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Oil Futures Prices, Inflation Expectations, and Bond

Risk Premiums

Abstract

Using oil supply, global demand, and oil-specific demand shocks, estimated from a
structural VAR model of WTI futures price changes, this paper provides new empirical
evidence: (i) the dissecting of oil futures price changes improves CPI inflation and core
CPI inflation forecasts, and (ii) the oil futures price changes driven by global demand
shocks and oil-specific demand shocks predict negative real bond risk premium and positive
inflation risk premium. Since these two effects offset each other, we observe insignificant
effect on the nominal bond risk premium. A two-sector New Keynesian model further
shows theoretically that real bond yield, breakeven inflation, and nominal bond yield
respond differently to oil supply and demand shocks. The model helps to explain two
intriguing observations (i) the muted impact of 2000s oil crisis on expected inflation and
(ii) the comovement of expected inflation and the oil price surge that resulted from Russia’s

invasion of Ukraine in March 2022.
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1 Introduction

Oil is the most important commodity in the economy as it is both consumed by households
to meet their daily energy needs and used by firms as energy input to produce a wide range
of goods and services.! Rising oil prices directly affects the Consumer Price Index (CPI)
because gasoline accounts for about 4-6% of the overall CPI and indirectly passes through
to the prices of most goods and services because oil is required to produce or deliver these
goods and services. Central banks naturally pay close attention to oil prices, especially for
forecasting inflation (see Hasenzagl, Pellegrino, Reichlin, and Ricco (2022) among others).
Existing research shows that oil futures prices have little or no predictive ability for short-
term CPI inflation (see Pasaogullari and Waiwood (2014) among others). However, given
that recent academic literature has discussed the potential differential effects of demand
and supply shocks associated with oil price fluctuations (Kilian, 2009; Caldara, Cavallo,
and lacoviello, 2019; Baumeister and Hamilton, 2019), it is important to study whether

oil supply and demand shocks can help to predict CPI inflation.

In addition, it is also important to study the extent to which fluctuations in oil prices
are related to the prices and expected returns of financial securities. Indeed, many studies,
beginning with Chen, Roll, and Ross (1986), have investigated the role of oil prices in stock
returns.? However, how oil price changes affect bond returns and inflation component of
nominal bond yields remains an open question. Few papers have studied the impact of oil

prices on bond returns and yields.?> Compared with stocks, bonds are supposed to be more

L Global expenditures on petroleum account for about 4.5% of the world GDP. The average U.S. house-
hold spends about 4% of pre-tax income on gasoline for day-to-day transportation, and about 40% of
industrial energy consumption is accounted for by oil, according to data in 2013 from the U.S. Energy In-
formation Administration. Heath (2019) reports that expenditures on energy, which is mainly petroleum
based, was about 8.3% U.S. GDP in 2010.

2Driesprong, Jacobsen, and Maat (2008), Kilian and Park (2009), Chiang, Hughen, and Sagi (2014),
Jiang, Skoulakis, and Xue (2018), among others, find that oil prices impact stock returns.

3The only two exceptions are studies by Kang, Ratti, and Yoon (2014) and Baker and Routledge (2017).
Kang, Ratti, and Yoon (2014) show that U.S. Treasury bond returns deflated by the U.S. CPI are nega-
tively associated with oil price shocks driven by global aggregate demand for all industrial commodities.
Baker and Routledge (2017) document that monthly excess returns on nominal U.S. Treasury bonds are
higher when the slope of NYMEX WTI crude oil futures curve is negative.



directly affected by fluctuations in oil prices through the expected inflation component
in nominal bond yields. Astonishingly, prior literature finds little predictive power of oil
price changes on bond excess returns. This is especially surprising since intuition and
casual empirical observations suggest an important link between the two. For instance,
the yield on the U.S. 10-year Treasury bond rose 8 basis points, along with a sharp rise of
4.6% in the West Texas Intermediate (WTI) crude oil futures price, on headlines related
to the sanctions of Russian oil and the war in Ukraine on March 8, 2022. Furthermore, the
relationship between oil prices and bond yields varies over time, which seems particularly
puzzling in the period of 2000s energy crisis. As shown in Figure 1, both yields on U.S.
10-year Treasury securities and Treasury Inflation-Protected Securities (TIPS) remained
stable at the low level when the crude oil prices experienced a persistent run-up from
about US$30 per barrel in 2003 to US$147 per barrel in 2008. The second objective of this
paper is to provide empirical and theoretical analyses on the relations between oil prices,

inflation expectations, and bond yields and returns.

To fully understand the link between oil prices, inflation, and bond returns, it is crucial
to further decompose oil price changes because not all oil shocks are the same (Kilian,
2009). An oil price hike could be bad news for the economy if driven by a scarce oil
supply, or good news if driven by a strong demand for oil. Following Jiang, Skoulakis, and
Xue (2018), I use a structural VAR approach to decompose front month WTI futures price
changes into oil supply, global demand, and oil-specific demand shocks, which are used
as regressors to predict inflation and to explain and predict excess returns on Treasury

bonds, TIPS, and breakeven inflation.

Following the methods proposed by Pasaogullari and Waiwood (2014), I use the root
mean squared error (RMSE) to compare the accuracy of various models of predicting one-
year-ahead CPI inflation and core CPI inflation. Results suggest that oil supply, global
demand, and oil-specific demand shocks improve forecasting CPI inflation and core CPI

inflation for the periods of 1986Q1-2024Q4, compared to the variables of WTI futures



price changes and the term structure of crude oil futures. These results show the relative

importance of decomposing oil futures price changes on inflation forecasting.

This paper also provides empirical evidence that the oil price changes are negatively
associated with excess returns on U.S. 10-year Treasury bonds and breakeven inflation
(the difference in excess returns between nominal government bonds and inflation-indexed
bonds of equivalent maturity) and explain 15% or more of the variation in excess returns.*
In addition, oil price changes predict excess returns on breakeven inflation with a positive
slope, but fail to predict nominal bond excess returns. This finding is counter intuitive,
especially given the strong predictive relationship between oil price changes and equity risk
premium (Driesprong, Jacobsen, and Maat, 2008). Regression results show that oil supply
shocks fail to predict excess returns on breakeven inflation and TIPS. More importantly,
global demand shocks and oil-specific demand shocks predict negative real bond risk pre-

mium and positive inflation risk premium. Since these two effects offset each other, we

observe insignificant effect on the nominal bond risk premium.

For the theoretical analysis, I build a two-sector New Keynesian model of an economy
where oil and core goods are produced in an oil sector and a core sector, respectively. A
critical feature of the model is that oil is included in households’ utility function (Hitze-
mann, 2016; Ready, 2017) and used as an input in the production of core goods (Blanchard
and Gali, 2010). In addition, household consumption of oil is assumed to be complemen-
tary to the consumption of core goods.® In equilibrium, the rise of oil price could be driven
by either negative productivity shocks in the oil sector or positive productivity shocks in
the core sector. The former shock is viewed as the negative oil supply shock, and the latter

acts as the positive oil demand shock.

4In addition, oil price changes can also explain and predict excess returns on inflation swaps, which
are market-based measures of breakeven inflation. Inflation swaps data have been used by Haubrich,
Pennacchi, and Ritchken (2012), Fleckenstein, Longstaff, and Lustig (2013, 2014), and others.

5The elasticity of substitution between oil and core goods is less than one, supported by empirical
findings by Ready (2017).



The model has three predictions. First, real bond yields respond positively to increases
in oil prices, irrespective of the type of oil shocks. Second, an increase in oil price raises
breakeven inflation after a negative oil supply shock, and lowers breakeven inflation after
a positive productivity shock in the economy. Breakeven inflation plays an important role
in the joint dynamics of oil prices and bond yields. Third, the conventional wisdom that
oil price hikes are associated with increases in CPI inflation and nominal bond yields is
true only if the rise of oil price is driven by a negative oil supply shock. In contrast, an
oil price hike lowers breakeven inflation and nominal interest rates if the oil price hike is

driven by strong demand for oil.

The predictions of the model help to explain (i) the muted impact of 2000s oil crisis on
expected inflation and (ii) the co-movement of expected inflation and the oil price surge
that resulted from Russia’s invasion of Ukraine in 2022. For the 2000s energy crisis, the
strong demand for oil from emerging economies is considered as one of the major drivers
of the long-run oil price hikes, while the slow growth in oil production is viewed as a
contributing factor too. According to the model, for the increases in oil prices driven by
the strong demand in the economy, there is downward pressure on the breakeven inflation;
for the increases in oil prices driven by the slow growth in oil output, there is upward
pressure on the breakeven inflation. These two effects may explain why the breakeven
inflation and nominal bond yields remained stable in 2000s. However, for the oil price
surge that resulted from Russia’s invasion of Ukraine since February 2022, the sanction to
Russian energy sector is the main cause, which is viewed as a negative shock to the world
oil supply. As the model predicts, breakeven inflation rises in response to the negative oil
supply shock. We thus observe the spike in breakeven inflation and nominal bond yields
along with the surge of oil prices, as the aforementioned example of intriguing observations

on March 8, 2022.

This paper is related to the literature on studying the relationship between oil prices

and inflation. Numerous studies examine the effect of oil prices on short-run core inflation
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and total inflation, as reviewed in detail by Clark and Terry (2010). Celasun, Mihet, and
Ratnovski (2012) find that oil futures price shocks have a statistically significant impact on
long-term breakeven inflation. Kilian and Zhou (2022b) show a weak correlation between
the nominal price of oil and household inflation expectations. Kilian and Zhou (2022a) find
that oil and gasoline price hikes since mid-2020 had short-run effects effects on headline
inflation but did not affect long-run household inflation expectations. Gagliardone and
Gertler (2024) study the role of monetary policy on the oil shocks on inflation surge, espe-
cially the recent surge starting in 2022. Underlying drivers of oil price shocks and different
inflation components are also considered in understanding the relationship between oil and
inflation. Kénzig (2021) uses OPEC announcements to show that negative oil supply news
leads to an immediate oil price hikes and higher inflation expectations. Fang, Liu, and
Roussanov (2022) decompose inflation into core and energy components and study whether
real assets could hedge inflation. Shapiro (2024) decomposes PCE inflation into supply-
and demand-driven components and examines their implications for economic policy. This
paper decomposes oil futures price changes into oil supply, global demand, and oil-specific

demand shocks and studies these decomposed shocks’ predictability on inflation.

In addition, this paper is related to a growing literature on studying determinants
of nominal and real bond yield curves. Previous papers studying real rates, inflation
expectations, and risk premia use latent factor term structure models (Ang, Bekaert, and
Wei, 2008; Chernov and Mueller, 2012; Haubrich, Pennacchi, and Ritchken, 2012) and
New Keynesian macro models (Kung, 2015; Hsu, Li, and Palomino, 2014). However,
oil prices have not been considered in this literature. In this paper, the price of oil is
treated as an explicit macroeconomic risk factor. In particular, this paper extends the
standard New Keynesian model by adding an oil sector and incorporating the dual uses
of oil by households and firms and further examines macroeconomic linkages among real

and nominal bond yields, breakeven inflation, and oil supply and demand shocks.

This paper is also related to several empirical papers that document the connection



between oil futures prices and Treasury bond returns. Kang, Ratti, and Yoon (2014) show
that U.S. Treasury bond returns deflated by the U.S. CPI are negatively associated with oil
price shocks driven by global aggregate demand for all industrial commodities. Baker and
Routledge (2017) document that monthly excess returns on nominal U.S. Treasury bonds
are higher when the slope of WTI crude oil futures curve is negative. Demirer, Ferrer, and
Shahzad (2020) study the effect of oil shocks on the sovereign bond markets and on the the
degree of connectedness among global final markets. They documents heterogeneous effect
of oil shocks on government bonds across different countries. Mensi, Hamed Al-Yahyaee,
Vinh Vo, and Hoon Kang (2021) examine the spillovers and connections between crude oil
futures and European bond markets. They show time-varying spillover between crude oil
futures and European bonds. Moreover, note that both real rates and breakeven inflation
are important in understanding nominal bond yields (Duffee, 2014; Pflueger and Viceira,
2016). This paper is the first to examine not only nominal bond returns as a whole, but

also real bond yields and breakeven inflation separately in relation to oil prices.

Last, several recent papers have studied the impact of oil price shocks on equity returns.
Driesprong, Jacobsen, and Maat (2008) find that increases in oil prices predict low future
stock returns. Jiang, Skoulakis, and Xue (2018) show that oil supply shocks and oil-specific
demand shocks predict MSCI country index equity returns with a negative slope and global
demand shocks predict equity returns with a positive slope. Kilian and Park (2009) show
that oil supply and demand shocks jointly explain 22% of the long-run variation in U.S. real
stock returns. Chiang, Hughen, and Sagi (2014) demonstrate that oil risk factors explain
the returns of non-oil portfolios. As a complement to the literature on the relationship
between oil price and equity returns, this paper focuses on the impact of fluctuations in

oil prices on bond returns and breakeven inflation.

This paper makes three contributions to the literature. First, this paper presents novel
empirical evidence that oil supply, global demand, and oil-specific demand shocks have

predictive power for CPI inflation, core CPI inflation, and excess returns on TIPS and
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breakeven inflation. Empirical tests using data on TIPS provide richer tests on different
behaviors of components of nominal yields, with respect to oil shocks, than those using
data solely on nominal bonds. Second, using the oil supply shocks, global demand shocks,
and oil-specific demand shocks decomposed from oil futures price changes, this paper shows
that global demand shocks and oil-specific demand shocks predict negative real bond risk
premium and positive inflation risk premium. Since the two effects offset each other, we
observe insignificant effect of oil futures price changes driven by global demand shocks and
oil-specific demand shocks on the nominal bond risk premium. Third, this paper builds a
two-sector New Keynesian model to examine the theoretical relationships between nominal
and real yields, breakeven inflation, and oil supply and demand shocks. The model offers
novel predictions and further highlights key economic transmission channels through which
oil price shocks affect inflation and bond markets. The model is helpful to explain two
intriguing observations (i) the muted impact of 2000s oil crisis on expected inflation and
(ii) the comovement of expected inflation and the oil price surge that resulted from Russia’s

invasion of Ukraine in March 2022.

The remainder of this paper is organized as follows. Section 2 describes the data and
presents empirical results. A two-sector New Keynesian model is presented in Section
3. Section 4 discusses model calibration and oil market implications. Section 5 provides
theoretical analysis and highlights the importance of disentangling oil and supply shocks.
Section 6 uses the model’s predictions to reconcile the intriguing relationships between oil
and bond yields and breakeven inflation in the 2000s energy crisis and the comovement of
expected inflation and the oil price surge that resulted from Russia’s invasion of Ukraine

in March 2022. In Section 7, I offer some concluding remarks.



2 Empirical results

This section first describes data and then presents empirical evidence on the predictive
ability of oil supply and demand shocks for CPI inflation and core CPI inflation. In
addition, tests are conducted for the explanatory and forecasting power of crude oil futures
price changes for excess returns on nominal bonds, real bonds, and breakeven inflation.
Furthermore, empirical tests are conducted using oil supply shocks, global demand shocks,

and oil-specific demand shocks. The sample period is 1983-2024.

2.1 Data

Three-month interest rates are used to construct excess returns for U.S. 10-year Treasury
bonds and U.S. 10-year inflation-indexed bonds called Treasury Inflation Protected Secu-
rities (TIPS). Excess returns on breakeven inflation rates are defined as the difference in
excess returns between nominal bonds and TIPS. Data on U.S. 10-year nominal Treasury
bond yields, liquidity-adjusted U.S. 10-year TIPS yields, and liquidity-adjusted breakeven
inflation from June 1999 to December 2014 are from Pflueger and Viceira (2016), and
I further extend the series for the period of January 2015 to December 2023 using the
nominal and TIPS yield curve data from the website of the Federal Reserve.’ TIPS yields
and breakeven inflation are adjusted for the liquidity risk present in the TIPS market (for

details, see Pflueger and Viceira (2016)).

Following Lépez-Salido and Loria (2024), I use crude oil futures prices because oil fu-
tures markets are more active and readily observable than spot markets (as pointed out
by Heath (2019)).” Crude oil futures prices are based on WTI futures front month con-

tracts, and the data since January 1983 are obtained from the U.S. Energy Information

T am very grateful to Carolin Pflueger for providing data constructed in Pflueger and Viceira (2016).
"Lépez-Salido and Loria (2024) use the WTI futures price for U.S. to estimate oil price inflation in
their study.



Administration (EIA). To estimate the term structure of WTI futures, the forth successive
contracts are also obtained. Historical inflation data on the seasonally-adjusted Consumer
Price Index and sub-indexes from 1983 are obtained from the U.S. Bureau of Labor Statis-
tics. Data on inflation expectation from University of Michigan’s Survey of Consumers
and from the Survey of Professional Forecasters are obtained from the websites of the St.

Louise Fed and Philadelphia Fed, respectively.

The log growth rates of WTT futures prices are further decomposed into oil supply
shocks, global demand shocks, oil-specific demand shocks. The seminal paper Kilian
(2009) proposes using a structural VAR framework to estimate demand and supply shocks
in the global crude oil market by decomposing shocks to the real oil prices into oil supply
shocks, aggregate demand shocks, and oil-specific demand shocks. Jiang, Skoulakis, and
Xue (2018) uses a variant structural VAR framework with stationary input variables and
further includes the price elasticities of oil supply and oil demand in the VAR specifica-
tion to estimate the three shocks, as advocated by Caldara, Cavallo, and Tacoviello (2019)
and Baumeister and Hamilton (2019). In particular, the log growth rates of WTT futures
prices are used to estimate the three shocks. The decomposition uses a structural VAR
method proposed by Jiang, Skoulakis, and Xue (2018). I hand collect the data on world
steel production and world oil production from the websites of World Steel Association
and International Energy Agency, respectively. Baltic Dry shipping index data are down-
loaded from Bloomberg. Data on world industrial production index are downloaded from

Christiane Baumeister’s personal website (see Baumeister and Hamilton (2019)).

2.2 Predictability of oil futures and oil shocks for CPI

Following Pasaogullari and Waiwood (2014), I use the root mean squared error (RMSE)
to compare the accuracy of various models of predicting one-year-ahead CPI inflation and

core CPI inflation without oil futures prices, with oil futures prices and the term structure



of oil futures, and with oil price shocks estimated in a structural VAR. The one-year-ahead
annual CPI inflation (or core CPI inflation) is predicted using the current and four lagged
quarterly CPI inflation (or core CPI inflation) (annualized), or with the current and four
lagged oil futures price growth rates, or with the current and four lagged oil supply shocks,

global demand shocks, and oil-specific demand shocks.

Figure 2 shows that the regressions with CPI inflation and oil supply shocks, global
demand shocks, and oil-specific demand shocks have the lowest RMSE for both CPI and
core CPI in the sample period of 1986-2024; this suggests that oil supply, global demand,
and oil-specific demand shocks have predictive value for forecasting CPI inflation. Inflation
expectation is also used in place of quarterly CPI inflation to predict the one-year-ahead
CPI and core CPI inflation. The RMSEs of using the median expectation of inflation ex-
pectations from University of Michigan’s Survey of Consumers (UM) and from the Survey

of Professional Forecasters (SPF) indicate poor performance.

These results confirm that oil futures price changes have little or no predictive value for
forecasting CPI inflation, as in Pasaogullari and Waiwood (2014), and further demonstrate
the relative importance of oil supply and demands shocks in predicting CPI inflation and

core CPI inflation.

2.3 Empirical evidence on bond returns using oil price changes

Do crude oil prices have explanatory and incremental forecasting power for bond returns
and breakeven inflation? I first use reduced-form regressions to address this question. The
independent variable is the log growth rate of crude oil futures prices, denoted by ¢g%. I
also include two control variables. The first control variable is the term spread, which is a
well-known predictor variable for bond returns (Ludvigson and Ng, 2009). Another control
variable is CPI less energy inflation, which contains inflation-related information for the

breakeven inflation component in the nominal bond yields. Due to the data availability of
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TIPS, the sample period of theses tests is 1999-2023.

Excess bonds returns refer to one-period buy-and-hold returns in excess of Treasury
Bill rate. Excess return of the n-period Treasury bond is defined as 7 = nygﬁt —(n—
1)31;3271,#1 — yft, where yf;’t is the nominal yield of the n-period at time ¢ and yft is the

rate of the one-period nominal Treasury Bills. Similarly, the liquidity-adjusted log excess

return of the n-period inflation-indexed bond is defined as zrl/f = n iﬁps’adj —(n —
1)ygiffflj — Y1175, where ygps’adj is the liquidity-adjusted real yield of the n-period

TIPS at time ¢ and yf{P S the yield of the one-period real bond.® The liquidity-adjusted
log excess breakeven return is defined as zrBE = ar} | — arLI’S representing the log

excess return of a portfolio that is long one nominal bond and short one TIPS bond with

the same maturity.

Table 1 shows the results of regressing the 3-month overlapping excess returns on
nominal bonds, TIPS, and breakeven inflation on the log growth of crude oil futures
prices, the corresponding term spread, and the CPI less energy inflation. Columns (1)
and (3) show that the oil price growth rate g°% is a significant explanatory variable for
contemporaneous excess returns on nominal bonds and breakeven inflation. Increases in
the oil price are associated with decreases in the expected excess return on nominal bonds
and breakeven inflation, implying that realized breakeven inflation and nominal yields are
higher. In addition, g°" contributes additional explanatory power over and beyond the

term spread and the CPI less energy inflation, as reflected by increases of 15.3% and 27.3%

in the adjusted R%.

Table 2 shows the results of predictive regressions. Columns (2) and (3) show that oil

price change g°% is a significant predictor for the excess returns on TIPS and breakeven

inflation. However, oil price change fails to predict excess returns on Treasury bonds. This

8Because the TIPS market is less liquid than the Treasury market, especially in the early years of the
TIPS market and during the 2007 financial crisis, TIPS bonds are priced lower (equivalently, TIPS yields

are priced higher) to compensate for the liquidity risk. The liquidity-adjusted TIPS yield is estimated as
TIPS,adj _ yTIPs _
- In,t

.t n.t, where Ly, ; is the liquidity premium, as in Pflueger and Viceira (2016).
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finding of no predictability of oil price changes on nominal bond risk premium is counter
intuitive, especially given the strong predictive relationship between oil price changes and

equity risk premium (Driesprong, Jacobsen, and Maat, 2008).

In addition, g®" contributes additional forecasting power over and beyond the term

spread and the CPI less energy inflation, reflected by increases of the adjusted R2. The
forecasting power of gP% is also economically significant. For instance, a one-standard-
deviation increase in oil price (around 16% at quarterly frequency) predicts a 0.48% in-
crease in the expected excess return on breakeven inflation. Given that the expected excess
returns on breakeven inflation could be viewed as inflation risk premia, the above forecast-

ing regression results indicate that the oil price change is a significant predictor for the

inflation risk premia.

Interpreting the above empirical evidence, however, is challenging because the economic
signal of oil price changes is ambiguous. Kilian (2009) shows that the impact of oil price

shocks on the economy depends on the type of fundamental shocks that drive oil prices.

2.4 Empirical evidence on bond returns using oil supply, global

demand, and oil-specific demand shocks

I proceed the examination of the impact of the three shocks on the excess returns of

nominal bond, TIPS, and breakeven inflation.

Table 3 shows the results of regressing the 3-month overlapping excess returns of nom-
inal bonds, TIPS, and breakeven inflation on the three shocks and other control variables.
Oil supply shock is a significant explanatory variable for excess returns on Treasury bonds
and breakeven inflation. Global demand shock explains excess returns on Treasury bonds
and breakeven inflation. Oil-specific demand shock has explanatory power for breakeven

inflation only. Increases in oil prices, irrespective of oil supply or global demand shocks,
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are associated with negative excess returns on Treasury bonds and breakeven inflation,

consistent with regression results using the oil price changes.

Table 4 shows the results of predictive regressions. Interestingly, none of the three
shocks could predict excess returns on nominal bonds. Oil supply shocks fail to predict all
three excess returns. Global demand shocks and oil-specific demand shocks predict excess
returns on TIPS with a negative slope and predict excess returns on breakeven inflation
with a positive slope. In other words, the two demand shocks predict negative real bond
risk premium and positive inflation risk premium. Since these two effects offset each other,

we observe insignificant effect on the bond risk premium.

These results highlight the importance of disentangling oil price changes into funda-
mental shocks in the oil market. Global demand-driven oil price increases significantly
predict negative excess returns on TIPS and positive excess returns on breakeven infla-
tion. The positive slopes for oil supply shocks and global demand shocks are consistent
with the positive slope estimated in the predictive regression of excess returns on breakeven

inflation on the oil price change.

In sum, the above empirical evidence shows that crude oil price changes contain valuable
information for bond returns and breakeven inflation. One caveat exists: empirical tests on
real bond returns and breakeven inflation are constrained by the short history of inflation-
indexed bonds in the U.S. This caveat warrants theoretical studies to fully understand the
impact of fundamental shocks in the oil market on bond returns and breakeven inflation.

I proceed with a theoretical analysis in a two-sector New Keynesian model.

3 A two-sector New Keynesian model

The modeling framework builds on the workhorse New Keynesian model (Gali, 2008),

which is the most suitable DSGE framework for analyzing nominal bond yields, real bond
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yields, and inflation processes; and their interactions with economic fluctuations.

There are three important departures from the standard New Keynesian model. First,
an oil sector is included in addition to the standard consumption goods sector. The two
sectors are labeled as the oil sector and the core sector. Oil and core goods are produced
by a representative oil firm and monopolistic core goods firms, respectively. The inflation
of oil prices represents energy inflation, while the inflation of core goods prices represents
core inflation. Second, oil is included in the household utility function, to capture the fact
that households spend about 4% of their pre-tax income on gasoline for transportation
needs. In addition, household consumption of oil is assumed to be complementary to the
consumption of core goods, as in Hitzemann (2016) and Ready (2017).° Third, oil is also
used as an energy input in core goods firms’ production functions, reflecting the fact that

40% of industrial energy comes from oil.

The oil price is assumed to be flexible, consistent with the average duration of 10 to 18
days between price changes in retail gasoline and of 2.4 days in wholesale gasoline (Douglas
and Herrera, 2010). The core goods price is assumed to be sticky, supported by the fact
of the average frequencies of 8 to 11 months of price changes of 350 product categories
underlying the U.S. CPI (Nakamura and Steinsson, 2008). Last, the adjustment of real

wages is assumed to be sluggish as in Blanchard and Gali (2007).

The productivity shock in the energy sector represents the oil supply shock. The
productivity shock in the core sector is the supply shock in the core sector, but acts as
demand shock in the oil market. Note that demand for oil comes from both households

and core goods firms.

90il is complementary to the consumption of some durable goods, such as motor vehicles. As the
model does not distinguish between durable goods and non-durable goods, the complementarity of oil is
modeled in a reduced form.
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3.1 Households

An infinitely-lived representative household has recursive utility (Epstein and Zin, 1989;

Weil, 1989):
A=
Vi = (1 - AU(Xe, N + 8 (Etvt:f) | 1)

where f3 is the time discount factor, 7 is the relative risk aversion, and 1/p is the elasticity

of inter-temporal substitution (EIS). The period utility U (X}, N;) is given by

1
lep N1+l/ T—p
1 t o (b/‘it t )

—p 1+v

U(Xt,Nt):< ,¢>O,V>O, (2)

where X, is the consumption bundle of oil and the final core goods, NV; is household labor
supply to intermediate core goods firms, and 1/v is the Frisch elasticity of labor supply.
The process k; is chosen to ensure balanced growth and will be specified in the core sector
below. As the household values leisure, there is disutility from supplying labor to the

intermediate goods firms.

The consumption bundle is a constant elasticity of substitution (CES) aggregation of

oil and the final core goods:

1

X, =[(1- 60 " + €O, (3)

where C is the final core goods, Of! is the oil directly consumed by the household, &
measures the weight of O in the consumption bundle, and 1 measures the elasticity of

substitution between oil and the final core goods.

The price of the consumption bundle is defined as

P =[(1 =)+ g(p2) e, (4)
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where P and PP are the price of the final core goods and oil, respectively. It can be

shown that (1 — &)C,PF + EOF PP = X, P/,

The representative household is endowed with all the shares of the oil firm and core
goods firms and receives dividends from the oil sector and the core sector. In addition, the
household can trade one-period riskless bonds available in zero net supply. The household
maximizes the utility given in equation (1) by choosing the optimal consumption of the

final core goods and oil, the quantity of bonds, and labor supply:

max V, (5)
C;,0F ,By,N,

subject to the intertemporal budget constraint
XtPtX + Bt S BtflRtfl + WtNt + DtC + -DtO, (6)

where B; is the quantity of bonds, W, is the wage, and D¢ and D? are the dividends from

the intermediate core sector and the oil sector, respectively.

The numéraire in the model is the one-period riskless bond. The bond costs one dollar
in the period t and pays R; dollars in the next period ¢t + 1. Thus, R; corresponds to the

gross nominal interest rate.

Following Blanchard and Gali (2007), I model real wage rigidities in a reduced way

without specifying the exact friction in the labor market. The process of real wages is

Wi (W \™ [ Una ) 0
Ptc Ptc—1 UC,t ’

where p,, is an index of real wage rigidities and —Uy;/Uc; is the marginal rate of intra-

given by

temporal substitution between the labor supply and consumption of core goods. The

higher the value of p,, the more sluggish the adjustment of real wages.
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The stochastic discount factor (SDF) is derived from the optimization of the house-
hold’s problem. The one-period real SDF M, t 41 is the marginal rate of substitution

between time ¢ and time ¢ + 1

1 1
Xt+1 n P Ct+1 o th_lp
M =5 (52) L )
, /(=)
Xy Ci < EtVt(ij(l‘”)) !

The one-period nominal SDF is defined as Mf;t a=ME t+1T One critical feature of the
SDF is its dependence on the quantity of oil directly consumed by the household through

the consumption bundle X;.

3.2 Oil sector

A representative oil firm produces oil. As in Kogan, Livdan, and Yaron (2009), the pro-

duction function of the oil firm takes a simple form:
Y;fo = Zto Kglv (9>

where KC | is the capital stock, and Z2 is the total factor productivity (TFP) in the oil

sector.

It is assumed that z? = logZP follows an AR(1) process
zl = Po?i_1 + 0ok, (10)

where ¢ ~ i.i.d.N (0, 1).

The law of motion for capital is given by

O
K?:<1—6°>K?1+<1>0( : )Kfl, (1)
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7O Be 7O 1-1/¢°
PO ¢ _ t 0 12
(%) = 1w (ze) o (12

where I is the new investment, §° is the depreciation rate of existing capital, and the func-
tion ®9(I2/KP ) is a positive, concave function, as in Jermann (1998). The parameter

(° is the elasticity of the investment capital ratio with respect to Tobin’s q.

Oil is sold to the intermediate goods firms to produce intermediate goods and to the
households for their consumption.!® As the oil firm faces no price adjustment costs, the
oil price PP is flexible, consistent with the fact that the average duration between price
changes in wholesale gasoline (retail gasoline) is 2.4 days (10 to 18 days) (Douglas and
Herrera, 2010).

Given the oil price of P and the final core goods price of P, the oil firm chooses the

optimal investment to maximize its firm value:

o _ $ 0
VO =maxE, Y MDY, (13)
I =
O — O O o O C . .. . . . $ . .
where D7, = Y7, Pr; — Iy Py is the dividend in period ¢ + j and M, , ; is the nominal

SDF derived from the household’s optimality conditions. The oil firm dividend goes to the
household.

3.3 Core sector

The core sector is comprised of a final core goods firm and a continuum of monopolistic

intermediate core goods firms.

10For the sake of simplicity, the model abstracts from the oil inventory and the oil cartel. Carlson,
Khokher, and Titman (2007) and Kogan, Livdan, and Yaron (2009) do not consider these two features in
their models either. Inventory is not critical in the model, but the presence of inventory would mitigate
the magnitude of oil supply and demand shocks on oil prices.
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3.3.1 Final core goods

A representative final core goods firm combines a continuum of intermediate core goods
into the final core goods. The final core goods firm operates in a perfectly competitive
market and thus is a price taker. The firm uses a constant elasticity of substitution (CES)

production technology to produce the final core goods:

ve= ([ oew=a) o (14)

where Y,°(i) is the quantity of intermediate core goods 4, i € [0,1]. The parameter ¢

measures the elasticity of substitution between intermediate core goods.

The final core goods are either consumed by the household or used as investment for

new capital by the oil firm and intermediate core goods firms:

1
Cy + 1P +/ I€(i)di < YF, (15)
0

where I (i) is the investment made by the intermediate core goods firm 4.

Given the final core goods price of P and the price of intermediate core goods i of
PC(i), the final core goods firm maximizes its profit by choosing the optimal demand of

core goods i:

1
max PCY,C — / PE@Y,L (i)di. (16)

YL () 0
Furthermore, the optimal demand for the intermediate core goods 7 can be expressed as

vew = (BE) ve ()

Equations (14) and (17) together imply that the final core goods price is an aggregate

price index of intermediate core goods prices, i.e., P¢ = [fol(ﬂc(i))lfsdi]i. Furthermore,
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it can be shown that fol PE(H)Y,C(i)di = PEYL.

3.3.2 Intermediate core goods

Intermediate core goods are produced by a continuum of monopolistic firms indexed by

i € [0,1]. The production of intermediate core goods i is given by
YO (i) = [KEL )12 N[0 (D], (18)

where Z¢ is the common productivity across all intermediate core goods firms, K (i)
is the capital stock, N;(i) is the labor employed, and Of(i) is the quantity of oil used in

production. The oil share of production is measured by 1 — a — w.

The law of motion for capital is given by

KEG) = (1— 6)KC, (i) + 9° (}fc—%) KE (), (19)
of I8G)\ b e\
® (K&(i))‘l—l/c (KM‘)) " 20)

where I¢(i) is the new investment, §¢ is the depreciation rate of existing capital, and
the function ®¢(IF(i)/KE ,(i)) is a positive, concave function, as in Jermann (1998). The

parameter (¢ represents the elasticity of the investment capital ratio with respect to Tobin’s
q.

Following Croce (2014), I assume that the productivity growth rate in the core sector,

Az =log(ZE,/ZF), has both a long-run and a short-run risk component:

Azjyy = 2} + 04, (21)

ZE? - pmcxf—l + O-Icgtmcv (22)
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where € ~ 7.i.d.N(0,1) and €7 ~ ..d.N(0, 1). In addition, all shocks are assumed to be

mutually independent.

Following Rotemberg (1982) and Ireland (1997), I assume that each monopolistic firm

changes its price every period but faces a real quadratic cost of price changes:
9 [ PC(i) 2
NP =- =22~ —1) Y°. 23

e =5 (spes 1) % (23)

The parameter ¥ measures the degree of price stickiness, which is common to all interme-

diate core goods firms. The variable 7 is the target gross inflation rate in the steady state.

If the price grows at the rate of target inflation, the cost of the price adjustment is zero. If

¥ = 0, there is no adjustment cost of price changes. Because of the quadratic cost of price

changes, fewer final goods are available for consumption and investment. The presence of

nominal price rigidity leads to inefficiency.!!

As shown in (17), the optimal demand for the intermediate core goods i is downward-
sloping, which is determined by the relative prices. Monopolistic firm ¢ maximizes its firm

value by choosing the optimal price of its goods and the optimal investment:

VO = max > EM,, Dy (i), (24)

1ax j
Ptc(z)VItC(z) ]:0
where D (i) = Y9 () PS; (1) = Ve (Y, (0) = T(PS; () P — I, (1) PS is the dividend

in period ¢t 4 j and Mt&f is the nominal SDF derived from the household’s optimality

t+j

conditions. The production cost function ¥, ;(Y,S,(i)) for a given level output ¥;¢,(7) is

defined below.

1 An equivalent inflation dynamic can also be derived under the assumption of a staggered price-setting
mechanism (Calvo, 1983). Ascari, Castelnuovo, and Rossi (2011) discusses the similarities and differences
between the two approaches. The Rotemberg approach is better than the Calvo approach for replicating
the dynamics of inflation at the macro level. An advantage of the assumption of quadratic price adjustment
costs is that it leads to a tractable symmetric equilibrium. Because of the presence of nominal rigidity,
real quantities depend on nominal prices and the nominal interest rate, which is governed by monetary
policy.
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Given the oil price P° and the wage W;, the firm i minimizes production cost by

choosing the optimal labor and oil:

min @Y, (i) = W,N,(i) + Ol (i) PP,
Ni(i),0L (i) (25)

st YO(i) = (K2 (D)7 (27 Nu(@))*[0] (1)) 7.

Last, the process k; is defined as k; = (Z£ )7 to ensure balanced growth.

3.4 Central bank

To complete the model, it is assumed that the central bank follows the Taylor rule in

setting the nominal interest rate:

CPI\ %= o\ v
_ Y,
Rt - R (ﬂ—t_ > <L) ) ¢7r Z 07 (by Z 07 (26)

T Y

where R, 7, and Y represent the gross interest rate, the target gross total inflation, and

the output of core goods in steady state, respectively.

3.5 Symmetric equilibrium

The equilibrium of the model is characterized by the solutions of the household’s problem
(5), the oil firm’s problem (13), the final core goods firm’s problem (16), and the inter-
mediate core goods firms’ problems (24). The first order conditions of these problems are

presented in Appendix A.

The equilibrium turns out to be symmetric. Because all intermediate core goods
firms have the identical cost minimization problem and the identical value maximiza-
tion problem, they choose the same optimal demand for labor and oil, i.e., N;(i) = N; and

Ol (i) = O!. Furthermore, they choose the same optimal selling price and investment, i.e.,
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PE(i) = PY and I€(i) = I€. In addition, all markets are clear.

3.6 Bond pricing and implied breakeven inflation

This sub-section first defines three measures of inflation and then uses the SDF to price
zero-coupon nominal bonds, zero-coupon real bonds, and zero-coupon inflation swap con-

tracts.

In the model, the core CPI price index, the energy CPI price index, and the CPI
price index are represented by the prices of the final core goods, oil, and the consumption
bundle, respectively. Let 7¢ = P /P, denote core CPI inflation, 7° = PC/PP, denote

energy CPI inflation, and 7&%1 = PX /P denote CPI inflation.

The core inflation equation can be expressed in the log-linearization form

T, = BEm, + M, (27)

where \ = % is decreasing in the index of price stickiness 1), 1); represents the real

marginal production cost of intermediate goods, and tilde variables denote the log deviation
from steady state. Equation (27) shows that core inflation depends on the expected core

inflation in the next period and the change of the real marginal production cost. The real

marginal production cost of intermediate core goods is given by

QZ 1—a—w~0+ o s
= wy — Z
! PP —w 1w

—( — ki y): (28)

1l—w 1

Equations (27) and (28) show that the oil price change affects core inflation through the

real marginal production cost of intermediate core goods.

Zero-coupon nominal bonds, zero-coupon real bonds, and zero-coupon inflation swaps

are priced by the pricing kernel derived from the optimality conditions of the household’s
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problem.

The yield of an n-year zero-coupon nominal Treasury bond is defined as the n-year

nominal yield, given by

1

" 1
Yy = _EEt(mf,t-i-n) - %Vart(m?t%), (29)

$ — $
where mi,,, = logMy, ..

The yield of an n-year zero-coupon real Treasury bond is defined as the n-year real
yield, given by

1 R.X 1 R,X
T;tn = _EEt(mt 1§+n) - _nvart<mt,fj+n)7 <30)
where mf gfn = lothifn.

The n-year breakeven inflation is the difference between the n-year nominal yield and

n

the n-year real yield, i.e., y; — ri’. In addition, the n-year breakeven inflation rate also

represents the n-year inflation swap rate.

Alternatively, the zero-coupon inflation swap rate can be directly estimated. When an
inflation swap contract is initialized, the present value of expected cash flow at maturity
should be zero. Assuming that the notional amount is one dollar and that the inflation

index refers to the CPI index, the zero-coupon inflation swap fixed rate s} is given by
0=—F, [Mtgiwnem?] + By [MEHnWEti{z]- (31)

Note that s is known at time ¢ and the real SDF M7 = M}, 7OFL.

The n-year inflation swap rate could be further expressed as

1 1 1
n ~CPI ~CPI R, X ~CPI
St = ﬁEmt,tJrn N %Varmt,wn + ﬁcovt<mt,t+n> Titan)s (32)
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where 7071 = logr{}l, denotes the log CPI inflation. On the right-hand side of the

equation, the first term is the expected inflation, the second term is the Jensen’s inequality
adjustment of the expected inflation, and the third term is the inflation risk premium. The
inflation swap rate (ignoring the Jensen’s inequality adjustment) consists of the inflation

expectation and the inflation risk premium.

At this point, it is worth discussing scenarios that might lead to positive inflation risk
premium. If inflation is high in “bad” states, where marginal utility is high, the covariance
term will be positive. The inflation risk premium will be positive and the swap rate will
be higher than the expected inflation if inflation is positively correlated with the real SDF.
The fixed receiver in an inflation swap contract demands a higher rate to compensate for

the risk of the realization of unexpected high inflation in “bad” states.

4 Quantitative results

The model is solved in Dynare using a second-order approximation at a quarterly frequency.
The choices of parameter values are discussed first, followed by the implications for the oil

market.

4.1 Calibration

Table 5 reports the parameter values used in the baseline calibration of the model. Pa-
rameter values are either set to those reported in previous studies whenever possible or
chosen by matching the selected moments in the data. Parameters are grouped into four

categories.

The time discount rate (3 takes a value of 0.997, which corresponds to an annual real

interest rate of 1.2% in the long run. The relative risk aversion ~y takes a value of 10. The
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elasticity of intertemporal substitution 1/p is set at 2, implying that households prefer an
early resolution of uncertainty. The weight of oil in the consumption bundle £ is set at 0.1,
close to the weight of energy components in the CPI basket. The elasticity of substitution
between oil and core goods 7 is set at 0.25, the same value as used in Ready (2017),
implying complementarity between the two types of consumption. The real wage rigidity
index p,, is set at 0.965 to match the ratio of o(Aw)/o(Ay) = 0.44, a key moment of wages
in the data. The labor supply N is fixed at 0.33 in the deterministic steady state so that
households spend one-third of their discretionary time working. The Frisch elasticity of
labor supply is pinned down as 0.2498 by the the labor supply in the deterministic steady

state.

Most parameters associated with production functions are set to values used in related
papers. The constant elasticity of substitution of intermediate core goods ¢ is set at 6,
which corresponds to a markup of 20%. The degree of capital adjustment cost (¢° and ()

is set at 4.8, both in the oil sector and intermediate goods sector. Free parameters b° and

g° are set as b° = (0°)V/¢” and ¢° = 1_1Co 0° such that there is no adjustment cost for the

oil sector in the deterministic steady state. Similarly, free parameters ¢ and g¢ are chosen

such that there is no adjustment cost for the intermediate goods firms in the deterministic

steady state. In particular, b = (6¢)'/¢" and ¢g¢ = 1_1<c 0¢. A higher value of 0.05 is set for

the depreciation rate of the oil capital §°, which corresponds to an annualized rate of 20%.
The depreciation rate of consumption goods capital ¢ is equal to 0.02. The capital share
w and labor share of output a are set at 0.33 and 0.57, respectively. The degree of price

adjustment cost 9 is set at 25, which is close to the values suggested by Ireland (2000).

Parameter values of the three productivity shocks are chosen to match the moments
of the relative oil prices, core inflation, CPI inflation, 10-year nominal yields, household
consumption, and wages, as listed in Table 6. The autocorrelation coefficient and the
standard deviation of productivity shocks in the oil sector are set at 0.45 and 9.5%, re-

spectively. The autocorrelation coefficient of the long-run productivity shocks, and the
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standard deviations of short-run and long-run productivity shocks in the core sector are

set at 0.85, 1.2%, and 0.07%, respectively.

Coefficients in the Taylor rule ¢, and ¢, are set at 1.5 and 0.125, respectively, which
are standard values in the monetary literature. The target inflation 7 is set at 1.0092,
which corresponds to an annual inflation rate of 3.68%, close to the historical average rate

of U.S. CPI inflation.

Moments from data and the model are summarized in Table 6. The model is able
to match most moments of the relative oil prices, core inflation, CPI inflation, 10-year
nominal yields, and the correlation between oil prices and change changes and 10-year
nominal yield changes. In addition, the model is also able to match key macroeconomic
data, in addition to inflation data. The relative volatility of the consumption, wage, and
output in the model are close to the empirical counterparts. In particular, the negative
correlation between consumption growth and inflation from the model closely matches that

negative correlation in the data.

4.2 QOil market implications

This sub-section discusses the responses of oil production, household consumption of core
goods, household consumption of oil, the relative price of oil, core inflation, and CPI
inflation to the three types of productivity shocks. Specifically, I consider a negative
productivity shock (?) in the oil sector, a positive short-run productivity shock (£¢) and a
positive long-run productivity shock (¢7¢) in the core sector, which represent three scenarios
that tend to raise the relative price of oil. In the baseline calibration, the oil productivity
process (z7) in the oil sector is transitory (p, = 0.45) and volatile (o, = 9.5% per quarter).
The shock to the short-run productivity growth £f is less volatile (0. = 1.2% per quarter),
and the process x¢ is persistent (p,. = 0.85) and even less volatile (0, = 0.07% per

quarter). The impulse response function of a variable to a particular shock plots the
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percentage deviation from the stochastic steady state. The size of the shock is one standard

deviation of each productivity shock.

Figure 3 illustrates the impulse response functions of the set of variables to a negative
productivity shock (£9) in the oil sector. For a 9.5% decrease in oil productivity, the oil
production immediately decreases by 9.5%, and the relative price of oil jumps by 12.2%.
Core inflation also increases by 0.44% because the rise of oil price leads to an increase
in the production cost of core goods. The increase in core goods price is relatively small
in part because the core goods price is sticky, and in part because the share of oil in
production is the smallest among all the factors of production. As a result of the large
increase in oil prices, CPI inflation increases by 0.58%, which is higher than the increase
in core inflation of 0.44%. The state of economy after a big oil disruption is considered to
be “bad” by households because less oil is available in the economy. Households reduce
oil consumption, with a sharp drop of 4.5%, and consume fewer final core goods, resulting
in a 1.4% drop. As the oil supply disruption is assumed to be transitory, oil production
gradually recovers. The impact of oil supply on the economy disappears after four quarters.
These findings are consistent with the empirical evidence documented by Kénzig (2021),
which uses OPEC announcements and shows that negative oil supply news leads to an

immediate oil price hikes and higher inflation expectations.

Figure 4 shows the impulse response functions of the set of variables to a positive
short-run productivity shock (£f) in the core sector. For a 1.2% increase in the short-run
productivity, the productivity in the core sector jumps to a higher level and stays there
afterward. The intermediate core goods firms produce more core goods but sell them
at a lower price because the marginal production cost decreases. Core inflation initially
decreases by 0.08% and recovers to the long-run value. Households consume more core
goods by 0.6% and consume slightly more oil because the household consumption of oil is
complementary to that of core goods. In the oil sector, the supply of oil is inelastic in the

short run so the price of oil rises. The relative oil price increases by 1.3%. Overall, CPI
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inflation decreases. The economy after a positive short-run productivity shock in the core
sector is in a “good” state for households because households consume more oil and core
goods. After a positive short-run productivity shock in the core sector, oil price increases

are associated with decreases in core inflation and CPI inflation.

Figure 5 shows the impulse response functions of the set of key variables to a positive
long-run productivity shock (¢7¢) in the core sector. Given that the long-run component
of core-sector productivity growth is persistent, a positive one-time shock of 0.07% to the
growth rate in the current period continuously raises the level of productivity in the next
period and thereafter. From the current period, intermediate core goods firms and the oil
producer start to increase investment to fully take advantage of the long-lasting growth in
core-sector productivity. The output of both core goods and oil steadily increases. Because
more output is used for new capital in the current period, households initially reduce the
consumption of core goods and oil by 0.04% and 0.06%, respectively, and then gradually
increase the consumption of both goods afterward. Due to the strong demand for oil from
intermediate core goods firms, the relative price of oil initially rises by 0.06% and continues
to rise for about nine quarters before returning to the long-run level. Core inflation and
CPI inflation increase by 0.01% initially and then keep declining for about 18 quarters
before returning to the long-run value. Given that households increasingly consume more
oil and core goods except for the initial period, the state of the economy after a positive

long-run productivity shock in the core sector is considered “good” by households.

In the competitive oil market, the oil price quickly responds to either type of the three
shocks. Because of the nominal price rigidity of core goods prices and the real wage
rigidity, however, core inflation responds slowly to the three types of shocks. In addition,
the magnitude of the responses of the core inflation and CPI inflation is also affected
by the parameter values of the oil share in production and the elasticity of substitution
between household consumption of oil and core goods. In the model, the three productivity

shocks together can generate many distinct dynamics of oil prices, inflation, and household
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consumption, the last of which determines the stochastic discount factor and consequently

affects bond prices.

5 Impact of oil supply and demand shocks on breakeven

inflation, real yields, and nominal yields

This section discusses how real yields, breakeven inflation, and nominal yields respond
differently to each productivity shock. It turns out that the impacts of the three produc-
tivity shocks on breakeven inflation, real yields, and nominal yields have different signs,
sizes, and impact duration. In addition, alternative calibrations illustrate the importance

of three productivity shocks in explaining oil price changes and bond returns.

5.1 Impulse response functions of breakeven inflation, real yields,

and nominal yields

Figure 6 shows that the 10-year real yield responds positively to a negative productivity
shock (£7) in the oil sector, a positive short-run productivity shock (¢f) in the core sector,
and a positive long-run productivity shock (¢7¢) in the core sector. The positive response
of the real yield to a positive short-run or long-run productivity shock in the core sector
is straightforward. An increase in productivity in the core sector leads to positive growth
of overall consumption afterward, which implies an increase in real yields. On the other
hand, the positive response of the real yield to a negative productivity shock in the oil
sector is counterintuitive. A decrease in the transitory oil productivity brings down current
consumption, but households expect positive growth of overall consumption because the
productivity in the oil sector quickly recovers. In addition, the effect of positive €} and e7¢

shocks on the real yields lasts over 20 quarters.
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As shown in Figure 7, the 10-year breakeven inflation responds positively to a negative
productivity shock (€9) in the oil sector, but responds negatively to a positive short-run
productivity shock (£f) or to a positive long-run productivity shock (¢7¢) in the core sector.
A negative productivity shock in the oil sector raises breakeven inflation because of the
rise of CPI inflation after the shock, as discussed in previous section. The impact on
breakeven inflation gradually diminishes. On the other hand, positive short-run or long-
run productivity shocks in the core sector lower breakeven inflation because CPI inflation
decreases along with decreasing marginal production cost of core goods, and both shocks

have long-lasting impacts.

Note that the nominal yield is the sum of the real yield and breakeven inflation for
any given maturity. Figure 8 plots impulse response functions of the 10-year nominal
yields to the three productivity shocks. Because both real yields and breakeven inflation
respond positively to the negative productivity shock in the oil sector, the nominal yields
unambiguously increase. However, the response of nominal yields to productivity shocks
in the core sector depends on the relative magnitude of the positive responses of real
yields and the negative responses of breakeven inflation. Under the calibration of the
baseline model, nominal yields decrease, especially in response to the positive short-run
productivity shock in the core sector. Therefore, it can be seen that breakeven inflation

plays an important role in the joint dynamics of oil prices and bond yields.

The conventional wisdom that increases in oil prices raise breakeven inflation and nom-
inal yields is true only for the case in which the increase in oil price results from the disrup-
tion to the oil supply. On the contrary, demand-driven oil price increases are associated
with decreases in breakeven inflation and nominal yields. More importantly, the model
illustrates the necessity of identifying the type of shocks that cause oil price fluctuation,
and the importance of decomposing nominal yields into real yields and breakeven inflation.
The analysis on the interaction among distinct oil supply and demand shocks, nominal

and real bond yields, and breakeven inflation is clear, informative, and comprehensive.
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5.2 Alternative calibrations and implications

To gain insight into the importance of productivity shocks in both sectors, I estimate
model-implied statistics for alternative specifications. Table 7 reports three cases. Column
(3) refers to a specification that the productivity shock in the oil sector is set to zero in
the baseline model, i.e., 0, = 0. Column (4) refers to a specification that the transitory
productivity shock in the core sector is set to zero in the baseline model, i.e., o. = 0.
Column (5) refers to a specification that the permanent productivity shock in the core
sector is set to zero in the baseline model, i.e., o, = 0. Column (3) indicates that the
absence of oil supply shocks leads to a negative correlation between changes in 10-year
yields and oil prices, which is at odds with data. Columns (4) and (5) indicate that the
absence of oil demand shocks leads to mismatching inflation measures. To sum up, the

three types of shocks in the two sectors are necessary and important elements of the model.

Table 8 reports unconditional variance decompositions for the baseline model. Con-
sistent with the analysis above, the productivity shock in the oil sector accounts for the
majority of variation in relative oil prices, CPI inflation, and core inflation. On the other
hand, the long-run productivity shock in the core sector is important for long-term nom-
inal and real yields and breakeven inflation. Lastly, the short-run productivity shock in

the core sector also plays an important role in inflation, especially the breakeven inflation.

6 Oil and inflation relationships in the 2000s energy

crisis and the Russian oil supply shock of 2022

The predictions of the two-sector New Keynesian oil model can help to explain (i) the
muted impact of 2000s oil crisis on expected inflation and (ii) the comovement of expected

inflation and the oil price surge that resulted from Russia’s invasion of Ukraine in 2022.

32



As shown in Figure 1, both yields on U.S. 10-year Treasury securities and Treasury
Inflation-Protected Securities (TIPS) remained stable at the low level when the crude
oil prices experienced a persistent run-up from about US$30 per barrel in 2003 to about
US$60 per barrel in 2005 and then to US$147 per barrel in 2008. Figure 9 shows the
10-year breakeven inflation exhibits stable movement in the period of 2003 to 2008. For
the 2000s energy crisis, the strong demand for oil from emerging economies is considered
as one of the major drivers of the long-run oil price hikes, while the slow growth in oil
production is viewed as a contributing factor too. According to the model, for the increases
in oil prices driven by the strong demand in the economy, there is downward pressure on
the breakeven inflation. The solid blue line represents the cumulative global demand
shocks estimated from the VAR, persistently rising especially from 2006 to 2008, and,
interestingly, we observe that the breakeven inflation exhibits declines in the same period.
For the increases in oil prices driven by the slow growth in oil output, there is upward
pressure on the breakeven inflation. These two effects may explain why the breakeven

inflation and nominal bond yields remained stable in 2000s.

However, for the oil price surge that resulted from Russia’s invasion of Ukraine since
February 2022, the sanction to Russian energy sector is the main cause, which is viewed
as a negative shock to the world oil supply. As the model predicts, breakeven inflation
rises in response to the negative oil supply shock. We thus observe the spike in breakeven
inflation, nominal and real bond yields along with the surge of oil prices, as shown in
Figure 10. The proposed channel is consistent with the empirical evidence documented
by Kénzig (2021), which uses OPEC announcements and shows that negative oil supply

news leads to an immediate oil price hikes and higher inflation expectations.
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7 Conclusion

Rising oil prices directly affects the Consumer Price Index (CPI) because gasoline accounts
for about 4-6% of the overall CPI. In addition, oil prices indirectly pass through to the
prices of most goods and services because oil is required to produce or deliver these goods
and services. Nevertheless, existing research shows that oil sport or futures price changes
have little or no predictive ability for short-term CPI inflation. Using oil supply, global
demand, and oil-specific demand shocks, estimated from a structural VAR model of oil
futures price changes, this paper first provides new empirical evidence that the dissecting

of oil futures price changes improves CPI and core CPI inflation forecasts.

Compared with stocks, bonds are more directly affected by fluctuations in oil prices
through the expected inflation component in nominal bond yields. Surprisingly, prior
literature finds little predictive power of oil price changes on bond excess returns. This
finding is counter intuitive, especially given the strong predictive relationship between oil
price changes and equity risk premium. This paper further provides new empirical evidence
that the oil price changes driven by global demand shocks and oil-specific demand shocks
predict negative real bond risk premium and positive inflation risk premium. Since these

two effects offset each other, we observe insignificant effect on the bond risk premium.

This paper then builds a two-sector New Keynesian model to show theoretically that
real yields, breakeven inflation, and nominal yields respond differently to oil supply and
demand shocks. In the model, real bond yields respond positively to increases in oil prices,
irrespective of the type of oil shocks; breakeven inflation responds positively to the rise of
oil price driven by negative oil supply shocks, and responds negatively to the rise of oil
price driven by positive productivity shocks in the economy. The model’s predictions help
to explain (i) the muted impact of 2000s oil crisis on expected inflation and (ii) the co-
movement of expected inflation and the oil price surge that resulted from Russia’s invasion

of Ukraine in March 2022.
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Figure 1. Crude Oil Prices, Yield on U.S. Treasury Securities at 10-Year Constant Maturity, and Yiled on U.S.
Treasury Securities at 10-Year Constant Maturity, Inflation-Indexed. This figure plots the crude oil prices (WTI-Cushing,
Oklahoma) on the left y-axis, and yields on U.S. 10-Year Treasury and 10-Year TIPS on the right y-axis.
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Figure 2. Predictability of oil shocks for one-year ahead CPI and core CPI. This
figure shows the Root Mean Square Errors (RMSEs) of the forecasts of one-year aheand CPI
and core CPI inflation without WTI futures prices, with WTI futures prices, and with oil price
shocks estimated in a structural VAR. The one-year ahead annual CPI inflation is regressed on
the current and four lagged quarterly CPI inflation (annualized), University of Michigan and
SPF inflation expectations, the current and four lagged W'TI futures growth rates, or the current

and four lagged oil supply shocks, global demand shocks, and oil-specific demand shocks. The
sample period is 1986.01-2024.12.
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Figure 3. Impulse response functions to a negative productivity shock (£7) in
the oil sector. This figure plots impulse response functions of oil production, household
consumption of core goods, household consumption of oil, relative oil prices (PP/PL), core
inflation, and CPI inflation. The size of the shock (£7) is one standard deviation o, = 9.5%. The
y-axis represents the percentage deviation from the steady state.
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Figure 4. Impulse response functions to a positive short-run productivity shock
(g%) in the core sector. This figure plots impulse response functions of oil production,
household consumption of core goods, household consumption of oil, relative oil prices (P°/PF),
core inflation, and CPI inflation. The size of the shock (¢f) is one standard deviation o, = 1.2%.
The y-axis represents the percentage deviation from the steady state.
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Figure 5. Impulse response functions to a positive long-run productivity shock
(¢7°) in the core sector. This figure plots impulse response functions of oil production,
household consumption of core goods, household consumption of oil, relative oil prices (PC/PF),

core inflation, and CPI inflation. The size of the shock (¢§¢) is one standard deviation oy, =

0.07%. The y-axis represents the percentage deviation from the steady state.
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Figure 6. Impulse response functions of 10-year real yields to the three produc-
tivity shocks. The size of each shock is one standard deviation. The y-axis represents the
percentage deviation from the steady state.
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Figure 7. Impulse response functions of 10-year breakeven inflation to the three
productivity shocks. The size of each shock is one standard deviation. The y-axis represents
the percentage deviation from the steady state.
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Figure 8. Impulse response functions of 10-year nominal yields to the three
productivity shocks. The size of each shock is one standard deviation. The y-axis represents
the percentage deviation from the steady state.
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Figure 9. Oil Global Demand Shocks and U.S. 10-Year Breakeven Inflation. This
figure plots the global demand shocks on the left y-axis, and U.S. 10-Year breakeven inflation on
the right y-axis.
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Figure 10. WTI Futures Prices, U.S. 10-Year Treasury Yields, U.S. 10-Year
TIPS Yields, and U.S. 10-Year Breakeven Inflation. This figure plots WTI futures
prices on the left y-axis, and U.S. 10-Year Treasury yields, TIPS yields, and breakeven inflation
on the right y-axis.
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Table 1. Contemporaneous regressions of excess bond returns, excess TIPS
returns, and breakeven inflation returns on oil futures price changes. The log
growth of crude oil futures prices is used to explain contemporaneous 3-month overlapping excess
returns on U.S. 10-year Treasury nominal bonds, U.S. 10-year inflation-indexed bonds (TIPS),
and breakeven inflation, in addition to the corresponding term spreads and the inflation of the
CPI-All Ttems less Energy price index. Excess returns are defined in the text. The nominal

?IPS)

term spread (tmslg$ ), liquidity adjusted TIPS term spread (tms , and breakeven term spread

(tmsPF) are the difference between 10-year and one-quarter nominal yields, the difference be-
tween 10-year and one-quarter TIPS yields, and the difference between 10-year and one-quarter
breakeven inflation, respectively. U.S. 10-year TIPS yields and breakeven inflation are liquidity-
adjusted as in Pflueger and Viceira (2016). ¢©% denotes the 3-month overlapping quarterly log
growth of crude oil futures prices. 7TtC PILE ig the quarterly inflation of the seasonally-adjusted
Consumer Price Index - All Items less Energy. The sample period is 1999.6 - 2023.12. Standard
errors are Newey-West adjusted with six lags. Standard errors are reported in brackets. *** **

and * denote statistical significance at the 1%, 5%, and 10% level, respectively.

(1) (2) 3)

3 I'T?[PS l"I“tBE

Ty
go! -0.07**  -0.01  -0.07**
(0.02)  (0.02)  (0.01)
tms? -0.33
(1.02)
tms] 109 -0.38
(0.63)
tmsP¥ 0.53
(0.44)
rCPILE 233 -1.30  -0.31
(1.41)  (1.30)  (0.58)
Const. 0.02*  0.02*  0.00

(0.01)  (0.01)  (0.00)

Adj. R? (excl. g°)  0.4% 0.2% 0.2%
Adj. R? (incl. g°")  153%  0.3%  27.3%
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Table 2. Predictive regressions of excess bond returns, excess TIPS returns, and
breakeven inflation returns on oil futures price changes. The log growth of crude oil
futures prices is used to forecast 3-month overlapping log excess returns on 10-year U.S. Treasury
nominal bonds, the liquidity-adjusted log excess returns on 10-year U.S. inflation-indexed bonds
(TIPS), and the liquidity-adjusted log excess breakeven inflation returns, in addition to the
corresponding term spreads and the inflation of the CPI-All Items less Energy price index. Excess
returns are defined in the text. The nominal term spread (tmsf ), liquidity adjusted TIPS term
spread (tms?TP%), and breakeven term spread (tmsPF) are the difference between 10-year and
one-quarter nominal yields, the difference between 10-year and one-quarter TIPS yields, and
the difference between 10-year and one-quarter breakeven inflation, respectively. U.S. 10-year
TIPS yields and breakeven inflation are liquidity-adjusted as in Pflueger and Viceira (2016). g@%
denotes the 3-month overlapping quarterly log growth of crude oil futures prices. TI'tC PILE g the
quarterly inflation of the seasonally-adjusted Consumer Price Index - All Ttems less Energy. The
sample period is 1999.6 - 2023.12. Standard errors are Newey-West adjusted with six lags. ***

** and * denote statistical significance at the 1%, 5%, and 10% level, respectively.

(1) (2) 3)

.’ET‘t+1 xT‘ﬁ_IlPS I'TE_EI
gt 0.00  -0.03*  0.03**
(0.01) (0.01)  (0.01)
tmsf 2.73%
(1.31)
tms] 175 0.34
(0.74)
tmsPE 3.40%*
(0.51)
O PILE S1.82 -2.57F 2.44%*
(1.53)  (1.03)  (0.54)
Const. 0.01 0.02**  -0.01**

(0.01)  (0.01)  (0.00)

Adj. R? (excl. ¢°) 72%  57%  21.4%
Adj. R? (incl. g%  7.9%  9.0%  27.9%
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Table 3. Contemporaneous regressions of excess bond returns, excess TIPS
returns, and breakeven inflation returns on oil supply shocks, global demand
shocks, and oil-specific demand shock. Oil supply shocks (g;), global demand shocks
(g¢P), and oil-specific demand shocks (g@°P) are used to explain contemporaneous 3-month
overlapping excess returns on 10-year U.S. Treasury nominal bonds, 10-year U.S. inflation-indexed
bonds (TIPS), and breakeven inflation, in addition to the corresponding term spreads and the
inflation of the CPI-All Items less Energy price index. The oil supply, global demand, and
oil-specific demand shocks are estimated in a structural VAR using the log growth rates of oil
futures prices. Excess returns are defined in the text. The nominal term spread (tmsf), liquidity
adjusted TIPS term spread (tmsf7%), and breakeven term spread (tmsPF) are the difference
between 10-year and one-quarter nominal yields, the difference between 10-year and one-quarter
TIPS yields, and the difference between 10-year and one-quarter breakeven inflation, respectively.
U.S. 10-year TIPS yields and breakeven inflation are liquidity-adjusted as in Pflueger and Viceira
(2016). wCPILE is the quarterly inflation of the seasonally-adjusted Consumer Price Index - All
Items less Energy. The sample period is 1999.6 - 2023.12. Standard errors are Newey-West
adjusted with six lags. Standard errors are reported in brackets. *** ** and * denote statistical

significance at the 1%, 5%, and 10% level, respectively.

(1) (2) (3)

xrf .Z‘T’tTIPS thBE
i -0.07%*%  0.01  -0.07F**
(0.03)  (0.03)  (0.01)
g&P S0.11%%%  _0.05  -0.05%*
(0.02)  (0.04)  (0.02)
g?sP -0.04 0.01  -0.05%**
(0.03)  (0.03)  (0.02)
tms? -0.46
(1.05)
tmsl1PS -0.39
(0.63)
tmsPF 1.67#+*
(0.49)

pCPILE  955%  _1.29 0.60
(1.41)  (1.30)  (0.65)
Const. 0.03%*  0.02%*  -0.00
(0.01)  (0.01)  (0.00)

R? 16.3% 4.4% 27.7%
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Table 4. Predictive regressions of excess bond returns, excess TIPS returns,
and breakeven inflation returns on oil supply shocks, global demand shocks,
and oil-specific demand shock. Oil supply shocks (g;), global demand shocks (¢7), and
oil-specific demand shocks (g°) are used to forecast 3-month overlapping excess returns on 10-
year U.S. Treasury nominal bonds, 10-year U.S. inflation-indexed bonds (TIPS), and breakeven
inflation, in addition to the corresponding term spreads and the inflation of the CPI-All Items
less Energy price index. The oil supply, global demand, and oil-specific demand shocks are
estimated in a structural VAR using the log growth rates of oil futures prices. Excess returns
are defined in the text. The nominal term spread (tmsf ), liquidity adjusted TIPS term spread
(tms]TP5), and breakeven term spread (tmsPF) are the difference between 10-year and one-
quarter nominal yields, the difference between 10-year and one-quarter TIPS yields, and the
difference between 10-year and one-quarter breakeven inflation, respectively. U.S. 10-year TIPS
yields and breakeven inflation are liquidity-adjusted as in Pflueger and Viceira (2016). 7&PTEF ig
the quarterly inflation of the seasonally-adjusted Consumer Price Index - All Items less Energy.
The sample period is 1999.6 - 2023.12. Standard errors are Newey-West adjusted with six lags.
Standard errors are reported in brackets. *** ** and * denote statistical significance at the 1%,

5%, and 10% level, respectively.

(1) (2) (3)
Wfﬂ e arfh
g7 0.02 -0.01 0.03
(0.03)  (0.01)  (0.02)
g&P -0.02  -0.05**  0.03*
(0.03)  (0.03)  (0.02)
g?sp -0.01  -0.04%  0.04*
(0.04)  (0.02)  (0.02)
tms? 2.85%*
(1.42)
tms] P9 0.35
(0.76)
tmsPF 3.38%%
(0.53)

aCPILE 398 1.00 1.51
(2.76)  (2.22)  (1.31)

Const. -1.62 -2.36%*%  2.39%**
(1.70)  (1.07)  (0.65)

R? 8.3% 9.8% 27.9%
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Table 5. Parameter values. Parameter values are at a quarterly frequency. Parameters are
grouped into four categories: preferences, production, shocks, and monetary policy.

Group Description Symbol Value
Time discount rate 16 0.997
Relative risk aversion 0 10
Preferences EIS 1/p 2
Coefficient of disutility ) 3.6272
Frisch elasticity of labor supply v 0.2498
Oil share of the consumption bundle ¢ 0.1
Elasticity of substitution of oil and core goods n 0.25
Index of real wage rigidity Pw 0.965
Labor supply in the DSS N 0.33
CES of intermediate core goods € 6
Degree of price adjustment cost v 25
Degree of oil capital adjustment cost & 4.8
Degree of core goods capital adjustment cost (¢ 4.8
Production Depreciation rate of oil capital 0° 0.05
Depreciation rate of core goods capital 0°¢ 0.02
Capital share of output w 0.33
Labor share of output Q@ 0.568
Oil share of output l—a—w 0.102
2°-shock in the DSS z° 0
AR(1) coefficient of z°-shock Do 0.45
Shocks Standard deviation of z°-shock To 9.5%
z¢-shock in the DSS z¢ 0
Standard deviation of SRR shock O 1.2%
AR(1) coefficient of LRR shock o 0.85
Standard deviation of LRR shock O e 0.07%
CPI inflation target 7? 1.0092
Policy Sensitivity of the interest rate to inflation O 1.5
Sensitivity of the interest rate to output by 0.125
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Table 6. Moments. This table reports the means, standard deviations, autocorrelations of
growth rates of relative oil prices, core inflation, CPI inflation, 10-year nominal yields, correla-
tions, and macroeconomic moments from the data and the model. The reported statistics from
the data are numbers at a quarterly frequency in the sample period. 'Y refers to the 10-year
nominal yields. g@% represents the growth rate of nominal oil prices. The model is calibrated at

a quarterly frequency.

Data Model

Relative o1l prices

E(Alog(P°/PC)) 0.45%  0.03%
a(Alog(PP/PF)) 18.48% 14.39%
AC1(Alog(PP | PE)) 0.01 -0.22
Inflation

E(rC) 0.64%  0.64%
o(r%) 0.20%  0.58%
AC1(r€) 0.72 0.57
E(xCPT) 0.66%  0.64%
o(wfPh) 0.62% 0.67%
AC1(xCPT) 0.05 0.32
10Y nominal yields

E(y') 1.31%  0.94%
o (y') 1.01%  0.25%
ACT(y1o) 0.94 0.89
Correlations

Corr(Ay%, got) 0.40 0.49
Corr(Ac, n¢FT) -0.56 -0.50
Macroeconomic moments

o(Ac)/o(Ay°) 0.51 0.76
o(Aw) /o (Ay©) 0.44 0.42
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Table 7. Data and model implied statistics for alternative specifications. This
table reports summary statistics for key variables from the data and models with alternative
specifications. Column (2) is the baseline model. Column (3) refers to a specification that the
productivity shock in the oil sector is set to zero in the baseline model, i.e., 0, = 0. Column (4)
refers to a specification that the transitory productivity shock in the core sector is set to zero in
the baseline model, i.e., 0, = 0. Last, column (5) refers to a specification that the permanent
productivity shock in the core sector is set to zero in the baseline model, i.e., o,. = 0.

(1) (2) (3) (4) (5)

Data Model o0,=0 o0.,=0 o0, =0
Relative o1l prices
E(Alog(PP/PL)) 0.45%  0.03% 0.01% -0.05% 0.00%
a(Alog(PP/PF)) 18.48% 14.39% 1.35% 14.41% 14.55%
AC1(Alog(PP/PF))  0.01 -0.22 0.25 -0.24 -0.26
Inflation
E(r€) 0.64% 0.64% 0.65% 0.84%  0.58%
o(n) 0.29%  0.58% 0.26% 0.54%  0.57%
AC1(7€) 0.72 0.57 0.85 0.51 0.54
E(mfP) 0.66%  0.64% 0.65% 0.84%  0.58%
o(xCPT) 0.62% 0.67% 0.26% 0.64%  0.66%
AC1(7EPT) 0.05 0.32 0.89 0.29 0.33
10Y nomanal yields
E(y!%) 1.31%  0.94% 0.98% 1.15%  0.95%
o(ylo) 1.01%  0.25% 0.18% 0.08%  0.16%
AC1(y1o) 0.94 0.89 0.91 0.78 0.87
Correlations
Corr(Ay™, g0t 0.40 049  -092  0.92 0.52
Corr(Ac, ¢FT) -0.56  -0.50 -0.10 -0.61  -0.51
Macroeconomic moments
o(Ac)/a(Ay°) 0.51 0.76 0.73 0.77 0.76
o(Aw)/o(Ay°) 0.44 0.42 0.74 0.05 0.42
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Table 8. Variance decompositions for the baseline model. This table reports the
unconditional variance decompositions of the relative oil price, inflation, 10-year nominal yield,
10-year real yield, and 10-year breakeven inflation for the three productivity shocks °, ¢, and
€”¢ in the baseline model. Variance decompositions are in percentage terms. The parameters
values of the baseline model are given in Table 5.

80 € xc
Relative o1l price
log(PP/PF) 92.05 7.33 0.62

Inflation
kit 70.23  25.46 4.30
g 63.05  31.65 5.29

10Y nomanal yield
yt0Y 1.90 81.41 16.70

10Y real yield
rloY 43.55 30.47 25.98

10Y breakeven inflation
s10Y 0.43 81.39 18.18
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Appendix A Equilibrium conditions

A.1 Households

The Lagrangian for the household’s problem is

1-p
VoJrZut{ Ul”+ﬁ(EtVt;1p) —Vt}+

> AN ARi_1Biy + WiN, + Df + D — (1 — §)CPf — €O/ PP — By} .

t=0

First order conditions with respect to choice variables Cy, Off, Ny, and By give rise to the

following equations

_ oy W (A.2)
th/nfpcvtfl/n PtC’ ’
HN —1/7 o
O _ B (A.3)
) ) p—
Xia\" P (Cr\ " ‘/tir_lp PC
X C _ _ W\ /(=) PC
¢ t (Et‘/;(_:l 7/ P)) t+1

Equation (A.2) represents the intratemporal relationship between consumption of core
goods and labor supply. Equation (A.3) describes the intratemporal substitution between
oil and consumption of core goods. Equation (A.4) is the Euler equation for consumption

of core goods.
The nominal stochastic discount factor (SDF) M, tt 41 is defined as

=

X . Ct+1 — Vlzp PC
M$ = B < i+ > ( t+ ¢ . A5
tt+1 X, C, (EtV(lfv)/(lfp» 1/(1—) Ptqu ( )

t+1

The real stochastic discount factor (SDF) Mﬁ’fl, in the unit of core goods, could be
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defined as

R,C $ Ptﬁl
My = Mt,t+1_Pc : (A.6)
t

Alternatively, the real SDF can also be expressed in the unit of the consumption bundle

M2EX = M s (A7)
tt+1 — . :

L+l pX
t

A.2 The oil firm

The Lagrangian for the oil firm’s problem is

L° = E, Z Mtgit+j{ZtO+jKtO+j71Pt?rj_ItOJrjRSrj—i_qtoJrj[(1_50>Kto+jfl+TO(ItO+jv K&jfl)_Kgrj]}a
§=0
(A.8)

where the Lagrangian multiplier ¢f is the shadow value of the capital (i.e., the Tobin’s ¢).

The first order condition with respect to I? is
Ptc = Qzeoq)IO(Ith Kgl)Kglv (A.9)

where ®¢ is the partial derivative of ®° with respect to IC.

The first order condition with respect to K¢ is

¢ = EtMStH {FI?(Zt(—)i—lﬂ KtO)Pg—l + %O+1[(1 —06%) + (I)IO(([tO-',-l’ KtO)KtO + (I)O<Ig-1a Kto)]} )
(A.10)

where F2(Z2.,, K;) = Z3,, and ®% is the partial derivative of ®° with respect to K.

A.3 The final goods firm

The first order condition of the final firm’s problem is given in equation (17).
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A.4 Intermediate goods firms

The Lagrangian for the intermediate goods firm’s problem is

c (s C C v P?S—j(z) ’ C
Etz ttﬂ t+J )Yt+]( i) = WH‘](Y;—H( i) — Pt+j§ PC—(Z) -1 Yt+J

t+ji—1
— P D)+ af (1= ) Ky + YOI, Ky ) — Kil)
(A.11)

where the Lagrangian multiplier ¢f is the shadow value of the capital (i.e., the Tobin’s ¢).

The first order condition with respect to IC is
PY = qi®F (IF (i), Ky (1)) K4 (3), (A.12)

where ®¢ is the partial derivative of ®¢ with respect to IC.

The first order condition with respect to K¢ is

EtMt 1
{FR(ZE0, KL (1) PS1G6) + gi [(1 = 6°) + 9% (16, (6), K¢ (D) K (i) + ‘Pc(ftcﬂ(i% K ()]},

(A.13)

where FZ(Z5,, KE (i) is the marginal productivity of capital and ®% is the partial

derivative of ®° with respect to K.

The first order condition with respect to P (i) is

PEG)\ ° 1 PEE\ T 1 P (i) 1
-0 (%) poree(B) @ ”(wPFl(i) ‘1> wPfl(z')]

pC C (i
t+1( i) Pt+1(l) .
+Mt t+1Pt+1Yt+119 ( PC( ) 1) f(PtC(i))z - O’

Py’
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where 9, is the marginal cost defined in equation (A.18).

In a symmetric equilibrium, equation (A.14) is rewritten as

c c R c yC
9 (7% - 1) T (1—e) + ey + IE, {Mﬁfl <@ - 1) min Y } . (A15)
s

7T 7r T YC¢

where wt ¥/ P is the real marginal cost and M, is the real SDF defined in equation
(A.6).

The first order condition of the cost minimization problem for a given level of output

YO (i) is
= —. A.16
(1—a—w)Ni(i) PP ( )
Minimized cost function for a given level of output Y,¢ (i) is

UYL (i) = (1-w)a 5 (1—a—w) " o (28) 5 (KC (i)™= (W) == (PO) 257 (Y2 (i) ==

(A.17)
Marginal cost function for a given level of output Y (i) is
. . o l—a—w o 3 W 1— a w B w
VYD) =V (V@) = a e (l—a—w) o (Z7) T (K2, (1) 1= (W) e (P2) = (VO (i)
(A.18)
A.5 Market clearing conditions
In equilibrium, all markets are clear. The aggregate oil resource constraint is
O + 0l =vP°. (A.19)
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In the symmetric equilibrium, the aggregate resource constraint of final consumption goods

9 (¢ 2
Ot+IS+JC=<1—§<Tt— ))Y;C, (A.20)

™

becomes

C _ pC/pC
where 77 = PF/PZ .
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