many countries still feed resource revenues directly
into government budgets (including Australia, Canada, Ecuador, Indonesia, Norway pre-1990
and the UK). The second is a Bird in Hand rule where expenditure is a fixed proportion of
sovereign wealth fund assets, as followed by Norway post-1990. In contrast, the optimal fiscal
response to an oil discovery would be to immediately increase spending by the oil’s permanent
annuitised value. I do not study this case because it removes the “news” aspect of the discovery
- the focus of this paper - and becomes a simple unanticipated demand shock (see Gali, 2008

for example).

2.5 International Risk Sharing

The international risk sharing condition lets us express domestic consumption and investment
as a function of world consumption. I assume that claims on all non-oil shocks are perfectly
traded internationally. This isolates oil discoveries, which increase the wealth of home households
relative to foreigners. Using this assumption, equations 2.4 and 2.5, and identical preferences

across countries we have the following for every country, f,

() () -mnt = 5[ LYE) ()] e
S I0EATES R

Households in each country also face a transversality condition. Everything they earn must

eventually be consumed, so limr_,o Mo D7 = 0. Summing 2.2 over an infinite horizon for both
home and foreign countries, and using 2.4 (see Appendix A.1) gives the following expressions

tying domestic consumption, C;, to foreign consumption, th , adjusted for relative household



wealth, @{ , and the real exchange rate, Qy,

¢, = elc/os, (2.9)

where © = B3 "o20 Mitrs WitsNivs — PrtvsTiis)] + Dy (2.10)

Ey [Zgio Mt{t—i—s (Wt{i-sNtf—i—s - PIJ-[I,t+sTtin-s>] + th

Taking logs, integrating over all countries f, and using ¢; = fol c{ df , gives the following, where

¥ = In Oy,
¢ = Wt +1—-a)s (2.11)

This paper’s second addition to the benchmark model is that relative household wealth, ¥,
increases immediately after an oil discovery. This describes the expected net present value of
domestic household income, relative to households abroad, and is always constant in expectation,
Ei[©445] = ©,Vs > 0. However, when domestic households hear news of an oil discovery they will
anticipate higher income in the future. Their consumption will immediately jump accordingly,
so news about the future has effects today. The change in (log) relative household wealth
after an oil discovery will be proportional to the present discounted value of the government’s

resource-balance, as shown in Appendix A.1,

A B 1_6 _ © ~
Yo = (1,;),(29%;)2(1),&) Ey [;} MO,trbt‘| . (2.12)

Uncovered interest parity will also hold, E¢[g+1] — ¢ = r — r*. This follows from 2.4 at home
and abroad, E[Aci1] = E[Ac; 1] + (1 — a)E[Asi11] (from equation 2.7), and the definition of
the real interest rate, r = iy — E[my41].

Similarly, combining 2.8 and the total capital needed to extract a new oil discovery, By,y =

gRi / ¢, links the flow of investment to world consumption and the terms of trade,

g o= ©,0/o, (2.13)
b pl/c
where ©F, = - Mtjf*V(faRf )f ; ;o (214)
) e
Et[zs=o Mt,t+s (Wt-l—sNt-i-s - PH,tJrsTt-l—s)] + Dt
integrating (in logs) j: = VYt + ¢ + (1 — a)sq. (2.15)

When oil is discovered, eg; > 0, the total amount of extraction capital needed will jump, © ;; 1.

10



Investment in all periods t € [0, V] will jump, and will be allocated efficiently between periods

based on movements in the real exchange rate, Q.

2.6 Firms

Each domestic firm will produce a differentiated good using labour and a common technology,
Yi(i) = A¢Ni(i). Oil is not included as a factor of production, to focus on the windfall effects of
a resource discovery. These firms do not use capital for tractability, following standard models
(Gali and Monacelli, 2005).

Firms set prices in a staggered way according to Calvo (1983). A measure of (1—6) randomly
selected firms set new prices in each period, with an individual firm’s probability of re-optimizing
in any given period being independent of the time elapsed since it last reset its price. In a
standard result, derived in Appendix A.3, the optimal price-setting strategy for the typical firm

resetting its price in period ¢ can be approximated by the log-linear rule,

o0
Pire = 1+ (1= 580) > _(80)" Ex[mersr + iyl (2.16)

k=0
where p};, denotes the log of newly set domestic prices, and y = In (i) is the log of the
optimal markup in the flexible price economy. The pricing decision is thus forward-looking, as
firms recognize that the price they set will last for a random number of periods. In the flexible
price limit (as § — 0) we recover the markup rule Prt = b+ mci + prg, so that the marginal

cost in the flexible price state is mc; = —p.

2.7 Equilibrium Dynamics

Equilibrium is characterized by standard aggregate demand (IS curve) and aggregate supply
(Phillips curve) conditions, which describe dynamics around a steady state. Output begins at
this (log) steady state level, y* = InY*. After oil is discovered the actual level of output will
deviate from the steady state, §: = y — y®. So too will the “natural” (flexible-price) level of
output, 9" =y’ —y° (unlike Gali and Monacelli, 2005). The output gap is the difference between

the two, §: = v+ — yi*

11



2.7.1 Aggregate Demand

The market clearing condition for each domestically produced good requires output to equal
demand from domestic consumption and investment, government purchases, and consumption
from each foreign country. In Appendix A.2 this market clearing condition is combined with the
Euler equation (2.4) to give the standard IS curve,”

Gt = Eigea] — (it — Be[mag] — 1) (2.17)
ri = p+ 1+ @) EAar] — pE A ]

= p+ EJAs ]+ Et[A§?+1] + Ey[Aé 4] (2.18)

The natural interest rate in equation 2.18 plays a central role in this paper. It is the Wicksellian
interest rate at which monetary policy is neither stimulatory nor contractionary, which would
hold in the absence of nominal rigidities. It rises with expected improvements in technology
(as in Gali and Monacelli, 2005), but falls with expected increases in natural output for reasons
other than technology, like oil. This happens because of the terms of trade.!! An anticipated
non-technological increase in g;* appreciates the terms of trade, which tightens household budget
conditions, and lowers the returns to saving, 7;. The natural level of output, g7, is derived in

Appendix A.3 from marginal costs when prices are flexible,

gr =+ 7% (rb - 7 ) + U=0edy,, - eiehay, (2.19)

Natural output increases in technology, d;, and government spending (the resource balance),
ﬁ%, but falls in foreign output, g;. The influence of the latter two is determined by the extent
the government, g, introduces asymmetry between home and abroad (see Gali and Monacelli,
2008). Natural output also increases with oil investment, ) J.t, but falls with relative household
wealth, ¥;, as richer households consume leisure and higher domestic prices lead to substitution

away from home goods.

0The IS curve takes this form due to the symmetry between consumption and investment, and the way
government spending is characterized, §: = §; + rb.

11n expectation E; [Aﬁ:ﬁrl] = 0 as it represents the present discounted value of all known future household
income. In this paper we also hold &, constant.

12



2.7.2 Aggregate Supply

Firms set prices after observing the demand schedule of households and the government. In a
standard result, derived in Appendix A.3, aggregate supply can be approximated to the first

order by the standard New Keynesian Phillips curve,

7TH,t = 6Et[7TH,t+1] + A(l + @)gt (220)

Appendix A.3 also gives a second-order approximation of aggregate supply, which is used to

derive the central bank’s loss function (see Benigno and Woodford, 2005)

2.7.3 The Steady State

The steady state in the home country, when the home government receives oil revenues while
foreign governments do not, and all countries are otherwise symmetric with A* = 1, is as follows,

as proved in Appendix A.4,

s [ 1— 1/(1+¢) ) s _ (I=p)(at+(1-a)O%) | s _ sATS( Qs\a—1
N®= (kvXT) ;0= (I—VG)—(l—Oc)(l—WJT) ' J ﬁiJXA No(9%) (2.21)

S5 = (Ns)—go(@s)—l : s = @s(l _ X)(ss)l—a : YS$ = ASNS

where v; = J5/Y®, v¢ = G°/Y?® , vy = T°/Y® and (y¢ — 1) is the steady state share of
government spending financed by oil revenues, expressed as a proportion of GDP.

The steady state accounts for permanent differences in wealth due to oil income. For intu-
ition, the household wealth ratio is greater than one if there is oil investment, or if government
spending is partly financed by oil revenues at home but not abroad: ©° > 1if ©% = 0U~vg > vr
or if ©% > 0U~g = yr. This will also lead to an appreciated steady state terms of trade, S < 1,

and relatively higher home consumption, C* > C*.

3 Monetary Policy

3.1 Central Bank Objective

The central bank’s objective is derived from household welfare and involves stabilizing domestic
inflation and the output gap with an additional term that accommodates changes in the natural

level of output, as stated in the following proposition.
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Proposition 1. If the government spends oil revenues according to the fiscal rule, §; = ¢ —i—rAbt,

then a second order approximation of the central bank’s loss function is,

oo
Lo = Eo» B {%%W}Zq,t + 3oy + (1 + @)@?Qt} + o(§}) + t.i-p. (3.1)
t
where ¢r = § + %, ¢y =14+¢)(1+a(l —x)) and t.i.p. are terms independent of
policy.
Proof. See Appendix B.1. O

The central bank has an incentive to stabilize domestic inflation, W%Lt, and in turn the output
gap, §2. This result will be familiar from standard closed economy models with Calvo pricing
and an constant employment subsidy that offsets the distortion from monopolistic competition
(e.g. Rotemberg and Woodford, 1999). In such a setting the only distortion is from sticky
prices, so there is a “divine coincidence” where stabilizing prices is equivalent to stabilizing the
welfare-relevant output gap (Monacelli, 2013).

In addition the central bank also has an incentive to influence the level of the output gap,
7¢. This is because the central bank in an open economy can manipulate the terms of trade
(and therefore output, 3, = ;) to the advantage of domestic consumers (Corsetti and Pesenti,
2001).'2 Some authors choose to neutralize this effect with a second ad hoc employment subsidy
that exactly offsets the terms of trade distortion, restoring divine coincidence and ensuring the
natural level of output stays constant at the optimal level (see Gali and Monacelli, 2005). I
take a different approach as I am explicitly interested in how the natural level of output changes
when oil is discovered, and use a second-order approximation of aggregate supply when deriving
the loss function (Benigno and Woodford, 2005). During an oil boom the natural level of output
will exceed its steady state (g > 0), so the central bank will have an incentive to appreciate

the terms of trade to reduce output and increase leisure (g J).

3.2 Optimal Policy

When oil is discovered the central bank should respond in advance to anticipated changes in the
natural level of output. Assuming that the central bank can credibly commit to future policy,

and operates from a timeless perspective,'? the analytical solution for the path of prices, output

121f home and foreign goods are not perfect substitutes and monetary policy is non-neutral.
13This is necessary when using a second-order approximation of the loss function (Benigno and Woodford, 2005)
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and optimal policy is as follows.

Proposition 2. For a monetary authority conducting policy from a timeless perspective, the

optimal paths for pr ., §: and iy after an oil discovery are,

Pt = OpHi—1 —bOE; [Z(ﬁ@sﬁﬁsl (3.2)
s=0
~ AP A 1
=~ (et + 1) (3:3)
(it —p) = c1Pue+ caBy[Aagy1] — 3B [AG ] + caly [Z(%)Sﬁﬁws] (3.4)
s=0

where § = (1—/1 —4a?B)/(2a8), c1 = (% — 1) (1-0),,co=(14p) c3 = m+w

and ey = (rrag=y — 1) (mranao) © -

Proof. See Appendix B.2. O

When oil is discovered, a credible central bank should optimally respond to the domestic
price level and expected changes in the natural level of output. It responds to the domestic price
level, c1pm 4, as in standard small open economy models (e.g. Gali and Monacelli, 2005). The
rule gives a unique and determinate solution when ¢; > 0 or A¢, > (1 + a(l — x)). Monetary
policy will have a persistent response to shocks by committing to target the level rather than
the change in prices, as would happen under discretion.

Optimal monetary policy should also respond to expected changes in natural output, —co Et[Agf, ]
This accommodates the fall in the natural rate of interest as output is expected to increase, so
the returns to saving are lower. It also ensures that the required increase in domestic prices
relative to abroad happens entirely through the nominal exchange rate in the future. Op-
timal policy also offsets the recursive effects of future demand on forward-looking inflation,
tc3By [2020(8)° 07 145)- Under standard calibrations this effect is less important, ¢ > c3.
These effects are illustrated in the next section.

This intuition extends to more gradual increases in oil-financed expenditure, as illustrated
in Section 4.2. Indeed the intuition also extends more generally to anticipated changes in gov-
ernment spending that would change the natural level of output, such as pre-announced budget
plans (see Ramey, 2011). Finally, it is straightforward to see that the results in proposition 2
collapse to the benchmark case of Gali and Monacelli (2005) if an employment subsidy is used

to hold the natural level of output constant.
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3.3 Other Monetary Rules

The importance of optimal policy can bee seen by comparing it to three ad-hoc monetary rules:
an optimal Taylor rule, a naive Taylor rule and an exchange rate peg (the latter used by three-
quarters of oil exporters in practice).

The optimal Taylor rule sets interest rates in response to domestic inflation, the output gap
and the natural rate of interest as given in equation 3.5. As the natural rate of interest is a
function of the expected change in the natural level of output (equation 2.18) it plays a similar
role to the E¢[Agf, ;] term in equation 3.4. The naive Taylor rule has interest rates respond to
domestic inflation and the output gap only, as given in equation 3.6. This ignores the effects of
oil and naively assumes that the natural rate of interest remains constant, as is done widely in

practice (Taylor, 1993 and Woodford, 2001).

1 = 07T7TH,t + ngt + T? (35)

it = eﬂ—']TH’t + ngt + 1% (36)

The exchange rate peg is maintained using the nominal interest rate. In this model the capital
account is open and international markets in financial assets are partially complete (except for
claims to national oil wealth, see section 2.5). Any accumulation of foreign currency reserves by
the central bank can therefore be offset by households. As a result the nominal exchange rate
must be stabilized by matching the nominal interest rate at home to that abroad. The dynamics

of the economy under and exchange rate peg are derived explicitly in Appendix B.3.

4 Stylized Illustrations

4.1 Spend-All Rule

To illustrate how discoveries affect monetary policy I calibrate the model to represent a typical
small open economy with natural resources (following Gali and Monacelli, 2005; see Appendix C).
In the steady state the resource balance is 5% of GDP, which is broadly consistent with Australia,
Canada, Norway, the UK, and the US (see footnote 5). Oil with a net present value of 50% of
GDP is discovered at ¢t = 0, which is followed by 16 quarters when investment approximately

doubles from its starting point of 3% of GDP, and then extraction which permanently increases
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Welfare Loss Relative to Optimal

| | Optimal | Flexible | TR* [ TR | Peg |
Welfare Loss
(éo units)

-0.007% 0% 0% | 1.04% | 12.51%

Table 4.1: The welfare loss from an anticipated change in oil production under a spend-all rule
(see figures 4.1 and 4.2), expressed as the amount of additional consumption needed at t = 0,
¢, to replicate welfare under flexible prices.

oil’s share of GDP by 2.5%.'4 I assume that the government spends all oil revenues as they are
received for clarity; a Norwegian-style Bird-in-Hand rule with a temporary windfall is studied
in Section 4.2.15 Taylor rules are compared using a typical parameterization of ¢, = 1.5 and
¢y = 0.5. The punchline is that when the government starts spending oil revenues it will
temporarily lower the natural interest rate, because it is anticipated. Optimal monetary policy

should track the natural interest rate.

4.1.1 Baseline: Flexible Prices

As a baseline I first consider the case of flexible prices to show that oil discoveries affect the
economy in two stages: at discovery and at production (“Flex” in Figure 4.1).

First, when oil is discovered (¢ = 0) households learn they are wealthier'® and so consume
more, and the extraction firm invests in wells. Wealthier households also demand more leisure,
so the initial net increase in natural output is only small. Instead, the additional demand
from consumption and investment is met by inflation (a terms of trade/real exchange rate
appreciation), and more imports financed by foreign borrowing. The terms of trade appreciation
reduces government consumption of home goods. The real natural interest rate (labelled ™ in
the “Nominal Interest Rate” panel) temporarily drops in the quarter before oil production begins
(equation 2.18) as agents anticipate an increase in natural output and in turn lower returns to
saving.

Second, when production begins (¢ = 16) the government starts receiving oil revenues and
spends a share on domestic goods. The additional government demand for home goods causes

inflation to rise again, further appreciating the terms of trade. This is partially offset by the

' Calibration is consistent with the mean discovery size and production delay for onshore oil wells in Arezki et
al. (2017).

15T do not consider the case of the government borrowing against future oil revenues to immediately raise
spending (according to the permanent income hypothesis) as this is rarely seen in practice and would remove the
news-shock characteristics which are the focus of this paper.

1$Households anticipate that the goverment will spend oil revenues on domestic goods in the future, in turn
raising the wages earned by households.
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end of drilling investment, which now falls below its initial level due to the real appreciation.
The real appreciation causes domestic households to consume less overall, repaying their foreign
borrowing from the first stage, and substitute from home to foreign goods (as do foreign house-
holds). The net effect is an increase in domestic output because the government only consumes
home goods, like education, health care and justice, while households can substitute to imports.

These real dynamics match the empirical evidence on oil discoveries. When oil is discovered,
Arezki et al. (2017) find that private consumption and investment both jump immediately.
Investment declines before production begins, but consumption remains elevated. During this
period the current account declines for five years, and then starts rising when oil production
begins. The real exchange rate (the terms of trade in this model) appreciates during the first five
years after discovery. Toews et al. (2016) also find this, and show that it happens through rising
prices of non-traded goods. Arezki et al. (2017) also find that government spending does not
respond to the initial discovery, but jumps when production begins. Aggregate GDP similarly

does not increase until production begins, peaking at approximately 3%, 8 years after discovery.

4.1.2 Exchange Rate Peg

I now consider a nominal exchange rate peg, used by 75% of resource-dependent economies,'”

to show how it can cause stagflation when oil is discovered (“Peg” in Figure 4.1).

When oil is discovered the terms of trade must appreciate, as outlined above. If the cur-
rency is pegged, then this must happen entirely through domestic inflation, which remains high
throughout the anticipation period.'® As prices are slow to adjust, output, consumption and for-
eign borrowing will initially overshoot their natural levels, inducing large fluctuations. Nominal
rigidities will also cause prices to disperse between varieties of goods, leading to real distortions.
The nominal interest rate remains unchanged, in order to maintain the peg.

When oil production begins, the terms of trade must appreciate for the second time due
to the influx of government demand. This can also only happen through domestic inflation,
and is anticipated by firms. As firms can only change prices randomly according to Calvo,
they will start raising them in advance if given the opportunity. Thus, firms will have two
incentives to raise prices between discovering and producing oil: retrospectively to deal with

extra consumption and investment, and prospectively due to anticipated government demand.

"Excluding the proposed East African Monetary Union, see Baunsgaard et al. (2012)

8This is consistent with the empirical evidence in Toews et al. (2016), who attribute the entire real appreciation
after an oil discovery to inflation of non-traded goods. While they do not control for monetary regime, it reflects
the fact that most resource-dependent economies peg their currencies.
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Figure 4.1: Forecast mean responses of key variables to an anticipated oil windfall, if the gov-
ernment spends oil revenues as they are received. Three monetary scenarios are illustrated:
flexible prices (Flex), a pegged currency (Peg) and optimal policy from a timeless perspective
(Optimal). Horizontal axis shows time in quarters.
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The result is stagflation, with high inflation for an extended period causing output to fall below
its natural level (a negative output gap, 95’ < Q{éem in Figure 4.1) before oil production begins.

Output only recovers when government spending begins. It will again jump too far, as all
firms will not have had an opportunity to raise their prices in advance. An oil discovery under a
currency peg will therefore lead to an extended period of inflation and large fluctuations in the
output gap. If the oil discovery raises natural output by 1%, the output gap (729 = 4 — gj{ fexy
may be a similar size. This reduces welfare by more than any other policy considered, as
shown in Table 4.1. Therefore fixed exchange rates remove an important “shock absorber” for

oil-exporters, as they force large changes in the terms of trade to happen through domestic

inflation.

4.1.3 Optimal Policy

Optimal monetary policy prevents the large and persistent fluctuations in output, inflation and
the terms of trade that follow an oil discovery under an exchange rate peg. To do this it allows
the nominal exchange rate to appreciate at discovery, and tracks the temporary fall in the natural
interest rate when production begins.

When oil is discovered the terms of trade must appreciate. Optimal policy allows this to
happen via the nominal exchange rate rather than domestic prices, to avoid the sticky price
distortions in the latter. This does not require active monetary intervention, just a floating
exchange rate.

When oil production begins and the government starts spending the revenues, the terms of
trade must appreciate a second time. Optimal policy prevents this happening though anticip-
atory inflation (as under a Peg) by tracking the natural interest rate and temporarily loosening
policy in the quarter before the windfall arrives. This causes the nominal exchange rate to ap-
preciate at exactly the time the windfall begins, via uncovered interest parity. Firms understand
that the central bank will achieve the change in relative prices via the exchange rate (a single,
flexible price), and thus have no need to change prices themselves (via many, sticky prices).

Welfare under optimal policy is higher than even the flexible-price outcome, shown in Table
4.1. This is because the central bank in an open economy can manipulate the terms of trade to
benefit home consumers, which it does here by lowering the nominal interest rate further than
the natural rate at t = 16, as discussed in Section 3.1. Some authors choose to neutralize this

with an ad hoc employment subsidy that ensures the natural level of output stays constant (see
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Gali and Monacelli, 2005). However we are interested in the way oil changes the natural level of
output, so do not use a subsidy. It is also important to note that the effectiveness of loose policy
in the future relies on firms understanding the monetary rule that is being followed. In the model
this is taken care of using rational expectations. In practice it may require communication by

the central bank about the nature of the rule.

4.1.4 Monetary Rules

To show that optimal policy can be easily implemented I now compare two Taylor rules. A simple
Taylor rule that ignores how an oil discovery changes the natural rate will cause a recession
between discovery and production. In contrast, a Taylor rule that properly accommodates these
changes will replicate the flexible price outcome.

After discovering oil a simple Taylor rule will cause a recession between discovery and pro-
duction. When oil is discovered domestic prices will immediately start rising, as forward looking
firms anticipate future demand. The Taylor rule responds by tightening interest rates relative
to where they would otherwise be. This exacerbates the contraction in output, causing a deep
recession. The net effect is interest rates that are lower than they were before oil was discovered,
but not low enough to avoid recession. The nominal exchange rate appreciates to compensate for
lower interest rates as dictated by uncovered interest parity. The terms of trade also appreciates
- not by firms raising prices, but rather by firms failing to lower prices as quickly as the nominal
exchange rate appreciates. Welfare is higher than under a peg, because inflation is more stable,
but lower than under an optimal rule (Table 4.1). Therefore, while the naive Taylor rule can
perform well if shocks are contemporaneous, it performs poorly with news shocks as they alter
the natural rate of interest.

A Taylor rule will replicate the flexible price outcome if it tracks the fall in the natural
rate of interest before oil production begins, as in equation 3.5. The natural rate of interest
falls because output is expected to rise, which lowers the returns to saving. Monetary policy
that follows the natural rate will delay the second terms of trade adjustment until government
spending begins. Firms realize this and so will not raise prices in anticipation, avoiding the
negative output gaps that characterize the simple Taylor rule. Welfare under this rule replicates
the flexible price case (Table 4.1).

Responding to the natural interest rate is increasingly seen as crucial for the appropriate

conduct of monetary policy, and a Taylor rule that does so can approximate the flexible price
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Figure 4.2: Forecast mean responses of key variables to an anticipated oil windfall, if the govern-
ment spends oil revenues as they are received. Three monetary scenarios are illustrated: flexible
prices (Flex), a simple Taylor rule (TR), and a correctly defined Taylor Rule (TR*). Horizontal
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outcome (see Woodford, 2003; Laubach and Williams, 2003; and recent work by Barksy et al.,
2014; and Curdia et al., 2015). However, this paper is the first to emphasize how news shocks

will alter the natural rate of interest, by altering expectations of the natural level of output.

4.2 Bird-in-Hand Rule

A Norway-style Bird in Hand rule involves spending a fixed proportion of assets accumulated in
a sovereign wealth fund each period. It is equivalent to setting the resource balance in Section
2.4 to RB; = ppuF}, where foreign assets change according to, E¢[My11F41] = (1 — ppu ) Fr +
P +O;. In log-linear terms this means §; = 8; + ]Et. Repeating the calibration in Appendix C
under this rule sees government spending rise continuously as the sovereign wealth fund grows.
The punchline is that an exchange rate peg or a simple Taylor rule perform poorly, but a Taylor
rule that responds to changes in the natural rate of interest can replicate the flexible price

outcome, as in the Spend-All rule.

4.2.1 Flexible Prices

To illustrate the two distinct phases of an oil discovery under a Bird-in-Hand rule I start with
the case of flexible prices (“Flez” in Figure 4.3). The first phase begins at discovery (¢ = 0),
when investment jumps. Investment requires domestic inputs, which causes the relative price
of domestic goods (the terms of trade) to appreciate. During this phase foresighted households
also immediately consume more on learning of their new-found wealth, appreciating the terms of
trade further. Government consumption falls, as its budget constraint binds against the higher
prices of domestic goods.

The second phase happens during production (¢ > 16). Domestic non-oil output may drop
at the start of the boom, as oil investment ends. As this is anticipated, it causes the natural
interest rate to jump up. Investment demand is then replaced by steadily rising government
demand as oil wealth accumulates in the sovereign wealth fund. As this is also anticipated, the
natural interest rate falls, in expectation of higher output in the future. The government only
consumes home goods so their relative price (the terms of trade) appreciates further, causing
domestic and foreign consumers to switch to foreign goods. Eventually oil production will end
(not shown). Government spending will then decline as foreign assets are run down, causing the
relative price of home goods to fall and consumption to rise to its new (wealthier) steady-state.

Foresighted households will have chosen to borrow initially, before saving during the boom years,
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to sustain a permanently higher level of consumption once they end.

4.2.2 Exchange Rate Peg

Exchange rate pegs perform poorly if the government follows a Bird in Hand rule. This is
because the continuous changes in government spending lead to sustained periods of inflation and
deflation, and in turn large welfare losses. On discovering oil the terms of trade must appreciate.
The nominal exchange rate is fixed, so this can only happen through an extended period of firms
raising prices, both retrospectively and prospectively. Output will initially overshoot its natural
level, as prices are slow to adjust, but will quickly fall as firms raise prices in anticipation of
government demand. Once oil production begins, government spending will rise for the life of the
field. The price of home goods must also rise but it will consistently be below, and output above,
its natural level due to nominal rigidities. Eventually, when the end of the boom approaches
(not shown), forward-looking firms will stop raising their prices as they anticipate the decline
of government demand. This causes output to rise even further beyond its natural rate, just as
the boom comes to an end. After oil production ends, government spending will decline until
the sovereign wealth fund is depleted. In the inverse of the accumulation phase, the price of
domestic goods will fall too slowly and so depress consumption and output below their natural

levels (a negative output gap).

4.2.3 Naive Taylor Rule

A naive Taylor rule that ignores changes in the natural rate of interest (¢r = 1.5, ¢, = 0.5)
will lead to an extended period of negative output gaps while oil output is rising, and positive
output gaps when oil output is falling. This is because firms are forward-looking, and so will
be raising their prices during the output phase, and lowering prices during the decline phase.
In response the central bank will progressively tighten policy against forward-looking inflation
(and loosen against forward-looking deflation). This forces output away from its natural level,

as the policy rate fails to track the natural rate of interest.

4.2.4 Optimal Taylor Rule

A Taylor rule that follows the natural interest rate will avoid the output gap fluctuations asso-
ciated with the Bird in Hand rule. As in Section 4.1 this rule lets the nominal exchange rate

appreciate when oil is discovered, allowing relative prices to adjust to extra forward-looking
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Figure 4.3: Forecast mean responses of key variables to an anticipated oil windfall under the
Bird in Hand rule. Four different scenarios are illustrated: flexible prices (Flex), a currency peg
(Peg), a simple Taylor rule (TR), and a correctly defined Taylor Rule (TR*). Horizontal axis
shows time in quarters.
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consumption and investment. Policy should tighten just before the end of the investment boom,
preventing forward-looking firms from lowering their prices, and loosen as government spending
begins, preventing firms from raising their prices prospectively. During oil production monet-
ary policy will slowly and continually tighten, to offset low sticky prices and prevent output
from overshooting its natural level. Just before production ends policy should tighten further
to delay the terms of trade appreciation until it is necessary. As spending declines monetary

policy should gradually loosen to offset sub-optimally high prices.

5 Conclusion

This paper considers how monetary policy should optimally respond to news of an oil discovery.
Discovering oil provides news that the natural level of output will be higher in the future, which
lowers the natural rate of interest. If the central bank does not let the policy rate track the
natural rate of interest, like under an exchange rate peg or a naive Taylor rule, then it will lead
to inflation and a recession. However, these issues can be overcome if the Taylor rule properly
responds to changes in the natural rate.

To make this point the paper extends a standard small open economy model in two ways:
allowing for oil revenues and news shocks. The model is parsimonious enough to permit an
explicit derivation of the micro-founded central bank loss function, and in turn optimal policy.
The model is then used to study how an economy would respond to a stylized oil discovery under
two cases: if all oil revenues are spent as they are received, or saved in a sovereign wealth fund
and spent following a rule like Norway’s (see Appendix B.4). In both cases optimal policy is
compared to an exchange rate peg (used by 75% of resource-dependent economies), and Taylor
rules that either do, or do not, respond to changes in the natural interest rate.

The paper provides one of the first studies of optimal monetary policy for oil exporters,
and the first to study how monetary policy should respond to an oil discovery. The paper also
provides one of the first studies of the optimal monetary response to a news shock, and the
first on news about future demand - like an oil shock. In doing so it emphasizes that there is
an intimate link between news shocks and the natural rate of interest, which is crucial for the
conduct of monetary policy.

Extensions to this work may consider other price-setting assumptions, and include more

sectors in the economy. Price-setting plays an important role in this model, because forward-
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looking firms raising their prices before an oil boom causes a recession under some monetary
regimes. Alternative, state-based price-setting behaviour would be an interesting extension (such
as Gertler and Leahy, 2008 and Golosov and Lucas, 2007). If there are concave menu costs then
there may be an incentive to delay price rises as long as possible, overcoming distortions caused
by firms raising prices in advance. Adding other sectors, like a non-traded sector, would give a
useful insight into monetary policy’s role in managing Dutch disease.

While this analysis was conducted with an oil discovery in mind, it may also be of interest to
other applications. Aid windfalls have similar characteristics to oil windfalls. If anticipating a
windfall leads to recession, then it can be argued that aid grants should only be announced when
government spending begins. Anticipated increases in government demand may also happen
between an election and the implementation of a budget, though this would require a closer

investigation of taxation.

References

[1] Anderson, Kellogg, and Salant (2014). Hotelling under pressure. Technical report, National

Bureau of Economic Research.

[2] Arezki, Ramey, and Sheng (2017). News shocks in open economies: Evidence from giant oil

discoveries. The quarterly journal of economics 132(1), 103—155.

[3] Barsky, Justiniano, and Melosi (2014). The natural rate of interest and its usefulness for

monetary policy. The American Economic Review 104(5), 37-43.

[4] Barsky and Kilian (2002). Do we really know that oil caused the great stagflation? a
monetary alternative. In NBER Macroeconomics Annual 2001, Volume 16, pp. 137-198. MIT

Press.

[5] Barsky and Kilian (2004). Oil and the macroeconomy since the 1970s. Technical report,

National Bureau of Economic Research.

[6] Barsky and Sims (2011). News shocks and business cycles. Journal of Monetary Econom-
ics 58(3), 273-289.

[7] Barsky and Sims (2012). Information, animal spirits, and the meaning of innovations in

consumer confidence. American Economic Review 102(4), 1343-77.

27



[8] Baunsgaard, Villafuerte, Poplawski-Ribeiro, and Richmond (2012). Fiscal frameworks for

resource rich developing countries. IMF Staff Discussion Note.

[9] Beaudry and Lucke (2010). Letting different views about business cycles compete. In NBER
Macroeconomics Annual 2009, Volume 24, NBER Chapters, pp. 413-455. National Bureau of

Economic Research, Inc.

[10] Beaudry and Portier (2004). An exploration into pigou’s theory of cycles. Journal of
Monetary Economics 51(6), 1183-1216.

[11] Beaudry and Portier (2006). Stock prices, news, and economic fluctuations. American

Economic Review 96(4), 1293-1307.

[12] Beaudry and Portier (2007). When can changes in expectations cause business cycle fluc-

tuations in neo-classical settings? Journal of Economic Theory 135(1), 458—-477.

[13] Benigno and Woodford (2005). Inflation stabilization and welfare: The case of a distorted

steady state. Journal of the European Economic Association 3(6), 1185-1236.
[14] Bergholt (2014). Monetary policy in oil exporting economies.

[15] Bernanke, Gertler, Watson, Sims, and Friedman (1997). Systematic monetary policy and

the effects of oil price shocks. Brookings papers on economic activity, 91-157.

[16] Blanchard and Gali (2007). The macroeconomic effects of oil shocks: Why are the 2000s
so different from the 1970s? NBER Working Paper 13368.

[17] Blanchard and Kahn (1980). The solution of linear difference models under rational ex-

pectations. Econometrica: Journal of the Econometric Society, 1305-1311.

[18] Bodenstein, Guerrieri, and Kilian (2012). Monetary policy responses to oil price fluctu-

ations. IMF Economic Review 60(4), 470-504.

[19] BREE (2012). Resources and energy major projects list. Technical report, Australian

Bureau of Resource and Energy Economics.

[20] Bremer, V. D., van der Ploeg, and Wills (2016). The elephant in the ground: managing oil

and sovereign wealth. Furopean FEconomic Review 82, 113-131.

28



[21] Buiter and Purvis (1983). Oil, disinflation, and export competitiveness: A model of the
"dutch disease". NBER Working Paper w0592.

[22] Calvo (1983). Staggered prices in a utility-maximizing framework. Journal of Monetary

Economics 12(3), 383-398.

[23] Catao and Chang (2013). Monetary rules for commodity traders. IMF Economic Re-
view 61(1), 52-91.

[24] Corden and Neary (1982). Booming sector and de-industrialisation in a small open economy.

The Economic Journal 92(368), 825-848.

[25] Corsetti and Pesenti (2001). Welfare and macroeconomic interdependence®. The Quarterly

journal of economics 116(2), 421-445.

[26] Curdia, Ferrero, Ng, and Tambalotti (2015). Has us monetary policy tracked the efficient

interest rate? Journal of Monetary Economics 70, 72—83.

[27] Dagher, Gottschalk, and Portillo (2010). Oil windfalls in ghana: A dsge approach. IMF
Working Paper WP/10/116.

[28] der Ploeg, V. and Venables (2011). Harnessing windfall revenues: Optimal policies for

resource-rich developing economies. The Economic Journal 121(551), 1-30.

[29] DoE (1979-2001). Development of the oil and gas resources of the united kingdom. Technical

report, Department of Energy.

[30] Draghi (2016). The international dimension of monetary policy. In Speech, ECB Forum on

Central Banking, Sintra, 28 June.

[31] Eastwood and Venables (1982). The macroeconomic implications of a resource discovery in

an open economy. The Economic Journal 92(366), 285-299.

[32] Elekdag, Lalonde, Laxton, Muir, and Pesenti (2007). Oil price movements and the global

economy: A model-based assessment. Working Papers 07-34, Bank of Canada.

[33] Ferrero and Seneca (2015). Notes on the underground: monetary policy in resource-rich

economies.

29



[34] Gali (2008). Monetary Policy, inflation, and the Business Cycle: An introduction to the

new Keynesian Framework. Princeton University Press.

[35] Gali and Monacelli (2005). Monetary policy and exchange rate volatility in a small open
economy. The Review of Economic Studies 72(3), 707-734.

[36] Gali and Monacelli (2008). Optimal monetary and fiscal policy in a currency union. Journal

of International Economics 76(1), 116-132.

[37] Gertler and Leahy (2008). A phillips curve with an ss foundation. Journal of Political
Economy 116(3).

[38] Golosov and Lucas (2007). Menu costs and phillips curves. Journal of Political Eco-
nomy 115(2).

[39] Haan, D. and Kaltenbrunner (2009). Anticipated growth and business cycles in matching
models. Journal of Monetary Economics 56(3), 309-327.

[40] Hamilton (1983). Oil and the macroeconomy since world war ii. Journal of political eco-

nomy 91(2), 228-248.

[41] Hansen and Gross (2018). Commodity price volatility with endogenous natural resources.

FEuropean Economic Review 101, 157-180.

[42] Harding, Stefanski, and Toews (2016). Boom goes the price: Giant resource discoveries and

real exchange rate appreciation.

[43] Holston, Laubach, and Williams (2017). Measuring the natural rate of interest: Interna-

tional trends and determinants. Journal of International Economics 108, S59-S75.

[44] IMF (2016). Annual report on exchange arrangements and exchange restrictions. Technical

report, International Monetary Fund.

[45] Jaimovich and Rebelo (2009). Can news about the future drive the business cycle? Amer-

ican Economic Review 99(4), 1097-1118.

[46] Kilian (2009a). Not all oil price shocks are alike: Disentangling demand and supply shocks

in the crude oil market. The American Economic Review 99(3), 1053-1069.

[47] Kilian (2009b). Oil price shocks, monetary policy and stagflation.

30



[48] Kilian and Lewis (2011). Does the fed respond to oil price shocks?  The Economic

Journal 121(555), 1047-1072.

[49] Larsen and McKeown (2004). The informational content of empirical measures of real

interest rate and output gaps for the united kingdom.

[50] Laubach and Williams (2003). Measuring the natural rate of interest. Review of Economics

and Statistics 85(4), 1063-1070.

[51] Lorenzoni (2007). News shocks and optimal monetary policy. Technical report, National

Bureau of Economic Research.
[52] Lorenzoni (2011). News and aggregate demand shocks. Annu. Rev. Econ. 3(1), 537-557.

[53] Mertens and Ravn (2010). Measuring the impact of fiscal policy in the face of anticipation:

A structural var approach. Economic Journal 120(544), 393-413.

[54] Mertens and Ravn (2011). Understanding the aggregate effects of anticipated and unanti-

cipated tax policy shocks. Review of Economic Dynamics 14(1), 27-54.

[55] Mertens and Ravn (2012). Empirical evidence on the aggregate effects of anticipated and
unanticipated us tax policy shocks. American Economic Journal: FEconomic Policy 4(2),

145-81.

[56] Mertens and Ravn (2013). The dynamic effects of personal and corporate income tax

changes in the united states. American Economic Review 103(4), 1212-47.

[57] Monacelli (2013). Is monetary policy in an open economy fundamentally different&quest.
IMF Economic Review 61(1), 6-21.

[58] Nakov and Pescatori (2010). Monetary policy trade-offs with a dominant oil producer.
Journal of Money, Credit and Banking 42(1), 1-32.

[59] Neary and van Wijnbergen (1984). Can an oil discovery lead to a recession? a comment on

eastwood and venables. The Economic Journal 94(374), 390-395.
[60] Nelson (2001). Uk monetary policy 1972-97: a guide using taylor rules.

[61] Nelson and Nikolov (2004). Monetary policy and stagflation in the uk. Journal of Money,
Credit, and Banking 36(3), 293-318.

31



[62] OGA (2017). Field development plans consents. Technical report, Oil and Gas Authority
UK.

[63] Pieschacon (2012). The value of fiscal discipline for oil-exporting countries. Journal of

Monetary Economics.
[64] Pigou (1927). Wage policy and unemployment. The Economic Journal 37(147), 355-368.

[65] Pindyck (1978). The optimal exploration and production of nonrenewable resources.

Journal of political economy 86(5), 841-861.

[66] Ramey (2011). Identifying government spending shocks: it’s all in the timing. The Quarterly
Journal of Economics 126(1), 1-50.

[67) Romer and Romer (2010). The macroeconomic effects of tax changes: estimates based on

a new measure of fiscal shocks. American Economic Review 100, 763-801.

[68] Rotemberg and Woodford (1999). Interest rate rules in an estimated sticky price model. In

Monetary policy rules, pp. 57—126. University of Chicago Press.

[69] Taylor (1993). Discretion versus policy rules in practice. In Carnegie-Rochester conference

series on public policy, Volume 39, pp. 195-214. Elsevier.

[70] Treasury, H. (2013). Review of the monetary policy framework. Technical report, HM

Treasury, UK.

[71] van der Ploeg and Venables (2012). Natural resource wealth: The challenge of managing a
windfall. Annual Review of Economics 4 (1), 315-337.

[72] Wicksell (1936). Interest and prices. Ludwig von Mises Institute.

[73] Wijnbergen, V. (1984). Inflation, employment, and the dutch disease in oil-exporting coun-
tries: A short-run disequilibrium analysis. The Quarterly Journal of Economics 99(2), 233~

250.

[74] Wills (2017). Leave the volatility fund alone: Principles for managing oil wealth. Journal

of Macroeconomics.

[75] Wohltmann and Winkler (2009). Rational expectations models with anticipated shocks and

optimal policy. Technical report, Working Paper, Christian-Albrechts-Universitit Kiel.

32



[76] Woodford (2001a). Inflation stabilization and welfare. NBER Working Paper 8071 .

[77] Woodford (2001b). The taylor rule and optimal monetary policy. The American Economic
Review 91(2), pp. 232-237.

[78] Woodford (2003). Interest and prices: Foundations of a theory of monetary policy.
[79] World Bank (2015). World development indicators. Technical report.

[80] Yellen (2017). The economic outlook and the conduct of monetary policy. In Remarks at

Stanford Institute for Economic Policy Research, Stanford University, 19 January.

A Appendix: Model

A.1 International Risk Sharing

To derive the expressions in equations 2.9 and 2.10 we begin with the household budget constraint
in equation 2.2. Summing this constraint over an infinite horizon, and using the transversality
condition, limp_,o Mo 7Dy = 0, gives E[> 520 My 145 PrysCiys] = E[> oo My p4s(WigsNes —

Pt 45T +s)] + Dy. Combining this with the Euler equation 2.4 gives,

PCy = E Z My ivs WigsNiys — PrgvsTits) + Dt‘| /Ey [Z ﬂs] (A1)
s=0 s=0

Combining this with a similar condition that holds in each country, f, and making use of the
international risk-sharing condition in equation 2.7 gives the results in 2.9 and 2.10.
To express relative household wealth in terms of government spending, as in equation 2.12,

we start with its expression at time ¢ = 0 assuming Dy = Dy = 0,

O — Eo[> 20 Mot (WiNy — Py 1))
10= T viF wINT — pll
O[tho O,t( t 4Vt fit t)]

If prices are flexible, and if the government provides a small wage subsidy to correct for mono-
polistic distortions, then W; = Py;Vt. Using the small open economy assumption all for-
eign variables remain at their steady state, and r* = p. Thus, the denominator becomes,
Eo[>>¢° M({t(Wthtf - P]{itﬂf)] = P{(Nj —T7)(1 + p)/p. In the steady state we assume that

taxes are the same as the rest of the world, so yr = x. Therefore, (N*—T7%) = (N7 —T7) =1—x
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and PfI/P]f = (S’;Z)_l = O . Using this, and, 8 = (14 p)~!, we can log-linearize the definition

of © around the steady state assuming prices are flexible,

oo
~ Ps (stTS) ~ 1 N TS %
1091 = mrimTpmEaTs [Z Mo (Bl + 1=y (A1 = Ns*?))}
t=0
. o
fo = 15Eo0 lz Mot (Pry + 125 (A — Xf?))]
=0
Note that taxes are t = InT; — In 7%, rather than &; = —In(1 — %) +In(1 — %) which we use

in the text. We assume that ¢, = 0, so t = gt- Under flexible prices it is necessary to fix a
numeraire, so we let é; = 0 such that 3} = —p%,. Also, combining equations 2.19 and A.4 gives
I~
t

P = —5 — 07 So, Py, = i + 0 and g = —pg — U} + rby. Therefore,

PHt + ﬁ(ﬁt —xk) = g +O7+ T (e = x (=3 — G+ rby))

_ 1 (at+yg(1—a)) an 1 4n -~
= 122 b - eS| + b
— deXpp 4 (1—vg)(1—a) gn

Substituting this into the above relationship, and using effective (rather than bilateral) relation-
ships gives the following, where we make use of the observation that E; [Q%ZF o= ﬁ?Vs, as relative

wealth incorporates all expected future income,

t—

00
Z M[)}t Te—X T’bt

e +L(1*VG)(1*Q) 1+p7§g
§=0

P
= 1+pE0 T+p I—x o

_ 1-B)e—)
T=0-(-ra)(i=a) £

e ~
Z Mo’t’l“bt
7=0

Assuming households calculate their lifetime wealth under flexible prices (so the problem is
much more tractable and short-term nominal rigidities do not have permanent effects), Oy = 19?,
gives the relationship in equation 2.12. It is important to note that this is an approximation,
which is subject to two types of error. The first is that the goods market equilibrium (equation
A.2) is not log-linear, and so may require a higher order approximation. The second is that

we approximate —ad; & In {(1 —a)+ 046[1} —In[(1 — a) + «(©%)"!] when approximating the
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goods market equilibrium. These errors can be reduced by making the jump and the distance

from ©° = 1 small.

A.2 Aggregate Demand

This appendix derives a first-order approximation of aggregate demand (the IS curve). The mar-
ket clearing condition for each domestically produced good i, at each time ¢, requires output to
equal demand from domestic consumption, investment, government purchases and consumption

from each foreign country f,

1
Yili) ZCMA@+AC%AW#+MAD+@®
a (PH,t> {(1 a)<PH,t>+a/0< Py @ +-ea) Pr4 G

The second equality above assumes symmetric preferences across countries implying, C};t(i) =

a(Pri(i)/Prs) " (5 fﬂtPtf / PH7t> C’tf . Aggregating across goods and using 2.15 gives,

P, ! plc/ P
Y, 1-a) 1C +a/ el Gy df +(1—a) By e
Py 0 Py Py

1
= S? l(l — a)Ct + Oé/ Qﬁtthdf + (1 — a)GJ,t@le} + Gy
0
= CSP (1= 0a)+a0; !+ (1- )00, | + G (A.2)
Log-linearising this to the first order gives,
G = (1-76) (& + ade — ady + (1= ) s) + 63 (A.3)

where 7¢ = G°/Y*, —ad; ~ In [(1 —a)+ a@{l} —In[(1—-a)+a(®)'] and (1 — )l ~
In[(1-a)0;,0; ' —In[(1—«) j’t@f_l] when ©° ~ 1. This approximation makes the analysis
far more tractable without a major loss in accuracy, as discussed in Appendix D. Combining

this with 2.11 and §; = § + rAbt gives an expression for output and the terms of trade,

G = St +6rb + (1= 76)(@ + (1= ) (D + 9.4)) (A4)
Si=1 - 2 g — ¢ — (1= o)) — (1— o)l (A.5)
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The IS curve in 2.17 can be found by combining 2.4; 7, = 7 + aAsy; & = (1 — a)3; from
2.11; g = 5 from A.4; and Ac} + aAsy = —pAn} + Aa; from 2.3 and mc} = —v + wi —
Py — at = —p to give, gy = L [Ge41] — (3¢ — Et[mH¢41) — rf'), where the natural rate of interest
is, 1 = p+ (1 4+ ¢)Aa,; — ¢E[Ag,]. This can be rearranged using A.4 and 2.19 to give
= p+ EfASE ]+ EJADL, ] + E[Aé ).

A.3 Price-Setting and Aggregate Supply

This appendix derives the optimal price-setting rule for firms, and first- and second-order ap-
proximations of aggregate supply. The first-order approximation is the New Keynesian Phillips
Curve, and the second-order one is used to incorporate higher order effects in the central bank’s
loss function (see Gali, 2008 Ch 3; Gali and Monacelli, 2005; and Benigno and Woodford, 2005).
Each period a measure of (1 — #) randomly selected firms choose the price, Py, that max-
imizes profits according to Calvo (1983), maxpy Y heo HkEt[Mthk(PI}thY}Jrk — Uik (Yern))],
where Wy x(-) is the nominal cost function. The first-order condition to this problem is,
S0 0 OFEy [(Mi 1Yok (P — Z5%t4+k)] = 0, where ¢ = Py M Cy is the nominal marginal cost.
Dividing throughout by the price level in the previous period gives, >.%2 , 0¥ E; [Qt7t+kﬁ+k(PI’§7t /P t—1—
“SSMCi 1 gy 144k)] = 0, where Ug s 144x = Puygir/Prg—1 is gross inflation between time
t—1 and t + k. Now, we take a second-order log-linearisation of this condition around the zero-
inflation steady state. Note that this is the economy’s state in the absence of an oil discovery,
so inflation is zero and output is Y¥; rather than the flexible price state once oil is discovered,

Y;*. This gives the following relationship for every &,

*

ekE PH,t € ~ k ok * 1/, % 2
t[Qt,t+kYt+k(PHt T SMC g k)] = OB YE[(Phy — pai—1) + 5(Pre — PH-1)

—'ﬁ’L\Ct_i_k- - %77/1\6,52_’%‘.
—(pH,t+k - pH,tfl) - %(pH,Hk - pH,tfl)Q

— ik (PH -k — PH1—1)] + 0(TC), )

Summing over all periods and using 7+ = (1 — 0)(pj;, — PHt-1) gives,

x
Lo+ 3 () = (1—08)Y "B E(pmasn — pri—1) + 3Pr itk — DHi-1)?
k=0

+megpr + %ﬁl\CtQJrk + meyyk(PH 4k — PHE—1)] + 0(77/1\0§+k) (A.6)
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Rearranging this expression and dropping terms of order two and above gives the result in
equation 2.16. To derive a second-order approximation of aggregate supply we make use of the

recursive relationship in the following lemma,

Lemma 1. Equation A.6 can be expressed recursively as,

Vi = Alme; + 5mc; + 5exmipy] + BB Vi) + tip. + o(mic}) (A7)

w 146

11 2
where, Vi = 7 + 2 901=0) " H,t A= , and cp = 557

Proof. The proof relies on rearranging the order of summation of the infinite sums in equation

A.6, similar to Benigno and Woodford (2005). We begin with,

0o 00 k
S OB B (prirk —prg-1)] = Y0 BELD T4l
k=0 k=0 5=0
L &S ok
= 103 kz:%@ BB t4k]
1
= 1 _GIB(WH,t—i_Pt)? (As)

where P; is defined as the sum of all future inflation, P, = 332, 0** E; [Tr ++x). Next we have,

00 00 k
Z ekﬁkEt[(PH,tHc - pH,t—1>2] = Z HkﬂkEt[(Z 7FH,t+s)2]
k=0 k=0 s=0

oo
= 125 > OB Eulmm ek (e + 2Pn)], (A9)
k=0

where we make use of a quadratic expansion and rearrange the order of summation. Third we

have,

00 o) k
> 0B Eymesn(prisr — prae-1)] = Y 0B Eymei k(D wairs)]
k=0 k=0 s=0
= > 0" B Eifma ik Nera]. (A.10)
k=0

where N, is defined as the sum of all future deviations of marginal costs from the steady state,

Ny = Y520 0°5°mcits. To find a recursive expression for equation A.6 substitute in A.8, A.9
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and A.10 to give,

o0
ﬁﬂH,t + %(ﬁﬁH,t)Q = (1-0B) Z QkﬁkEt[ﬁﬂH,Hk + mepy, + %T/n\cirk
k=0

—1—%@ (7TH,t+k{7TH,t+k + 2Pt+k}> + Tk Nesk] + (et ).

This can be expressed recursively as,

__ __ 9
T+ 3 (gmay)’ = (1— 6,8)(@77&#1@ + e + yme;

+% 17195”H,t{7TH7t + 2P} + WH,tNt)

+OBE [ gmr a1 + (5T H41)] (A.11)

To eliminate Ny = > 22 0°3°mciys we note that we will only need an expression for Ny that is
accurate to the first order, as it will be multiplied by 7y in the above expression. To the first

order equation A.6 is,

Lo~ (1—08)> 0° B Ey[(prasr — pr—1) + Mcr] + o(mct )
k=0
1 .
= (1—95){1_05(7TH¢+P2€)+N15} +0(mct2+k’)
(1-08)N, = Lymme— P,

Substituting this into A.11, collecting terms and multiplying by (1 — 6)/6 gives the expression
in A.7. O

First-Order Approximation: The New Keynesian Phillips Curve To a first-order

approximation equation A.7 gives the standard New Keynesian Phillips curve,

Tt R BE T 1] + Amey (A.12)

where \ = (lfﬁiﬁ and e, is the deviation of real marginal costs in time ¢ from their steady
state level. Real marginal costs are common across domestic firms. If prices are flexible them
real marginal costs are, mcy = —u, which is the flexible price limit of 2.16. If prices are sticky
then real marginal costs are, me; = —v + wy — pyt — at, where v = —In(1 —7) and 7 is an

employment subsidy that offsets the marginal cost distortion of monopolistic competition. The
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subsidy means that mc} — mc® = —p + v = 0, so me; = mey.

Now we will express the Phillips curve in terms of the aggregate output gap. Aggregate

. L . _[rl ANACD R, .
domestic output is given by the index, Y; = [ fo Y; ] , similar to consumption. Ag-
gregate employment is given by Ny = fol Ne(i)di = Yff‘, where Z; = [} Yt(j fo (P’;Htiz )

is a measure of price dispersion. In Appendix B.1 we follow Gali and Monacelli (2008) and show
that equilibrium variations in z; = In Z; around the perfect foresight steady state are of second
order. So, up to a first-order approximation aggregate output is, 4 = as + 1.

The deviation of real marginal costs from the steady state can be expressed as a function of

domestic output, me; = (1—170 +©)— 11‘% Gi+ad,—(1 —a)ng,t — (14 p)ay, using 2.3, the goods

'YG
-G

market equilibrium A.3, and y; = a; + ns. Therefore me, = me, — mef = (ﬁ +©)J — Jt
as Uy = 0 st = a; = 0. Note that g; # g because oil revenue is received in foreign currency,
so the government’s purchasing power is affected by the nominal exchange rate if prices are
sticky. Expressing government spending in terms of the resource balance gives, §: = §; + 7“Abt.
Combining this with equations 2.15, A.4 and rAbt = rAb:t1 gives g = §; = @+. Therefore, mey =
mer = (1 4 @)y and we have the standard New Keynesian Phillips Curve in equation 2.20,
Tt = BEmH 1] + A1+ @) (9 — 97), keeping track of both the actual and natural levels of
output, g = g — 9;". The expression for g} in 2.19 can be derived using mc; = 0, §i* = 87 + rAbt

and equations 2.15 and A 4.

Second-Order Approximation Iteratively combining A.7 gives the following, which we will

later substitute into the central bank loss function,

(o]
Vo = Bo Y BN e, + dmc} + Sexmt, |+ tip. + o(ic}) (A.13)
t=0

Now, we have mc; = me,+me; = mey = (14 ¢)3; as real marginal costs when prices are flexible
will be the same as in the steady state, me;” = 0. which is accurate to the second order.

A.4 The Steady State

A.4.1 Symmetric case without oil

When the home country receives no resource revenues then the steady state will be symmetric
at home and abroad, and defined from the perspective of a benevolent social planner. This is

both a benchmark and a way to define the steady state abroad. Symmetry implies © = § = 1.

39



The social planner solves the following problem,

Ni(l+e)
1+

x
max L o= By A{[(1-x)nC 4G -
Ci,0%GHN? —o

NN = 6= = [0 = al(C) () s — €

0

The solution is given by, N* =1, Y = A", C* = (1—)()(14“')1*0‘“01 Aldf)e, Cf = (1—a)(1—x)AY,
C’if = a1l —x)A? and G’ = yA’. Steady state output is not affected by the share of government
spending, x, or the degree of openness, «, because of symmetry. A change in either would affect
both domestic and foreign demand for domestic production, which will offset one another. The

optimal allocation for the world as a whole can be found by setting a — 0.

A.4.2 Asymmetric case with oil

When the home government receives oil income the steady state will depend on fiscal policy, and
will no longer be symmetric with the rest of the world. It is found by simultaneously solving five
equations: (1—x)AN % = S*C, AN-T = S®C, AN =CS“[(1 —a)+a®O '+ (1 — a)0,07 1]+
G, C = St—*eC*, J = S'720;C*; using T = yrAN, J = v7AN, G = ~ygAN, and
C* = (1 — x)A where A = A*. The first equation comes from combining 2.3 and the steady
state marginal cost condition MC*® = W/(PgA) = 1. The second follows from the household
budget constraint, 2.2, assuming there is no permanent accumulation of foreign assets D* = 0.
The third is the goods market equilibrium, A.2. The fourth and fifth are the international risk
sharing conditions, 2.11 and 2.15. Solving simultaneously gives the results in equation 2.21.
The steady state in 2.21 will collapse to the symmetric case under certain fiscal policies. If
taxes are chosen optimally, y7 = ¥, then output will be the same as in the symmetric case,
N?% = 1. If the government receives no oil revenues, 7o = 77, then we have the symmetric case
with ©° = §° = 1. We will proceed assuming vy = x for tractability, and v > yr. We will
define the change in household wealth on discovering oil by comparing © in the steady states

before and after discovery.
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B Appendix: Monetary Policy

B.1 Central Bank Loss Function

This appendix derives a second-order approximation of the central bank’s loss function. This
allows us to study optimal policy under commitment from a timeless perspective, as in Benigno
and Woodford (2005). We begin with the household utility function 2.1, Uy = Eo >_5° S{(1 —

X)InCy + xInG;y —

(Y; — G¢) around the
steady state, using, v¢ = G/Y, (Vi —=Y)/Y =~ ¢ + 51715 and collecting terms independent of

policy (t.i.p) gives,

,-Y GG -G
ln(}/t_Gt) ~~ ln(}/;_Gs)+1cll/Y< tY _? tG >

e ((550) + (5) (859)
_27 ( ) ( )) +o(3})

— (0 —6d?)

= 1—170( -6 4t) %

%ﬁ@tz + 7887 — 296 dr) + o(9})

~ ~ A A 2 A .
= =550 =168 — 3oy (*yc; ((Ge —5e) — @7 = 91") ) +0(g}) + ti.p.

To a first-order approximation g = 5; = §;, from A.4. The quadratic term therefore becomes
independent of policy, (§7* — 9")%, because any second-order or higher terms in (g, — 9;) will
become third-order or higher when squared. Substituting this second-order approximation into

the goods market equilibrium in A.2 gives

InC; = In(Y;—Gy) —as; —In[(1—a)+a0; '+ (1 —-a)0,,0;]

Ct

Q

(Tt — vag) — ady + o(§;) + ti.p. (B.1)

_’YG

Next we take a second-order log-linearisation of the third term in the loss function 2.1,

N}t Ni+e N, — N N, — N\2
= N¥N LoN#TIN? ( ) i
1+ 1—|—<p+ < N >+2<’0 N2 +o(g/)
= Nt + NH@(ﬁt + ) + cleﬂDn + o(yt)
1+
= i+ 21+ @)A7 + o(9}) + ti.p. (B.2)
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Where we assume that N = 1 in the steady state from Section A.4.2, and 7y = 7y + 2. To

—& n
express this in terms of the output gap we use N; = (Yi) fo (Pg;(j ) dj and N* = %. Thus,
N\ —€
we have ny = §; + 2z where zz = In fol (Pg’Tt(j)) dj, and Ny = §*. Lemma 2 states that z
is proportional to the cross-sectional variance of relative prices and thus of second order, so

= (¢ + 91)? + o(93). Lemma 3 states that the sum of the variance of relative prices can be

expressed in terms of domestic inflation.

Lemma 2. 2 = Svar{pm:(j)} + o(/|3]*)

Proof. See Gali and Monacelli (2008), Appendix. d
Lemma 3. >7% Blvar{pm:(j)} = 3 120 ﬂtm%[,t where A = 7(1_6)21_59)

Proof. See Woodford (2001), pp22-23. O

Now, in order to express welfare in terms of the output gap and inflation we will make use
of the following log-linear equations, each of which is accurate to at least the second order:
& = (1 — )8 mep = & + ad + iy Ty = Gt + 215 & = ﬁ(ﬂt —GGt) — ade; G = 5t = G
These follow from equations 2.11; 2.3; appendix A.3; B.1; §, = §; + rb; and 2.15, respectively.
Combining the last three gives n; = (1 — v¢)(é + a8t) + a5t + 2. Combining all with 2.1 and

B.2 gives the loss function,
EoZﬁt {35700+ 30+ 0) @+ 9107 + o (1= X) 5t | + 0(3) + tip.

This takes the familiar linear-quadratic form, with the exception of the linear §;term. This
linear term can alter the welfare ranking of policies unless the fluctuations in §; are “small” (of
second-order or above, see Benigno and Woodford, 2005). To remedy this we re-express the loss
function using only quadratic terms, making use of the second-order approximation of aggregate
supply in A.13. First we express the loss function in terms of marginal costs. The terms of trade

gap can be expressed as 5; = mce — @z¢). Substituting this into the loss function and using

T (71

Lemmas 2 and 3 gives, Lo = Fy > :° 3¢ {%i(l — 1(41F¢X))7THt + 50 +0) @+ 97 + a(llJ;pX)nTCt}wL

a(l-x)
(1+p)A

gives, Lo = Ep>.;° B {%(Z)WW%U + %%gt? +(1+ go)gjtgjf} — To + o(§}) + ti.p., where ¢, =

£ - aﬂ(i;X)) + a((ltgg)c,r, ¢y = 1+ ¢)(1+a(l—x)) and Ty = (1(+<p))VU is a transitory

component following Benigno and Woodford (2005). Ty is predetermined and thus independent

o(93) + t.i.p.. Now multiplying A.13 by and substituting into this loss function again

of monetary policy from a timeless perspective. This approach precludes using the loss function
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for studying discretionary policy (Benigno and Woodford, 2005). The loss function only consists
of terms of second or higher order, and so will be accurate to the first order when differentiated,
including for larger deviations of the natural level of output from its original level. Therefore,

we are able to rank policies using the loss function in equation 3.1.

B.2 Optimal Policy from a Timeless Perspective

Optimal policy from a timeless perspective (treating Tp as transitory) can be found by solving

the Lagrangian,

min Ly, = EoZﬁt{ nTrHt+2¢y (+60)?th?}

THt,Jt

_lt(ﬁﬂ'H,tJrl + A1+ )T — TH) (B.3)

where ¢r = $(1 — aplx)y 4 2U=X) . and ¢y = (1+¢)(1+a(l—x)). This gives the FOCs

I+¢ (1+¢)
Grmat e = li—1, ¢yGc+ (1+ )47 = M1+ @)l and Brp 41+ A(1+¢)g = 7. Combining the
~ A - ~ ~ A -
first two gives g + ( ;90) 90 = —7(1’;‘;)(]5 7,0 and g + ( ;‘p) U = Ur—1+ (ﬁ;‘;) g7 1 — 7(1;;’;)(1) TH

with the Phillips curve in period -1 not being a binding constraint in period 0. Iteratively

combining these gives the following, where py+ = prt — PH,~1,

o= My, - Uy (B.4)

by ’
Substituting this into the Phillips curve gives pr+ — Pri—1 = BEPH+1] — BPH: + A(1

®) (_%ﬁ&t (T’) .@?) and Ey[pr 1] = (aB)"'prs — B Pra—1 + 0F7'GY, where a =

(1 + B+ A2 (1 + <p)2¢—") and b = ’\(1%9)2. To find the stationary solution to this price process

®
we rearrange and make use of the lag operator L to give, pr +E; [L(f — —L Ly L72) =08~ 1g1,
where pr+—1 = Lpu. We now factorize the quadratic expression ( 5~ —L Y4y L7 = (L' -
81)(L™! — 6). To do so let 2 = L', so that (f - —z +22) = (2 = 61)(2 — 62), and §; =

(1 + m) /2ap for i = 1,2. We assume that | §; |[< 1 and | d2 |> 1. Substituting this
factorization into the above expression yields, py+(1—d6L) = E¢ [(b87197) (L1 — 62)7!]. Now,
we can express the term (L1 52) as an infinite geometric series where the coefficients converge
to zero because | 6o |[> 1, (L' — 8o)7! = —6;* (1 + Lo 4 L2657 4 ) Substituting
this into the above expression gives, py+(1 — §1L) = —(B852) 1bE; [ e () sgjﬁs)] Finally,

multiplying the numerator and denominator of each term with (1 —+/1 — 4a?f3), and simplifying
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notation 61 = § = (1 — /1 — 4a?p)/(2a8) gives the stationary solution below,

PHt = 0P -1 — bOE} [2(55)8@&51 (B.5)
s=0

An interest rate rule that brings about a unique, determinate equilibrium can be found by

combining B.4, B.5 and the IS curve, to give the expression in 3.4.

B.3 Appendix: Exchange Rate Peg

Here we derive the dynamics of the economy under a nominal exchange rate peg, Ae; = 0. We
begin by finding the implications of the nominal exchange rate peg for our key variables, 7
and ;. To do this we follow a similar approach to Appendix B.2.

First, taking first differences of the effective nominal exchange rate yields As; = Ae;+ Apj —
Appt = —7mmy. Also, taking first differences of A.4 gives A§ = Ay — ’y(;ArAbt — (1 =) (A& +
(1 — a)(AY; + Ady4)). Combining these two expressions gives, mg; = vaArby — Afy + (1 —
o) (A& + (1 —a)(Ad, + A”&J’t)). Taking a similar approach to that used in the optimal policy
case we evaluate this expression at time zero, assuming that the economy was in the steady state
at all times prior to this, to give pgo—pHo0-1 = varbo — o+ (1 — v6) (& + (1= a) (Do + Ad 0)).
Iteratively combining these two relationships allows us to express this relationship in terms of the
deviation of the domestic price level, pg¢ = ’yGrAbt -+ (1—=7a) (é,’f +(1- a)(ﬁ‘t + @JJ)) where
DPHt = PH,+—PH,—1- This can also be written as pr¢ = —gjt+(1—'yg)gf+z§t+(1+go) (g'—ay). Using
this to substitute out ¢ in the Phillips curve gives, pr ¢t —cprt—1—cBE [ Pr+1] = cA(1+9) (077 +
Dt +(1=10) 5 — (1+¢)ay), where ¢ = [14+84+A(1+¢)]~!. We can find the closed-form stationary

solution to this linear difference equation following the method described in Appendix B.2,

Pt = 0cPri—1+ A1+ ¢) {5cEt [22020(80e)° (904s + (1 = 96)Tis — (L + @)arss)] + 17575&’1%},
where 0. = 1_7”216_64602. We can use this to derive the output gap using the relationship defined
above, and for the nominal interest rate by substituting our results into the IS curve. By
uncovered interest parity the nominal interest rate will be constant. Uncovered interest parity
states that, (i —4}) — Et[mmi+1] = Ei[st+1 — s¢). The definition of the terms of trade yields,
st = e+ pf —puyr . So, (it —if) = Eifes41 — ] = 0. While the nominal interest rate stays
constant there will be relatively large fluctuations in the real interest rate. Note that while

an exchange rate peg is consistent with a constant nominal interest rate, it is not uniquely

associated with it. A commitment to the peg remains crucial.

44



B.4 Appendix: Taylor Rules

Here we derive the dynamics of the economy under a variety of Taylor rules. To do this we
extend the Blanchard and Kahn (1980) method to allow for anticipated changes in oil revenue.
As in Blanchard and Kahn this uses the widely implementable eigen-decomposition of a matrix.
The method is similar to that used by Wohltmann and Winkler (2009), who use a generalized
Schur matrix decomposition. As we will be interested in interest rate rules that respond to the
output gap, we arrange the Philips curve and IS curve into a system of two equations in domestic

inflation and the output gap,

Erma] = B (mae — A1+ ¢)ii)

Ei[jes1] = Ge+ (i —p) = B (mae — M1+ @)f) — (14 ©)Ei[Aars1] + 9B AG} ]

where (iy — p) = Oxmm s + OyUr + Oya B[ Aay 1] + Oy Et[AY} 1], This can be arranged in matrix
notation, splitting the variables into control variables, x; = [rg 4, §:]’, and state variables w; =
. o ) Tet1 Tt B )
0 and vy = [U7" Y1, s, Geg1]’s to give Ej = A + v¢.  Decomposing
Wiy Wy 0
A into its eigenvectors, V, and eigenvalues, A, gives AV = VA. The matrix A is diagonal

with the eigenvalues arranged in descending order along the diagonal. Replacing A = VAV ™!

L. 1. 1 Ti+1 1| Tt 1 B
and pre-multiplying by V~° gives, V7' E; = AV +V vt. Now
W1 wy 0
. Yii Yio Ay ) .
let V7 = and A = . For this work, where the state variables evolve
}/21 }/22 0 A2

independently of the controls, Y2; = 0. The matrix A; contains unstable eigenvalues (> 1) which
are equal in number to the control variables, and Ay contains stable eigenvalues (< 1) which

are equal in number to the state variables, as imposed by Blanchard and Kahn (1980). Using

Ty | . . . Tiq1
=V we can describe the system in independent equations, F; =
i U~)t Wt 1Z;t+1
Ar 0 iy By N N
+ | | v, where By = Y11 B and By = Y1 B. First taking Fi[Z41] =
0 A2 Wy By

A1Z; + Bivg. This can be expressed as, (B LY — A3 = Byv; where L1 is a scalar inverse
lag operator. Rearranging gives &; = (Fy[L™'] — A1) "' Bivy = —AT (I — B [L~YATY) "' By,
We can only accept stable paths for the control variables. As all the elements of Ajare greater

than one, the eigenvalues of A1_1 will be less than one and the matrix geometric series, (I —
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EL7NATH) ™Y = S0 (B[ L7 YATY® will converge. Thus, Z; = —A7E 322 (A7) By Ei[vg s
and z; = —(Y11) " Yigw, — (Y1) AT 020 (A1) BrEy[vrs o).

Turning now to the path of the state variables, Ey[wyy1] = Agtb; + Bovy. We have ; =
Yoroy + Yagwy = Kwy — J Y 220(A7T) BiEurys], where K = —Ya1(Y11)'Vip + Yoy and J =
Ygl(YH)*lAl_l. Therefore, the path of the state variables can be described as, Ej[wii1] =

K1 (A2Kwt — Mo 2 G (AT ) BrEy[viys] + J 020 (AT BiEy[ves145) + 32%)-

C Appendix: Calibration

The model is calibrated to a typical small open economy like Canada following Gali and Monacelli
(2005, 2008), to make the results comparable. The calibrated parameter values are: a = 0.4,
8=099 p=001,x=02,¢0=3,e=6,0=075, A= A"=1,v5 =0.25 v = 0.2, v;5 = 0.05.
The steady state values are (symmetric steady state in parentheses): N = 1(1), G = 0.25(0.25),
T =0.2(0.25), O = 0.73(0), Po = 1(1), © = 1.46(1), S = 0.69(1), C' = 0.93(0.75), J = 0.035(0).

D Online Appendix: Robustness

D.1 Approximating relative household wealth

To make the analysis tractable enough to permit a closed form solution I approximate relative
household wealth as —ad; ~ In(1—a+aO; ') —In(1 —a+ a©y!) when log-linearising the goods
market equilibrium (equation A.2). I test this for accuracy against three different approxima-
tions, each implemented in Dynare. The first uses a Newton-Raphson algorithm applied directly
to the model in levels (“NR”). The second takes a first-order log-linearisation of the model around
the initial steady state, but keeps track of both §; = In(1 — a + a©; 1) —In(1 — a + a©; ') and
J; = In(0;) —In(Og) (“0+10”). The third again takes a first-order log-linearisation of the model,
but approximates —ad; & 6, as reported in the main text (“97). Prices are assumed to be flex-
ible in each. As illustrated in Figure D.1, these approximations make little material difference

to our analysis.

D.2 Lump sum taxes

In log-linearising the government spending rule, §; = § — p; + rby — t;, we make a simplifying
assumption regarding lump sum taxes. We define t; = —1In(1 — %), so that the log-linearized

government spending rule is exact. We also assume that ¢; = 0, so the ratio of lump sum taxes
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Figure D.1: Robustness to approximating 9 numerically using the Newton-Raphson method
(“NR”), log-linearized making a distinction between 6 and ¥ (“0 +9”), and log-linearized using
the approximation, 6 &~ —ad (“97; used in text).

to government spending remains constant. Alternatively, we could have set the level of taxes
to be constant. As illustrated in the simulations in Figure D.2, this assumption changes the

magnitude of the government spending shock but the qualitative results remain the same.
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Figure D.2: Comparing different tax assumptions: constant 7" and constant 7'/G.
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