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Abstract

How does household heterogeneity affect the transmission of an energy price shock?

What are the implications for monetary policy? We develop a small, open-economy TANK
model that features labour and an energy import good as complementary production inputs
(Gas-TANK). Given such complementarities, higher energy prices reduce the labour share
of total income. Due to borrowing constraints, this translates into a drop in aggregate
demand. Higher price flexibility insures firm profits from adverse energy price shocks, further
depressing labour income and demand. We illustrate how the transmission of shocks in

a RANK versus a TANK depends on the degree of complementarity between energy and
labour in production and the degree of price rigidities. Optimal monetary policy is less
contractionary in a TANK and can even be expansionary when credit constraints are severe.
Finally, the contractionary effect of an energy price shock on demand cannot be generalised
to alternate supply shocks, as the specific nature of the supply shock affects how resources
are redistributed in the economy.
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1 Introduction

In early 2022, energy prices rose to historically high levels as Russia’s invasion of Ukraine increased the
risk of disruptions to the energy trade (Figure 1). From the standpoint of an energy importer such as the
UK or the EA, the developments in global energy prices represent a deterioration in the terms of trade.
This implies a contraction in income flowing to domestic production inputs, including labor income. If
households face limits in their access to financial markets, the contraction in income can translate into a
drop in aggregate demand. An energy price shock, typically modeled as a supply shock, can therefore
have a direct effect on aggregate demand.

The view that energy price shocks can have a demand-side impact is commonplace. Nevertheless,
existing theoretical models do not capture a direct effect of higher energy prices on aggregate demand.!-?
We posit two features that are crucial for this link. First, and in line with models that study the macroe-
conomic effects of energy price shocks, our small open-economy model features a constant elasticity
of substitution (CES) production technology with low elasticity of substitution between labor and im-
ported energy (Antras, 2004; Chrinko, 2008; Karabarbounis and Neiman, 2014; Cantore et al., 2015; Hyun
et al., 2022; Bachmann et al., 2022). The second key feature is household heterogeneity. We highlight the
demand-side effects of this supply shock in a two-agent New Keynesian (TANK) model where agents
differ in their sources of income and access to financial markets.> The model features two types of
households: constrained hand-to-mouth (HtM) or worker households, who consume only out of their labor
income and have no access to financial markets, and unconstrained households, who earn firm profits in
addition to labor income and have free access to financial markets.

We show that the impact of energy prices on aggregate demand depends critically on the elasticity
of substitution between production inputs and household heterogeneity. This is because the degree of
substitutability among production inputs determines the response of households’ income to the shock.
In particular, assuming production inputs are reasonably difficult to substitute, an increase in the price
of energy leads to a fall in the labour share of firms’ expenditures.* As households differ in their access
to borrowing and sources of income, a reduction in the labor share has a negative impact on aggregate
demand for two reasons. First, it implies a reduction in the flow of income accruing to domestic fac-
tors of production. Due to credit constraints faced by a share of households, this translates into lower
demand. Second, as constrained worker households rely more heavily on labor income, a lower labor
share implies a redistribution of income against agents with a high marginal propensity to consume,
which further depresses aggregate demand. This supply shock therefore has a self-correcting effect, as

the consequent contraction in aggregate demand dampens inflationary pressures. To our knowledge,

! Among policymakers, an increase in energy prices is thought to slow economic growth through lower real incomes (Lane,
2022; Tenreyro, 2022; Broadbent, 2022; Schnabel, 2022). There is also evidence that firms perceive energy price shocks as shocks to
demand (Lee and Ni, 2002). Hamilton (2008) shows that energy price shocks mainly affect the economy through a disruption in
consumers’ and firms’ spending on non-energy goods and services.

2Models that feature an aggregate demand channel attribute the contraction in economic activity to the monetary policy re-
sponse to higher inflation induced by the energy price shock (Medina and Soto, 2005). Blanchard and Gali (2007) show that real
distortions can interact with shocks, creating non-trivial tradeoffs for policymakers as the gap between natural and efficient out-
put is endogenous in response to supply shocks. Since there is no household heterogeneity and production is Cobb-Douglas,
increases in energy prices would lead to an expansion in economic activity. Subsequent work has shown that this gap is larger
when there is low substitutability between labor and energy in production Montoro (2012) and between energy and other goods
in consumption (Natal, 2012).

3To be precise, we use the term ”demand-side effects” to refer to the transmission of shocks via the dynamic IS equation in
our model. Supply shocks with demand-side effects can also be found in models with complementarities between consumption
goods and services (Corsetti et al., 2008) and complementarities among sectors (Guerrieri et al., 2022a; Cesa-Bianchi and Ferrero,
2021).

4Note that for Cobb-Douglas production technology (unitary elasticity of substitution), energy prices have no impact on the
labor share of total factor expenditure.



this is the first paper to study this transmission channel alongside its implications for optimal monetary
policy.

Compared to the representative household in a RANK (representative agent New Keynesian) model,
the constrained worker household will experience a stronger consumption response to the real income
squeeze following an energy price shock because of its inability to smooth consumption by borrowing.
The channels we highlight are absent in the standard RANK model, which assumes all households are
the same and that they can borrow to smooth consumption in the presence of adverse shocks.”®

The magnitude of this demand-side channel also depends on the degree of price rigidities, as the
aforementioned contraction in aggregate demand can be moderated by the behavior of markups. Given
price rigidities, an increase in energy prices reduces firms’ markups. This redistributes income in fa-
vor of constrained worker households, hence increasing aggregate demand. Instead, with higher price
flexibility, firms are able to pass the cost of the more expensive energy to the workers by raising prices.

Is the demand contraction following an increase in energy prices a common feature of supply distur-
bances? To the contrary, we show that an energy price shock is unique in how it redistributes resources
in the economy. Consider the dynamics following a productivity shock in our TANK model.” Both an
increase in energy prices and an adverse productivity shock raise firms” marginal costs, leading to an
increase in inflation. While the supply-side impact is the same, energy prices and productivity shocks
yield opposite effects on the demand side. An adverse productivity shock leads to a fall in markups, as
firms must hire more labor for the same amount of output. This increases constrained worker house-
holds” income, which boosts aggregate demand. However, an energy price shock in our model lowers
constrained worker households’ income and leads to a fall in economic activity.

An energy price shock also differs from a shock to markups. While both shocks depress aggregate
demand, the underlying cause differs. Higher markups imply an increase in the profit share relative
to the labor share of income. The redistribution of resources against the constrained worker house-
holds depresses aggregate demand. In the case of a markup shock, the drop in demand is therefore
fully explained by an uneven impact of the shock on households’ income, due to the unequal income
composition between constrained worker households and unconstrained firm-owning households. In
contrast, the demand effect following an energy price shock is largely explained by an unequal access
to international credit markets.

The open-economy dimension is therefore crucial for explaining the dynamics in response to an en-
ergy price shock.® As standard in the TANK literature, amplification in our model depends on the shock

5The model nests an open-economy RANK (representative agent New Keynesian) model, incorporating the usual channels
through which a terms of trade shock affects aggregate demand. On the one hand, an increase in energy prices expands economic
activity through a higher relative price of energy, which leads to substitution from imported energy towards domestic labor. On
the other hand, the endogenous monetary policy response to the inflationary pressure caused by the energy price shock contracts
economic activity. A terms of trade effect is also operative, as higher real interest rates lead to a fall in exports due to an exchange
rate appreciation. This interest rate channel captures the usual mechanism through which supply shocks depress economic activity
in an open-economy RANK model (Bernanke et al., 1997; Leduc and Sill, 2004; Miyamoto et al., 2023). In other words, an energy
price shock itself is not contractionary in a RANK model. However, energy price shocks do have a direct effect on aggregate
demand in an open-economy TANK model.

6 A sizable literature studies optimal monetary policy in two-country models with incomplete financial markets (Devereux and
Sutherland, 2008; Benigno, 2009; Rabitsch, 2012; Farhi and Werning, 2016; De Paoli, 2009; Fanelli, 2019; Senay and Sutherland,
2016; Corsetti et al., 2010, 2022). We consider optimal monetary policy in an open-economy model with heterogeneous agents
within countries.

7An energy price shock has also traditionally been modeled as a technology shock, or a shock that affects the productive
capacity of the economy (Bruno and Sachs (1985), see Kilian (2008) for references). Kilian (2008) notes that such approaches are
unable to explain large fluctuations in real output.

8 Alongside Chen et al. (2023); Motyovszki (2023); Camara (2022), this is one of the first open-economy TANK models in the
literature. The open-economy dimension of heterogenous agent models has been explored in Auclert et al. (2021); de Ferra et al.
(2020); Cugat (2019). See Pieroni (2022) for the transmission of an energy price shock in a closed economy HANK model and
Harrison et al. (2011) for the transmission channels of a permanent energy price shock in a RANK model.



affecting constrained households by more relative to the unconstrained households. However, in our
open-economy TANK model, the variable which captures the relative impact of the shock is the con-
sumption gap, defined as the difference between unconstrained and constrained household consump-
tion, rather than the income gap. These two variables differ since unconstrained worker households
can smooth consumption by borrowing from abroad. The cyclicality of the consumption gap therefore
determines the amplification of shocks in an open-economy TANK model.’

Next, we consider a normative question: what is the optimal response of monetary policy to an
energy price shock in our model and how does it depend on the degree of household heterogeneity?
In contrast to a RANK economy, energy price shocks in the TANK economy have both supply and
demand-side effects. On the one hand, higher energy prices place upward pressure on inflation, which
calls for a monetary policy tightening. On the other hand, it restricts aggregate demand, which instead
calls for a monetary loosening. In our baseline calibration, we find that in both the RANK and the
TANK models, optimal monetary policy is contractionary in order to counteract the inflationary effect
of the shock. However, in the TANK model, the negative impact of higher energy prices on aggregate
demand mitigates inflationary pressures. An energy price shock therefore has a weaker inflationary
effect, which requires a milder increase in the interest rate.!” Finally, we explore conditions under which
optimal policy may actually be expansionary in the presence of an adverse supply shock. We find that
this is true when the share of financially constrained worker households is sufficiently high.!!

To sharpen our results, the baseline scenario considers energy solely as a production input. We
therefore follow the conventional approach of modeling an energy price shock as a shock that constrains
productive capacity, yet we show that it still affects aggregate demand directly. Moreover, we find that
an energy price shock can be regressive even though we abstract from features that would suggest such
an effect. Specifically, we assume that both types of households are identical in labor supply and wages
received.!?

We also consider the other extreme, where energy is only a component of households” consump-
tion baskets. In this extension, and analogous to the baseline case, the effects of an energy price shock
are contingent on the elasticity of substitution between energy and domestically produced goods. Due
to complementarities, the higher cost of energy leads to a reduction in the share of domestic goods in
households’ spending. As less resources are devoted to the purchase of domestically produced goods,
households’ income falls. While unconstrained worker households can maintain their consumption lev-
els by borrowing from the foreign sector, constrained worker households must reduce their consump-
tion, causing inequality to rise and aggregate demand to decline. We find that the energy price shock
is still regressive, leading to a contraction in aggregate demand even when energy comprises an equal

proportion of both constrained and unconstrained worker households’ consumption baskets.!

9We also contribute to literature that studies the propagation of energy price shocks, in particular, the sizable impact such
shocks have on economic activity despite being a small share of production (Kim and Loungani, 1992; Finn, 2000). Gelain and
Lorusso (2022) provide evidence for a significant financial accelerator mechanism that amplifies the effects of an oil price shock
on the US economy.

10Recent work by Guerrieri et al. (2022b) and Caballero and Simsek (2022) also provides conditions under which optimal mon-
etary policy is less contractionary in response to supply shocks.

Higher price flexibility also warrants more expansionary policy. The demand effect of higher energy prices depends on the
evolution of firms” markups. If firms are able to increase prices to preserve markups, the costs of the energy price shock will be
passed to workers, who will experience a more severe reduction in their income. Assuming a higher degree of price flexibility,
constrained worker households experience a more pronounced drop in their income relative to unconstrained worker households,
as reflected by the income gap. This leads to a deeper contraction in aggregate demand, which warrants looser monetary policy
in the TANK model relative to its RANK counterpart.

12Kanzig (2021) shows that carbon taxation imposes a larger burden on low-income households, since they are disproportion-
ately employed in demand-sensitive sectors.

13Recent studies have noted the distributional impact of the energy price shock due to its effect on the consumption baskets



The main difference between the scenarios with energy in production versus consumption is the
impact of energy price shocks on markups and the speed of transmission to aggregate demand. When
energy is an input for firms, costlier energy transmits only gradually to the price of consumption goods,
resulting in a decrease in markups. Therefore, profits partially absorb the effects of costlier energy,
limiting the impact of the shock on the constrained worker households. However, when energy enters
directly into the consumption basket, markups no longer absorb the shock. The shock therefore affects
constrained worker households directly and to a greater degree, which exacerbates inequality.

FIGURE 1: UK Energy Prices and Inflation
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Notes: This panel shows the oil and gas spot prices for the UK, in £ per barrel and pence per therm, respectively. In mid-2022
the price of gas (blue line) had increased ten-fold, from an average of around 35 pence per therm before 2020 to a peak of
around 350 pence per therm. Around the same time, the Sterling oil price (red line) reached an all-time high of 100£ per barrel.
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Notes: A historical decomposition shows that these price increases have been a key driver of the high inflation rates that
materialized in the UK in 2022. Almost 4 percentage points of the UK’s 11% CPI inflation can directly be attributed to energy
prices (blue bars). While the energy price shocks of the 1970s contributed to inflation mainly via increases in petrol prices, the
shock of 2022 mainly contributed to inflation via an increase in utility prices.
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Notes: We show the UK'’s CPI inflation and Bank Rate series. It is worth noting that inflation in the 1970s reached peaks above
20%, more than twice the peak of 2022 /23, while the direct contribution of energy prices was broadly similar.

of heterogeneous households (Kuhn et al., 2021; Celasun et al., 2022; Bachmann et al., 2022; Battistini et al., 2022; Bhattarai et al.,
2023; Peersman and Wauters, 2022; Bettarelli et al., 2023). An increase in energy prices can affect households” purchasing power
through higher prices for energy products. Since poorer households spend a relatively large percentage of their income on energy,
they receive a larger hit in terms of inflation when energy prices increase.



1.1 Related Literature

Our paper contributes to a literature that studies the transmission of shocks in heterogeneous agent
models. The interaction of household heterogeneity with nominal rigidities can amplify the contrac-
tionary effect of TFP shocks on employment (Furlanetto and Seneca, 2012) and fiscal policy shocks on
output (Gali et al., 2007a). However, we show that an interaction between household heterogeneity and
production complementarity is crucial to generate the contractionary effect of an energy price shock
on output. Our assumption of a CES production function with labor and energy allows for changes in
energy prices to affect energy costs as a share of total income. More broadly, this paper builds on the
vast literature that studies the implications of household heterogeneity for macroeconomic dynamics
(Gali et al., 2007a; Bilbiie, 2008; Debortoli and Gali, 2017; Auclert et al., 2018; Kaplan and Violante, 2018;
Bilbiie, 2019; Acharya and Dogra, 2020; Bilbiie, 2020; Broer et al., 2020; Bilbiie and Ragot, 2021; Cantore
and Freund, 2021; Bilbiie et al., 2022). Challe et al. (2017) and Ravn and Sterk (2021) also show that a
supply shock can have effects on the demand-side, but through a precautionary savings motive.

In concurrent and independent work, a closely related paper is Auclert et al. (2023) which differs
from our approach primarily in its use of a HANK model instead of a TANK model. Although HANK
models can capture more realistic distributional effects and shock propagation, TANK models aim to
preserve tractability while matching the key features of HANK models.!* This tractability facilitates our
analysis of optimal monetary policy. Another key difference is that the two agents in our model differ in
access to credit as well as income type, which allows us to consider the unequal incidence of the energy
price shock on labor income versus profit income. As a result, the behavior and evolution of markups
is important in our model (in addition to the degree of complementarity between energy and labor in
production). We also show that in a TANK model, an energy price shock is unique among supply shocks
in terms of its impact on the demand-side, due to the way in which resources are redistributed between
constrained worker households and unconstrained households.

This paper also contributes to the growing literature that examines the macroeconomic implications
of the recent surge in imported energy prices. Cardani et al. (2022); Hansen et al. (2023); Blanchard and
Bernanke (2023); Gagliardone and Gertler (2023) decompose drivers of the large and persistent surge in
inflation, as many countries faced a mix of supply and demand shocks due to commodity prices, mon-
etary and fiscal policy, and constraints in goods and labor markets. Benigno and Eggertsson (2023) pro-
vide empirical evidence of significant nonlinearities and propose a New Keynesian model with search
and matching frictions and wage rigidity to explain the rise in inflation. Recent studies have considered
the welfare effects of the energy price shock. Del Canto et al. (2023) study the distributional conse-
quences of inflationary oil shocks and monetary expansions in the US. Sterk et al. (2023) consider the
positive and as normative implications of aggregate and sector-level shocks in a multi-sector New Key-
nesian model with non-homothetic preferences, and heterogeneity in income, wealth and consumption
baskets. Given the distributional effects of an energy price shock, a number of studies have examined the
role of fiscal policy. Motyovszki (2023) investigates the fiscal implications of an adverse terms-of-trade
shock. A robust result is an increasing debt-to-GDP ratio as real growth slows due to a loss of domestic

purchasing power and widening budget deficits, particularly if monetary policy tightens aggressively

4Heterogeneous-agent New Keynesian (HANK) models capture important distributional effects of macroeconomic policies,
generating more realistic impulse response functions than traditional macroeconomic models. They can provide insights into the
channels through which aggregate shocks propagate through the economy, which can inform the design of more effective policy
responses. However, their complexity makes it difficult to study optimal policy. In contrast, two-agent New Keynesian (TANK)
models offer a more analytically tractable framework that provides intuition for the underlying mechanisms at work. Recent
research by Debortoli and Gali (2017) has shown that TANK models can match the key features of HANK models and produce
consistent micro data and macroeconomic predictions (Bilbiie, 2008; Cantore and Freund, 2021).



and debt has short maturities. Kharroubi and Smets (2023) study optimal fiscal policy in response to
energy supply shocks in a model with household heterogeneity and non-homothetic preferences. Fi-
nally, Gornemann et al. (2022) study conditions under which supply constraints and energy shortages
can raise the risk of self-fulfilling fluctuations. The presence of high-MPC households in their model

warrants a more aggressive monetary policy response in order to guarantee equilibrium determinacy.

Roadmap The rest of this paper is structured as follows. In Section 2, we present our model with
an emphasis on the key features: household heterogeneity and product input complementarity. We
show how these features allow for demand-side effects of an energy price shock in Section 2.4. Section
3 presents the baseline calibration and impulse response functions, which illustrates the transmission
channels we discuss. We show how the magnitude of the various channels depend on the severity
of credit constraints, price rigidities and the degree of substitutability between production inputs. In
Section 4, we compare the dynamics of an energy price shock to alternate supply shocks. We consider
optimal monetary policy in Section 5. Section 6 explores an extension with energy as a consumption
good. Section 7 concludes the paper.

2 Baseline Model

We begin our discussion of the baseline model with a focus on two key model features: household

heterogeneity and imported energy as a complementary input to production.'®

2.1 Household Heterogeneity

Unconstrained Households A fraction (1 — w) of households are financially unconstrained (denoted by
u). They consume C,;, supply labor N,il,t to unions, trade in domestic (foreign) nominal riskless bonds
Bu,t (By ;), and receive profits from firm ownership DI VuF’ ;- Their lifetime utility is given by

00 1-
EoY B! Cpi” =1 X (Ny)' e '
= 1-0¢ 1+¢

Unconstrained households maximize their lifetime utility subject to their budget constraint
WINJ, + Ry_1By -1+ ER*B},_y + DIV, + DIVE = PiCyp + Buy + EBy + Tuy + PiTo, (2.1

where R;_;1 (R*) denotes the gross nominal rate of return on domestic (foreign) bonds, P; is the price of
the consumption good,'® & is the nominal exchange rate (in domestic relative to foreign currency terms),
DI Vf/ ; represents profits derived from firm ownership, DI VuL,t are profits transferred to the household
by labor unions and T),; are lump-sum transfers. 7, is a steady-state transfer from unconstrained to

constrained households. The unconstrained household’s consumption-savings Euler equation is

R
1=E; {Au,t,tﬂ Ht} , (2.2)
t+1

15Tn section 6, we consider the case where energy is solely a consumption input. The full model derivation can be found in
Appendix A.
16We assume that households’ consumption basket only consists of the domestically produced final output good.



where IT; = P;/P;_1, Ayt i1 = B(Cut/Curi1)” and the UIP condition is given by
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R A G 23

Constrained Households The remaining fraction w of households are financially constrained (denoted

by c) ‘hand-to-mouth” households. They only receive labor income, hence their consumption is
PiCet = WIN!, + DIVE, — Ty + PTe. (2.4)

The wage received by households W/ is determined as a function of a weighted average of uncon-
strained and constrained households” marginal rate of substitution. Furthermore, we assume firms

distribute labor demand equally among households, so that Nﬁ,t =N, ?t Aggregate consumption is

Ct = (1 — (.U)Cu,[ + a)CC,t. (25)
We define the consumption gap as the ratio between unconstrained and constrained consumption

l"t = Cu,t .
Cc,t

(2.6)

2.2 Production Input Complementarity

Final output production involves perfectly competitive final good packers and monopolistically com-
petitive final good producers.

Final good packers Final good packers operate in a competitive market and produce the aggregate

final good Z; by combining a continuum of varieties Z; (i) with measure one, Z; = ( fol (Z4(i)) % di) T
Optimization implies the following demand function for variety i, Z;(i) = (P;(i)/P:)” Z;, where P; =

1
(f01 (P (i) )1’€Zdi) "% is the price of the final composite good. It can be shown that P;Z; = fol Pi(i)Zs(i)di.

Final good producers A continuum of final output producing firms, indexed by i € [0,1], operate in
a monopolistically competitive environment. Hence, each firm produces a single-differentiated good
and operates as a monopoly in its own market. Firm i produces the final output variety Z;(i) using the
following CES production technology with imported energy (E(i)) and labor (N;(i)) as inputs

Pez—1

. 1 . 1 o Pez—1 4’82631
Zi(i)=¢f"" ((1 —ftez) 7= (N (7)) ¥+ (@ez) Vo= (Ef (1)) Vs ) , 2.7)
where ¢/ F? represents productivity and ¢, is the elasticity of substitution between energy and labor.
The firm purchases labour from a union, paying the nominal wage W; and it purchases energy from an

importer at the nominal domestic currency price PF.

Cost Minimization The final output producer’s factor demand schedules are given by

1 1

1 MCE ([ Z(i) \ 7= o 1 MCZ [ Z(i) \ %= pez—1
=(1-— ez ¢ TEP\ ez E_ ez t t TFP\ ez
We=(1=0e) 7 (Nt(i)> (1) P = () 7 (Ef(z’) () ™




where the Lagrange multiplier MCZ (i) is the (nominal) shadow cost of producing one more unit of final
output, i.e. the nominal marginal cost, and 77 = 74 sf\/lz is a shock to final output marginal costs that is

isomorphic to a price markup shock.

Price Setting Firms face price stickiness a la Calvo, resetting prices in every period with probability
(1 — ¢). A firm that is able to reset prices in period t chooses the price P that maximizes the sum of
discounted profits subject to the demand faced in ¢ + s

) P# —€z
]Et Z((’)Z)S{Au,t,tJrs(PthJrs\t - MCtZ+sZt+s|t)} s.t. Zt+s\t = (Pt:-s> Zt+s-
s=0

Profit maximization implies [E; E‘s’io(qbz)s{Au,t,tHZtH\t(Pf - MZMCtZﬁ“)} =0, where M; = ;“7 is the

desired final output price markup.

2.3 Remaining Features

Wage Stickiness As described in detail in Appendix (A.2), we incorporate wage stickiness following
Schmitt-Grohe and Uribe (2006). This gives rise to a standard wage inflation equation.

Imports Each energy import!” good that the final output good producer demands is supplied by a
perfectly competitive energy importer. Energy importers buy energy on the world market from foreign
energy exporters at foreign currency energy price PtE'* and sell it to domestic final output producers

pE = Qtpf’*. (2.8)

We define the real exchange rate Q; = &P/ / P and the real foreign and domestic energy price definition
ptE’* = PtE’* / P} and pf = P/ P;. We model the foreign currency energy price level pf’* as an exogenous

AR(1) process in which ef denotes an energy price shock process

= (Pfé*)lw (b)) e 29)

Exports The global demand schedule for the bundle of domestic non-energy exports X; depends on

18, pEXP —

the foreign currency price of domestic non-energy exports Py /&, relative to the world non-

energy export price, PX*, and the world trade volume Y{;

PEXP —¢*
Xt = K* ( I;X* ) Ys*s (210)
SS

¢* is the substitution elasticity between differentiated non-energy exports in the rest of the world.

Retailers Perfectly competitive retailers buy final output goods from the final output packers at price
Pt and convert them into domestic consumption goods and export goods.

17We abstract from non-energy imports.
18We assume that energy cannot be produced domestically and hence cannot be exported.



Monetary policy The central bank follows a Taylor rule that responds to deviations of (annual) infla-

tion'” and the output gap from their targets,

(1-6R)ery
1§

4 ~ _
Rt — Rl*GRRfil (I=[a> (Yt) (1 9R)9Y .

The output gap is defined as the ratio of employment to flexible price/ wage employment, Y; = N; / Ntf fex,

Shock Processes The model features three shocks: (i) a TFP shock 77/ ", (ii) a price markup shock 17tMZ

and (iii) an energy price shock nf

logef™" = preplogei’y —crepni ', yit* ~N(0,1)
logeM = pulogels —cannM, M ~N(0,1)
loger = Genyf, nE~N(0,1).

where p; and ¢;, i € {TFP, M, E} denote the degrees of persistence and the standard deviations of the
shock processes. We abstract from demand shocks, since the focus of our paper is on the transmission

of ‘supply” shocks and their ‘demand-side’ effects.

2.4 Log-linearised Model Summary
Introducing lower case variables with a hat superscript to refer to log-deviations from steady state, i.e.

%t = log(x¢/ xss), we can summarize the key equations of the log-linearised model as follows.

Household Demand The aggregate consumption Euler equation (2.11) features the consumption gap
4+. We will show below how energy shocks transmit via §4; and hence affect aggregate demand

. . . 1 . .
& = Eilbr] + EwAFra] = — (Pt — B [11]) (2.11)

Ft = Cup—Cct, Cr=wlcr+ (1 —w)lyy. (2.12)

The budget constraints (2.1) and (2.4) that pin down ¢, and ¢.; and hence the sources of income of

unconstrained and constrained households will be crucial determinants of ;.

Wage and Price Setting Nominal wage and price stickiness gives rise to standard wage and price
inflation equations (2.13) and (2.14). The log-linearised factor demand schedules are given by (2.15) and

(2.16). Note that the time varying price markup is the inverse of the marginal cost, i’ = —nic?.
. 1- 1- o . . N .
Ay o= (1= ¢wp)(1 — gu) (wi’ — wt) + BE; [nﬁl] , AN = — W+ (2.13)
(Pw
. 1- 1-— . .
YT 1= ¢=p)1—¢) (mctz) + BE¢ [Tt 4] (2.14)
¢=
mct = W+ & — " (wexbF — wezty) — ] T (2.15)
mef = pE+e =y (1 — o)ty — (1 — e)éF) — &P (2.16)

19Note that in the case in which energy does not enter the consumption basket, domestic final output price ‘core’ inflation is
equal to CPl inflation, IT{ = HEP 14 We will relax the assumption around energy entering the consumption basket in Section 6.
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Market Clearing and Monetary Policy Goods market clearing is given by equation (2.17) and implies
that final output Z; is split between domestic consumption and exports
_ Zss , Xss

b=t — =R, 2= 4+ (1 — o) + el (2.17)
CSS CSS

o

3
N 5 N N ~fl o o N N
Pr=0rP_1+ (1 —6R) ((9n/4)7'ctcpl’“ + 0y (A — n{ ex)) , ntcpl'“ =) ntcfjl, AP =4 (2.18)
j=0

where the log-deviation of exports from steady state is £; = ¢*§, as implied by Equation (2.10) and
domestic energy prices are pf = f)f* + §t. As outlined above, f)f* follows an exogenous AR(1) process
and the real exchange rate §; is pinned down by a UIP condition §; = E¢§; 1 — (7t — E¢7t;41). Monetary

policy sets the nominal interest rate #; and follows a Taylor rule.

Demand-side Effects of Energy Price Shocks Taking total employment 7i; as a measure of domestic
real activity and a proxy for value added output (GDP), we can use (2.11), (2.12), (2.15), (2.16) and (2.17)
to derive the following dynamic IS equation (see Appendix A.9.1 for details)

- N 1Css . . C . X .
e = Ei[fir] — =22 (7 — B [ia]) + 0o Ei[Afri] — S5 6 EiAria
0 Zss Zss ss
—estter (BiAPE,y — Bibdrgn ) + By [ae]EF . (2.19)

Solving this expression forward we obtain a dynamic IS curve that breaks down the channels through
which energy prices affect activity

X~ 1 Cs;s > ~ ~ Css . ~F A Xss % A ~TEP
he= _*Zi]Ef Y. (Peok = Apigsn) W Peztte: (Pt - wt) T qr & (2.20)
0 Lss — ss ss
k=0 —— ——
Demand effect from Intra-temporal substitution terms of trade (+)

Inter-temporal substitution (-) credit constraints (+/-) in production (+)

According to equation (2.20), economic activity 71; depends on the path of the real interest rate, the
consumption gap 4, the real price of energy pF relative to the real wage @; and on foreign demand for
the domestic good, which is determined by the real exchange rate §;. An increase in the consumption
gap ¥: in response to a shock reflects redistribution against the constrained workers. As constrained
agents have a higher marginal propensity to consume, such redistribution causes a drop in aggregate
demand that brings GDP down. The effect of the consumption gap on GDP is increasing in the share w
of constrained households.

The IS equation illustrates the channels through which an energy price shock affects economic activ-
ity. Since our model nests a RANK (w = 0), the channels present in a RANK are also present here. In a
RANK, energy prices operate through two different channels.

First, an increase in energy prices stimulates GDP through a higher price of energy pF relative to
wages W, which leads to substitution from imported energy towards the domestic labor input (intra-
temporal substitution effect).

Second, given the inflationary pressures derived from the shock, the central bank responds by tight-
ening monetary policy. The ensuing increase in the real rate contracts economic activity (inter-temporal
substitution effect) and leads to a fall in exports due to an exchange rate appreciation (terms of trade
effect). This interest rate channel captures the usual mechanism through which supply shocks depress
economic activity in an open-economy RANK model. In contrast to our open-economy TANK model,
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the energy shock itself is not contractionary in a standard open-economy RANK model. The economic
downturn in the RANK model is purely a result of the monetary policy response to inflation caused by
the energy shock.

A new channel for supply shocks is present in the TANK economy, as indicated by the term involv-
ing the consumption gap. This term captures a demand-side impact of the energy shock that operates
through an income effect. The sign of this demand-side effect depends on the response of the con-
sumption gap to the shock. Under reasonable calibrations (where inputs are largely complements), an
increase in the price of energy translates into a contraction in households” income, as more resources
must be devoted to the purchase of the energy input. Given financial constraints, demand by worker
households falls (as reflected by an increase in the consumption gap), leading to an economic recession.

Next, we discuss the aforementioned demand-side effect that emerge from credit constraints by an-
alyzing how the energy price shock affects the consumption gap.

The Consumption Gap Letting INC,,; and INC,; denote unconstrained and constrained households’
current income, and using the budget constraints (2.4) and (2.1), we can decompose the consumption
gap into an income gap I'"® = INC,,+/ INC; and into a foreign borrowing component®’

&(R* —1)BS, | — EAB;,
INC,, '

I} =Tie 4 (2.21)
Equation (2.21) illustrates how an energy price shock affects the consumption gap through a differential
impact on constrained and unconstrained households consumption. An unequal consumption response
can have two sources. One source is through changes in the income gap, which reflects the different
impact of the shock on current income (due to differences in income composition). The other source is
access to borrowing (reflected in changes in foreign bond holdings AB;, ;), which allows unconstrained
households to insure their consumption from income fluctuations following an energy price shock.

Let’s consider how these two components of the consumption gap are determined. From the econ-
omy’s budget constraint, we know that the evolution of foreign bonds depends on the balance of trade.
Therefore, the consumption gap can be rewritten as

1 TB
1—wINC.,’

I =Tine — (2.22)

where TB; = PXX; — PFE7 is the trade balance. Using the definitions of unconstrained and constrained
total income, the above expression can be written as follows

1 MZ—-1 1 1 PXX; or; oT;
=1 t — 1 , 0, —=<0 2.23
S i S p— (ay INCC,t) aMZ " gEN T (2.23)
Income gap Borrowing

where Mtz =P/ MCtZ is firms” average markup, E‘,g\] = WiN;/ (W N; + PtE E7) is the labor share in firms’
total expenditure. Equation (2.23) indicates that the effect of a change in energy prices on the con-
sumption gap (and hence, on aggregate demand) is determined by the impact of the shock on two key
variables, firms’ markups M? and the labor share EN.

The income gap (and hence, the consumption gap) depends positively on firms” markups, since an

20The expression for the consumption gap takes into account that domestic bonds must equal zero in equilibrium.
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increase in the markup redistributes resources towards the unconstrained firm owners. The income gap
also increases in response to a reduction of the labor share in total factor expenditure, since a reduction
in the labor share redistributes resources against the constrained workers and towards the import of
energy. A reduction in the labor share also increases the consumption gap due to unconstrained house-
holds” ability to insure their consumption by borrowing. The reduction in the labor share reflects an
increase in the resources devoted to imported energy (an increase in the energy share), which must be
financed via an increase in foreign debt. Borrowing from the foreign sector is used by unconstrained
households to finance their consumption, hence increasing the consumption gap.

Finally, to understand how the energy price shock affects firms’ average markup and the labor share,

notice that these two objects are linked to the price of energy according to the following expressions?®!
TFP z
P d
ME = Gt — aj\;é <0 (2.24)
1-— ez 1- ez —Yez
((1—0‘62)Wt i +atez (PF) i )1 ! t
EN 1-te 7 =N
—~N Nez Pt 8.:.t
gy o= |1 — , <0. 2.25
t ( +1—0éez (Wt> ) oPF (2.25)

Notice from (2.24) that, given price rigidities, an increase in energy prices (PF) reduces firms’ markups.
This implies a redistribution of income in favor of workers, reflected in an reduction of the consumption
gap (equation (2.23)). This boosts aggregate demand, and hence, activity (equation (2.20)).

Equation (2.25) shows that the impact of higher energy prices on the labor share crucially depends on
the elasticity of substitution between energy and labor (¢,,). In the case of a Cobb-Douglas production
technology (ip; = 1) we have ZN = 1 — a,,, implying that the price of energy has no impact on the labor
share. If the elasticity of substitution is larger than one (1., > 1), higher energy prices increase the labor
share. The reason is that costlier energy triggers a strong substitution from energy towards labor. The
resulting redistribution of income in favor of workers is reflected in a reduction in the consumption gap,
which boosts aggregate demand and activity. Alternatively, if energy cannot easily be substituted for by
labor (1., < 1), an increase in energy prices reduces the labor share. The shock therefore redistributes
against the constrained workers, increases the consumption gap and depresses economic activity.

In the next section, we cite empirical evidence that finds low substitutability between labor and
energy. In this scenario, we should expect that an increase in energy prices will reduce both the labor
share and firms markups (i.e., the profit share). The relative impact of the shock on these two objects
will determine whether the constrained workers of firm owners are mostly affected, and hence, the size
of the demand-side effect of the energy price shock.

3 Dynamic Responses under a Taylor Rule

Parameterization We list the calibration for key model parameters in Table 1. To stay close to the
literature, we calibrate our model using some common parameterizations. We assume a discount factor,
B, of 0.9994. The elasticities of substitution across goods varieties (€;) and across worker types (€;) are
both set to 11, which implies a markup of 10% in steady state. We assume goods prices and wages are
adjusted with Calvo parameters ¢, = 0.66 and ¢, = 0.92. We set the response to inflation (6;) and slack
(6y) in the Taylor rule to 1.5 and 0.125, respectively. The interest rate smoothing parameter () is set to

2IThe expression for the labor share is obtained using firms’ demand functions for energy and labor.
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0.9. The productivity process parameters are set to prrp = 0.93 and ¢rrp = 0.07. The energy price shock
has persistence pr = 0.8 and ¢ = 1. In the experiments below, we will look at the case of an increase
of energy prices by 100% on impact. The markup shock has persistence px, = 0.9 and g ¢, = 0.1. The
population share of constrained worker households (w) is set to 0.25.

TABLE 1: PARAMETER VALUES

Parameter Definition Value Source/Target

Households

B Household discount factor 0.9994 Annual net nominal rate 75 ~ 2.25%
o Household risk aversion 1.0000 Literature

X Utility weight of labour 1.4102 Les=1

[ Inverse Frisch elasticity 2 Literature

w Share of constrained households 0.2500 Literature

Labour Unions

€w Elasticity of substitution for labour 11.0000 10 % gross wage marku

Pw Calvo wage adjustment 0.9200 Schmitt-Grohe and Uribe (2006)
Firms

Koy Energy share in production 0.05 5 % energy share in production

[ CES degree btw energy and labour in production 0.15 UK estimates

€; Elasticity of substitution for goods 11.0000 10 % gross final goods markup

¢- Calvo price adjustment 0.6600 Avg lifetime of prices 3Q

Monetary Policy

O Interest rate sensitivity to inflation 1.5000 Literature

Oy Interest rate sensitivity to output 0.1250 Literature

Or Interest rate smoothing 0.9000 Literature

1 Inflation target 1.0050 2% Target

World Trade

K* Foreign preference for domestic exports 0.2632 export share X/ Zs=0.25

¢* Price elasticity of world demand for dom. exports ~ 0.35

Shock Processes

OTFP Persistence of TFP shock 0.93 Fernald 2014

PM; Persistence of price markup shock 0.9

143 Persistence of global energy price shock 0.8 Fall of energy price by 50% after 4Q
GTEP Standard deviation of TFP shock 0.07 Fernald 2014

SM; Standard deviation of price markup shock 0.1

CE Standard deviation of global energy price shock 1 10 st.dev. shock leads to 100% increase on impact

We limit our discussion to the following key parameters: the elasticity of substitution between energy
and labor in production (¢, = 0.15) and the steady state share of energy in production (., = 0.05).2?
There are a wide range of estimates for the elasticity of substitution between production inputs in the
literature. Higher estimates, such as those provided by Bodenstein et al. (2012) (0.42) are motivated
by estimates of the short-run price elasticity of oil demand from structural econometric models. Natal
(2012) sets this parameter to 0.3, while Plante (2014) suggests a calibration of 0.25 so that the own price
elasticity of oil is approximately -0.25. Montoro (2012) sets the value of the elasticity of substitution
between oil and labor at 0.2, equal to the average value reported by Hamilton (2009). On the low end of
estimates is Adjemian and Darracq Paries (2008) and Backus and Crucini (2000), at 0.09. However, their
production function is Cobb-Douglas in labor and a capital services-energy mix, where the latter is com-
bined via CES. Finally, Stevens (2015) suggests an elasticity of substitution between oil and value-added
of 0.03, where value-added is a Cobb-Douglas function with labor and capital inputs. This parameter
is equivalent to the short-run oil demand elasticity and is chosen to be consistent with reduced-form
evidence on the slope of the oil demand curve that lie between 0 and 0.11. Between the extreme cases
of zero and infinite substitutability, the effects of an energy price shock on macroeconomic aggregates
also depends on the share of energy in production. The share of energy in production ranges from 2%
in Natal (2012) for the US, 4% in Bachmann et al. (2022) for Germany, and 5% in Stevens (2015).

2In section 6 we will introduce an extension of the model in which we allow for energy in the consumption basket. For
simplicity, we will chose the same energy share and the same degree of substitutability as discussed here, a.c = 0.05 and .. = 0.15.
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Energy Price Shock IRFs In Figure 2, we show the response to an increase in energy prices in the
baseline model outlined above. In the RANK economy (red lines), an energy price shock places upward

pressure on production costs, leading to a surge in inflation.
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FIGURE 2: Dynamic Responses to a Global Energy Price Shock: Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank follows a Taylor
rule. The blue (red) lines depict the TANK (RANK) case. Energy enters only in the firm’s production function. Full set in Figure B.2.

The central bank responds by tightening monetary policy, which induces a contraction in activity.
Relative to the RANK, the TANK economy (blue lines) experiences a deeper contraction. Moreover,
while the recession in the RANK originates from the contractionary policy implemented by the central
bank, in the TANK it is driven, to a considerable degree, by the direct impact of higher energy prices on
aggregate demand. Since production inputs are complementary in the TANK economy, higher energy
prices reduce the labor share of total income, implying a drop in labor earnings. Given borrowing
constraints for worker households, this translates into a fall in aggregate demand. The employment
decomposition in Figure 2 shows how much the fall in demand as a result of credit frictions contributes
to the contraction in employment in the TANK economy.”> Due to the adverse effect of the energy
price shock on demand, monetary policy in the TANK is looser. A more accommodative monetary
policy limits the decline in employment in the TANK economy compared to the RANK economy. In
the TANK, the more accommodative monetary policy counteracts the contractionary impact of energy
prices resulting from credit constraints. If simulations were conditioned on the RANK-implied policy
path of the real interest rate, the TANK economy would experience a deeper contraction in employment
compared to the RANK economy:.

In the second row and second column panel of Figure 2 we show the dynamics of the consumption
gap and its drivers (see equation (2.23)). The consumption gap fluctuates due to households’ unequal

income composition (green square line) and unequal access to credit (pink triangle line). While con-

2Equation 2.20 presents a decomposition for hours worked. The light blue dashed line represents the variation in hours worked
due to the demand effect from credit constraints (§;-term in equation 2.20).
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sumption of constrained HtM households largely falls due to the drop in their income, unconstrained
firm owner households are able to insure their consumption by borrowing from the external sector. The
unequal access to borrowing (pink triangle line) explains the increase in the consumption gap. Initially,
a drop in firms” markups (due to costlier energy) results in a negative income gap, which limits the
increase in the consumption gap. Over time, as firms pass the costs of the shock to constrained HtM

households through an increase in prices, markups recover and the income gap goes up as well, further
raising the gap in consumption.

Role of complementarities Figure 3 illustrates the effects of the energy price shock under a higher
degree of substitutability between labor and energy in production (Cobb-Douglas, ¢, = 1).

FIGURE 3: Dynamic Responses to a Global Energy Price Shock: Cobb-Douglas instead of CES Production Function
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank follows a Taylor
rule. The blue (red) lines depict the TANK (RANK) case. Energy enters only the production function. Full set in Figure B.16.

The increase in the price of energy imports imply a fall in the relative price of labor, which now leads
to greater degree of substitution towards labor. The labor demand schedule shifts upwards and employ-
ment increases. For ¢, = 1, higher employment fully compensates for the lower relative wage, leaving
the labor share constant. While the labor share remains constant, firms’ markups experience a reduc-
tion due to higher marginal costs. Redistribution in favor of constrained HtM households, reflected in a
reduction of the consumption gap, boosts aggregate demand. Given the positive effect of the shock on
demand, the TANK economy experiences a milder recession relative to its RANK counterpart.

Higher share of constrained households Figure 4 illustrates the effects of the energy price shock when
we assume a larger share of constrained households. Given more severe borrowing constraints, con-
sumption becomes more responsive to the drop in households’ income. It follows that the increase in

energy prices induces a stronger fall in aggregate demand, leading to a deeper recession than in the
baseline case (Figure 2).
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FIGURE 4: Dynamic Responses to a Global Energy Price Shock: Higher Share of Constrained Households
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank follows a Taylor
rule. The blue (red) lines depict the TANK (RANK) case. Energy enters only the production function.

4 The Demand-side Effects of Alternate Supply Shocks

Can the economic effects of an energy price shock be appropriately proxied with a TFP shock, since both
shocks constrain supply? In this section, we explore whether the demand contraction that follows a rise
in energy prices is a common feature of supply disturbances.

TFP Shock IRFs Equations (2.23) to (2.25) are used to analyze the demand-side effect of a disturbance
to firms’ TFP. With lower productivity firms must hire more labor to produce each unit of the good. This
implies lower markups for the final output firm (equation 2.24) and an increase in labour income, out
of which constrained hand-to-mouth households have a high propensity to consume. It follows that the
consumption gap falls and GDP increases (equation 2.20). The IRFs to an adverse TFP shock in Figure 5
illustrate this intuition. Similar to the energy price shock, the TFP shock leads to higher marginal costs,
which places upward pressure on inflation. The response of the central bank to higher inflation leads to
a drop in output. While both energy and TFP shocks generate similar supply-side effects, this is not the
case for the demand-side effect. Lower TFP implies that more labor is required to produce each unit of the
good, which explains the observed increase in employment. Workers” income thus increases, boosting
aggregate demand. As a consequence, the TANK economy (blue lines) features a milder contraction in
consumption and output relative to the RANK economy (red lines). Energy and TFP shocks therefore
diverge in terms of their impact on demand. Whereas the former reduces workers” income, the latter
increases it, leading to a different profile for aggregate demand. We conclude that no generalization can
be made about the effects of supply shocks on aggregate demand, as the nature of the shock crucially
affects the way in which resources are redistributed in the economy.
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FIGURE 5: Dynamic Responses to a TFP Shock: Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 7% drop in TFP. The central bank follows a Taylor rule. The blue (red) lines depict the
TANK (RANK) case.

Markup Shock IRFs Another supply disturbance frequently considered in the literature is a shock to
the desired firm markup. In Figure 6 we show that a higher desired markup pushes inflation up, which
the central bank responds to by raising the policy rate. Thus, on the supply side, the shock transmits in
a similar manner to the energy and TFP disturbances. On the demand-side, higher markups imply an
increase in the profit share relative to the labor share of income. The redistribution of resources against
the constrained hand-to-mouth households, as captured by a rise in the consumption gap, depresses
aggregate demand. This explains the deeper fall in output (proxied for by hours worked) experienced
in the TANK model (blue line) relative to the RANK model (red line). Like the energy shock, a markup
shock raises the consumption gap, hence depressing aggregate demand. However, in the case of a
markup shock, the rise in the consumption gap is fully explained by the income gap, which goes up due
to the unequal income composition between constrained hand-to-mouth households and unconstrained
firm owning households. Instead, with the energy shock, the rise in the consumption gap is largely
explained by an unequal access to international credit markets.

Role of Foreign Borrowing Notice that, apart from the shock to energy prices, foreign borrowing has
a minor role in explaining the consumption gap after a supply disturbance. The relevance of borrowing
in the case of an energy price shock is due to the impact of energy prices on the trade balance, relative
to workers income (equations 2.22 to 2.25). As energy prices adversely affect the trade balance, foreign
borrowing increases (equation 2.21). The increased availability of foreign borrowing is employed by the

unconstrained individuals to fund their consumption, consequently increasing the consumption gap.
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FIGURE 6: Dynamic Responses to a Price Markup Shock: Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to an inflationary price markup shock. The central bank follows a Taylor rule. The blue
(red) lines depict the TANK (RANK) case. In the second panel of the third row we show the responses for the ‘effective’ final output price markup,
fir = —(mcZ — 8M). A positive markup shock thus increases firms desired markups and hence the actual “effective’ markup.

5 Optimal Monetary Policy

To compute the Ramsey-optimal policy, we assume a utilitarian central bank that attaches equal weights
to the utility of all households, maximising households’ lifetime utility subject to the non-linear system
of equations that describe private agents” optimality conditions. Figure 7 presents the IRFs under the
Ramsey policy. We compare the optimal policy in the TANK (blue lines) versus the RANK model (red
lines). The figure shows that although optimal policy leads to very similar paths for inflation and em-
ployment in the two economies, the implementation is different. In both cases, the policymaker imple-
ments contractionary policy in order to counteract the inflationary effect of the shock. However, the
optimal increase in the path of the real interest rate is milder in the TANK than in the RANK. This is ex-
plained by the direct contractionary effect of higher energy prices on households” income. In the TANK,
the lower income translates into lower aggregate demand, which contains the inflationary pressures of
the shock. Hence, a less aggressive tightening of policy is optimal.

The response of the nominal interest rate on impact is stronger in the TANK than in the RANK. The
nominal rate in the Ramsey-optimal TANK case is then lowered more aggressively below the steady
state level of 2.25%. The policy maker in the TANK Ramsey case is thus more activist than in the RANK
Ramsey case. The forceful increase in the nominal interest rate on impact counteracts the expansion-
ary effect on current consumption of a looser policy implemented further out. The stronger aggregate
demand effects in the TANK model amplifies this activist pattern.

A key difference between the Taylor-rule IRFs of Figure 2 and the Ramsey-optimal IRFs of Figure 7
is the response of wage inflation. Under the Taylor rule, wage inflation falls below the steady state of
2%?%* initially, but then increases from 1.8 % to around 2.3%. Under Ramsey-policy, wage inflation is

24We abstract from productivity growth in our steady state, so wages and prices both grow at 2% p.a. in the steady state.
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almost perfectly stabilized. The reason for this improved stabilization of wage inflation is that under
Ramsey-optimal policy, the response of the wage markup is more muted because the response of the
marginal rate of substitution between consumption and leisure is closer to the real wage, compared to
the Taylor-policy case. Under both RANK and TANK, Ramsey-policy achieves a substantial mitigation
in the fall of hours worked and consumption. Being more accommodative under Ramsey thus cushions
the fall in the MRS without affecting much the fall in the real wage w;.”

FIGURE 7: Dynamic Responses to a Global Energy Price Shock: Ramsey-policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank implements
Ramsey-optimal policy. The blue (red) lines depict the TANK (RANK) case. Full set in Figure B.3.

Role of Price Stickiness As stressed earlier, the demand effect of higher energy prices depends on the
evolution of firms” markups. If inflation remains contained in spite of the costlier energy input, firms
largely absorb the costs of the shock. This would be reflected in a reduction in markups. Conversely,
if prices go up strongly to preserve markups, firms can pass the costs of the shock to workers, who
will experience a more severe reduction in their income. The degree to which prices react to the shock
thus determines who takes the hit, and hence, its impact on aggregate demand. In Figure 8 we explore a
scenario where firms raise prices more aggressively in response to the costlier energy input in an attempt
to preserve profits. We repeat the optimal policy exercise assuming a higher degree of price flexibility,
setting the Calvo pricing parameter to ¢, = 0.33. A comparison between Figure 8 and Figure 7 illustrates
that when firms react to an energy price shock by raising prices strongly, constrained HtM households
experience a more severe drop in their income relative to unconstrained households, as reflected by the
income gap. Since the constrained households are more severely affected, there is a deeper contraction
in aggregate demand. As a consequence, optimal monetary policy in the TANK model is now much
looser relative to its RANK counterpart.

ZRefer to Appendix, Section A.10 for more details.
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FIGURE 8: Dynamic Responses to a Global Energy Price Shock: Ramsey-policy with Higher Price Flexibility

Global Energy Price CPI Inflation Wage Inflation Output Gap
100 6
2.04 !
wn 75
z 4
£ 2 2202 .
c %0 E 205
H g g
< 2
= 25 \/“" 2 \/
0 0 1.98 0
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
Hours worked Consumption Gap Nominal Interest Rate Real Interest Rate
0 -—— 10 1
v - = —————— Consumption gap 4 i~
P e ——8—— Income gap T
@ ——<¢—— Borrowing 3 . '
g . e zost \/ S
< -0.5 a e e I~ .
£ E]
= o | i‘\/
ol !
B 0 1
0 4 8 12 16 20 0 4 8 12 16 20 0 0 4 8 12 16 20
Non-energy Consumption Z Markup Z Price Inflation Real Wage w
% 0 6 0
% % -0.5 .
e haln | g
2 g
4 : 2
- ———s—— Unconstr -1.
———o6—— Constr
-6 -2 0

-4
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
TANK Ramsey (HtM share=0.25, Firm-CES=0.15, a,,=0.05, HH-CES=0.15, a.=0, ¢.,=0.33, ¢,=0.92, ¢*=0.35)
————— RANK Ramsey (HtM share=0.00, Firm-CES=0.15, a,.=0.05, HH-CES=0.15, ate,=0, ¢,=0.33, ¢,=0.92, ¢*=0.35)

Notes: This figure shows the IRFs to a 100% increase in the foreign currency price of energy. The central bank implements Ramsey-optimal policy.
The blue (red) lines depict the TANK (RANK) case. Energy enters only in the firm’s production function. Full set of IRFs in Figure B.13.

Role of Credit Constraints Next, we explore whether optimal policy may actually be expansionary in
response to an adverse supply shock. We can expect that as the contractionary effect of the shock on
demand strengthens, it should be optimal for the policymaker to loosen policy. For this exercise, we
introduce a measure for the monetary policy stance, which indicates whether policy is contractionary or
expansionary. From (2.2) we know that the demand of unconstrained households, whose consumption
responds to interest rates, is determined by the expected and cumulated path of the real interest rate,
rather than the current spot real rate. Therefore, we define the policy stance as

o0

sh=0""Er Y (P — pakin)- (5.1)

k=0

Figure 9 presents the IRFs for the policy stance over an increasingly larger share of constrained agents,
which allows the energy price shock to yield a correspondingly larger fall in households’ consumption.
The left panel in the chart depicts the case of Ramsey-optimal policy, the right panel depicts the case of a
Taylor rule. In the RANK model, Ramsey-optimal monetary policy remains contractionary throughout
the period of higher energy prices in order to counteract inflation. Meanwhile, in the TANK, optimal
policy under a HtM weight of w = 0.25 is less contractionary. Under a higher share of constrained HtM

agents, w = 0.5, the optimal policy stance can even be accomodative, as can be seen in the circled blue
line in the left panel in Figure 9.
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FIGURE 9: Dynamic Responses to a Global Energy Price Shock: Policy with Stronger Credit Constraints
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6 Extension: Energy as a Consumption Good

In this section, we extend our model to incorporate imported energy as a component of households’
consumption baskets. To be precise, assume now that unconstrained and constrained households’ con-
sumption is respectively given by the following CES aggregators

Yec
l/Jec*l 1 Yec—1\ Pec—1

CESjy = (1) e (Cy) W +af () Vj € {u,c}

where C, ; is consumption of the domestically produced good for unconstrained households, Eﬁ,t is en-
ergy consumption for unconstrained households, and «.. denotes the share of energy in households’
expenditure. The analogous variables with subscript ¢ denote the counterparts for constrained house-
holds. Parameter 1, is the elasticity of substitution between the domestic good and energy.

Dynamic IS Equation Analogous to the case in which energy only enters the firm’s production func-
tion, we can derive a dynamic IS equation for employment 7;, a proxy for ‘aggregate demand’, broken
down by channels

e}
PO 1 Csle N ~CPI Css ~ ~FE N Xss % A
iy =—— -l Yo Pk — i L ‘H/’ez pr — Wi +7Z Gt
0 Lss — ss Kez ss
k=0 4 N
e Demand effect from Intra-temporal substitution terms of
Inter—temporal substitution (') credit constraints (+/-) in production (+) trade (+)
sTFP Cos , pE
— & FlecPec 5 (6.1)
ZSS
A —

Intra-temporal substitution
in consumption (+)
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Note that CPI inflation is a function of final output price inflation 7; and of energy price inflation

ACPT = 7t + e APE. In section 2, in which energy only entered the firm’s production function, we had

e = 0 so that CPI inflation was equal to final output price inflation ﬁfp I

= 7;. We can see from equation
6.1 that if energy also enters in the consumption basket, there is an additional channel through which en-
ergy affects aggregate demand: the intra-temporal substitution in consumption. Since the energy good
became more expensive in real terms, the household would substitute towards the relatively cheaper
domestically produced non-energy good, which would increase demand and hence increase employ-
ment. However, this channel is quantitatively not very relevant due to the low degree of substitutability
and the low energy weight in consumption.

Moreover, since energy now directly enters the consumption basket, an increase in energy prices will
directly affect CPI inflation and trigger a corresponding policy response. Energy in the consumption
basket thus amplifies the role of the policy-related ‘intra-temporal substitution” channel.

Next, we discuss how energy shocks affect the consumption gap 4+ = log(T;/T') in this extension.

The Consumption Gap With energy entering the consumption basket, the consumption gap (the ratio
of the unconstrained household consumption bundle relative to the constrained household consump-

tion bundle) is given by

r, = CESut _ 1 Mf-1) tby 62)
~ CES,; (1-w) &N (1 - w)p$PICES,: '
Income gap Borrowing

With energy only in the consumption basket, the consumption gap depends positively on firms’ average
markups (M?#) and positively on the CPI (and hence positively on the price of energy pF). We can shed
further light on the dependence of the consumption gap on markups and energy prices by deriving a

log-linear expression for equation (6.2)%°
. 1 . . .
My = 7= (MIMAF + M (M =1) (1= yes) (pF —01) ) + (6.3)
Income gap
B “E . M —~ . . C A
1 —1w (1 —ez) (Pf - wt) R (BZ (cess — £+) + Bsfif + By <1 - ZV’EC) Pf)r

Borrowing

where we introduced the auxiliary terms M; > 1, M, > 0,B1 > 0,8y > 0,B3 < 0,B4 > 0.2 In order to
focus on the effects of energy in the consumption basket, we assume that energy does not enter the
production function so that ., =0 and My = B; =0.

Effect of Increase in Markup An increase in the final output firm’s markup increases the consumption
gap (99+/9fi7 > 0). Note, however, that if energy only enters in the consumption basked then the
price of energy would have no direct effect on markups (9717 /9pF = 0). This is a key difference relative
to the model with energy as a production input (equation 2.24). In that case, the higher price of energy

26Refer to the Appendix, Equation (A.69), for a detailed derivation.
My = U S, My= = Mi-1>0and By =M (1+M(%E-1)) >0, B= ML >0, By=
My (52— 1) <0, By=M; % > 0 Note that CES/Z = (1-X/Z)=0.75 in our calibration.

ZNote that 99; /017 = MM, /(1 — w) (CES/Z) > 0.

23



gradually passed through to the price of the consumption good. Therefore, firms would partially absorb
the impact of the costlier energy through a fall in markups. However, with energy in the consumption
basket, energy prices instantaneously pass through to the price of the consumption good. Without a
fall in markups to absorb the shock, constrained HtM households are more strongly affected by higher

energy prices.

Effect of Increase in Energy Price An increase in energy prices will increase the consumption gap
(34+/9pF > 0) as long as the substitutability between energy and non-energy in consumption is low
enough, .. < Z/ C.2 The intuition is that the share of domestic goods in households’ expenditure
responds to changes in the price of energy, and the direction of this response depends on the elasticity
of substitution between the domestic good and energy (1..).

With a low elasticity of substitution, less resources are spent on the purchase of domestic prod-
ucts following an increase in energy prices, hence households” income drops. While the unconstrained
households are able to maintain their consumption levels by borrowing from the foreign sector, the con-
strained workers must cut demand. The consumption gap therefore increases and aggregate demand
falls. If the elasticity of substitution is very large, the opposite is true, and higher energy prices reduce
the consumption gap and boost demand. Notice that changes in the relative price of energy (pF) do not
affect the income gap. They affect the consumption gap only because households have unequal access
to credit (i.e., through the borrowing term in equation (6.2)).

Impulse Response Functions The IRFs in Figure 10 show the response to an energy price shock when
energy is a component of households’ consumption basket. Two additional parameters are needed
relative to the baseline model calibration in Table 1: the proportion of energy in the consumption basket
of households «,. = 0.05 and ¢, = 0.15.

Households react to costlier energy by substituting it with the domestically produced good. How-
ever, given a low elasticity of substitution, the share of the domestically produced good in total house-
holds” expenditure decreases. Consequently, domestic households’ income falls. This leads to a decline
in constrained agents’ consumption, resulting in a larger consumption gap and lower aggregate de-
mand. As a result, the TANK economy experiences a more severe contraction than the RANK economy.

Compared to the scenario where energy is only a production input, there is a larger impact on in-
equality, as we can see by the greater increase in the consumption gap in Figure 10. This is due to
the income gap, which now goes up. The different evolution of the income gap relative to the case
where energy is used as an input follows from the different response of firms” markups. With energy
as an input for firms, production costs would go up due to the costlier energy. Due to price rigidities,
markups would fall, partially absorbing the shock. With energy entering directly in households’ con-
sumption basket, markups do not attenuate the impact of the shock on inequality. Moreover, markups
now increase. This is explained by the behavior of wages, which decrease as a consequence of a weaker
economy.

In summary, this exercise demonstrates that the transmission of an energy price shock is similar
when energy enters firms’ production function and households’ consumption basket. However, the
key difference lies in the impact on inequality, as the income gap increases by more when energy is a
consumption good rather than a production input.

The threshold Z/C =1/(1 — 0.25) = 1.333 in our calibration.
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FIGURE 10: Dynamic Responses to a Global Energy Price Shock: Energy only as a Consumption Good
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TANK Taylor (HtM share=0.25, Firm-CES=0.15, a,..=0, HH-CES=0.15, a.=0.05, ¢.=0.66, ¢,,=0.92, ¢*=0.35)
————— RANK Taylor (HtM share=0.00, Firm-CES=0.15, a.,=0, HH-CES=0.15, a(=0.05, ¢,=0.66, ¢,,=0.92, ¢*=0.35)

Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank follows a Taylor
rule. The blue (red) lines depict the TANK (RANK) case. Energy enters only the consumption basket. Full set in Figure B.5.

7 Conclusion

We build an open economy model with household heterogeneity and strong complementarity between
energy and labor to highlight the demand-side effects of an energy price shock. We show that an energy
price shock has different effects on households, depending on their sources of income and borrowing
constraints. An energy price shock leads to a fall the labor share of total factor expenditures, reduc-
ing the flow of income accruing to domestic inputs, which depresses aggregate demand. The fall in
aggregate demand is stronger in the two-agent model (TANK), compared to the representative agent
model (RANK). The demand-side effect of an energy price shock in our model implies that Ramsey-
optimal monetary policy is less contractionary relative to a RANK model. In some cases, it may even be
expansionary (i.e., when credit constraints are severe).

In our model, an energy price shock has features of an adverse productivity shock, but there are
important differences. Although the supply-side effects of both shocks are the same in our model, the
demand-side effect is completely different. Both an adverse productivity shock and an energy price
shock lead to an increase in inflation. However, while a negative productivity shock redistributes re-
sources towards constrained worker households, the opposite is true for an energy price shock.

A markup shock differs from an energy price shock in its effect on the consumption gap. Both
shocks depress aggregate demand through a rising consumption gap, but the underlying causes for the
increased gap vary. A markup shock is mainly explained by the unequal income composition between
constrained households and unconstrained firm-owning households, leading to a redistribution of re-
sources. In contrast, an energy price shock’s consumption gap is largely attributed to an unequal access
to international credit markets due to its direct impact on the trade balance.
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We find similar results in an extension with energy in the consumption basket. Due to complemen-
tarities between energy and domestically produced goods in households” consumption baskets, higher
energy prices lead to a reduction in the share of domestic goods in households” spending. As less re-
sources are devoted to the purchase of domestically produced goods, households” income falls. While
unconstrained worker households can maintain their consumption levels by borrowing from the for-
eign sector, constrained worker households must reduce their consumption, causing inequality to rise
and aggregate demand to decline. Unlike the case of energy as a production input, markups no longer
absorb the effect of the energy price shock, which exacerbates the impact of the shock on inequality.
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A Model Derivations

A.1 Households

A share 0 < w < 1 of all households have access to domestic and international financial markets and
are able to save and borrow in an unconstrained manner. The remaining share, 1 — w, are ‘constrained’
households. Those households directly consume their labor income. Unconstrained (constrained) house-
hold quantities are denoted with subscript u (c).

Unconstrained Households Members of unconstrained households consume, work, save, pay taxes
and receive profits from firm ownership. Unconstrained household maximises their lifetime utility 4, s

1+¢

h

(CESun)' 7—1 (Nu,t)
1-0 X 1+¢

where U,; =

Uss = Es [i B { Ut (Cut B NES)

t=s

Yec

1 ee—1 1 lPZ}C 1\ Pec—1
and CESy; = [ (1 —aec)¥ec (Cyup) P + () Ve (EZ,t) “ :

Nfl‘,t is the labour supplied by the unconstrained household, ¢ is the inverse Frisch elasticity of labour
supply and x is the relative weight on the dis-utility of working. The total consumption bundle con-
sumed by the unconstrained agent, CES,, is a CES composite of a domest1cally produced non-energy
consumption good C, and of an imported energy consumption good E” ut (Where the superscript h
indicates household rather than firm demand for energy). .. denotes the degree of the elasticity of sub-
stitution between non-energy consumption and energy consumption, a,. denotes the share of energy in
consumption. Utility is maximised subject to the budget constraint

WIN, + Ry_1Bys1+ R*B}, &+ DIVyy = PCCus+PFEL, + Buy+ B} &+ Tuy + PTa

where Pf is the price of the final consumption bundle, P, is the price of final output and of the domes-
tically produced non-energy consumption good, PF is the price of energy in domestic currency, paid to
the domestic firm that imports energy goods from abroad (i.e. a local gas station). W} denotes the nom-
inal wage received by households, B, and B;,; denote domestic and foreign nominal debt holdings,
which provide a nominal gross returns of Ry and R* to the household. &; denotes the nominal exchange
rate (domestic currency relative to foreign currency), DIV, ; = DIV}, ++DI Vu ; are the profits made by
monopolistic firms (F) and unions (L) that are re-distributed lump sum to unconstrained households.
Total firm profits consist of final output (Z) firm profits DI Vu = DI Vu o Tut = Tlll:’ i+ TuL, ; are a lump-
sum taxes imposed on unconstrained households (to subsidize firms costs in order to get a steady state
in which the distortion from monopolistic competition is eliminated). 7, is a steady-state transfer from
unconstrained to the constrained household in order to equate their steady state level of consumption.

Total Consumption Expenditure Unconstrained households maximise their expenditure

X Pec—1 1 Yec—1\ Pec—1
max {PtCPICESu,t _ Ptccu,t — PtEEZ,t} s.t. CESu,t = ((1 — Déec)‘/’tc C lPec + a‘pec (EZ,L‘> Pec )
Cut E

ut

C E
which implies aggi‘["t = PI;P, and agg;:‘t = P?PI so that the relative demand schedules are given by
lpec
Cut = ( CPI> “ec)CESu,t (A1)
~ec
Ez,t = ( Cp[) “ec)CESu,t- (A.2)
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Optimality also implies
prICESy, prCus+piEL, PN/ Pe=ppt PE/P = pf, PE/ P = pp

(ptcpl)lﬂpfc (1 - ‘Xec) (Pt ) e + &ec (Pf)liwec

where P, is the domestic final output price level and PS! is the price of the CES bundle (the ‘consumer
price index’).

Lagrangian Unconstrained households solve the following Lagrangian

WI'N 4+ Ry_1By -1 + R*By; 1&

»Cu,t = ZT[S’ Z ﬁt { U+ Ayt
=

+DIVY, + DIVEL, — PEPICES, s — By — B} ;& — Th, TL’;t—Ptﬂ,]}

S' and 71 denote the state of the world and the corresponding probability and A, is the Lagrange
multiplier for with the unconstrained households’ resource constraint.

Optimal Choice of CES,, The first-order condition for unconstrained CES-composite consumption is

CESyut)~° _
Aup = % Aut = (CES,1) 7. (A4)
t

where we define the marginal utility of unconstrained CES-composite consumption as A, ;.

MRS of unconstralned HH We define the marginal rate of substitution of the unconstrained house-

hold as MRS = —U,;, N / Ayt which in real terms is
uN
mrs,; = W (A5)
ud, = —x(N)" (A.6)

Optimal Choice of B, and B;; The domestic saving/CES-consumption Euler equation is then given by

1 1 A 1
(Aut) = BEt (Ayi+1Re), W/\u,t =E; lﬂpcm)\u,t-ul Ry, 1=E; [ﬁ K’Hl [CPl Rt. (A7)
t t+1 wt t+1
PCPI pCPI P, pCPI
where HCP[ E__T1 A.8
PCPI pCPI P4 ptCPI t (A-8)

and I1; = P;/P;_ refers to domestic final output price inflation. The foreign saving-consumption Euler
equation is as follows

oL R
aBZ't = ngp (Aut[~ED) + BT Y mern (AR Era) =0
1wt St+l> st
< A1 55 Q1 Il
1 — E u,t+1 R* t+1 ) < 1=8E < u,t+ R* + +
ﬁ ( Au t gt ‘B ! Au t Qt HSS
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We use the definition of the real exchange rate Q; = &P}/ P;. P; (P}") denotes the domestic (foreign) final
output price level. We can derive the uncovered interest rate parity (UIP) condition

Auppr 1 ( 5 Qi1 Ht+1>
E : Ry —R* = 0. A9
f [ﬁ A T (TR T T Ao
We define the unconstrained household’s stochastic discount factor as
— My
Ayttv1 = Ei|B ) (A.10)
u,t
Unconstrained Household Budget in real terms
Ry 1by; 1  R'b,, Q¢ ,
w?Nf},t—k ¢ 1Hrt L g* ! +dzv§,t+dwﬁ,t = pSCuy +prZ,t + by + by, Qr (A1)
SS
+E T
Detrending Total Profits from Firm Ownership
1
DIVE, =DIVZ, divl, = FDIVL, divl, = dioZ, (A.12)
t

Constrained Households Members of constrained households consume and work to maximise their
lifetime utility U

1+¢

h

(CES. )™ -1 (Nc,t>
1—-0

o IBt {Uc,t (Cc,trE?,trNil,t>} , U=

t=s

uc,s = Es [

1 Pec—1 1 T: Pec—1
and CES.; = ((1 — tgc) Pee (Cepp) Voo + (age) e (E?,t) ve ) .

where CES.; is a CES composite of domestically produced non-energy goods C,; and of imported
energy goods E’g,t. The weight of energy in the consumption composite for the constrained household is

also . Nch, ; is the constrained household’s labor supply and ¢ is the elasticity of labor supply, x is the
relative weight on the disutility of working. Utility is maximised subject to the budget constraint

W/N!, + DIVE, = PFCy + PFE!, + TL, — P/ TC

where DI VCL, ; are the profits made by monopolistically competitive labor unions and T&t is a transfer to
the union in order to subsidize its cost.

Total Consumption Expenditure Constrained households maximise their expenditure

Cet,El

ct

1 Pec—1 1 Yec—1 4’ec€£1
max {PE” CES.; — P€Ce; — PE Ei’,t} s.t. CES. = <(1 — ) T C I (EZJ vee )
so that the relative demand schedules are given by

’

—ec
C., = (pf/pfpf) (1 — ttec)CESs (A.13)

7¢EC
B = (PF/pE™) T () CESer (A.14)

A3



Optimality also implies
1
171/"?6 17’/’85 1—tpec
PFPICES = PFCes+ PFEL,  pfP! = [(1 —a) (pF) T e (pF) ] . (A15)

Lagrangian Each constrained household solves the following Lagrangian in any arbitrary period ¢

}

where A, is the constrained household Lagrange multiplier associated with the resource constraint.

WEND, + DIVE, — PEPICES s — TE + Py Te

(e )
Lop=Y ms) p { Uet + Act
St =0

Optimal Choice of CES The first-order condition for constrained CES-composite consumption is

uCES B
Aoy = PE;I, USES = (CESet) ™", Act=(CESey)™ (A.16)
t

where we define the marginal utility of constrained household consumption as A .

MRS of constrained HH The real marginal rate of substitution of the constrained household is

uN
mrse s __at (A.17)
~(CEs,f )/peT"
uy = —x ()" (A.18)
Real constrained household budget
pfCet+pFEL, = w{Nl +divk, —th +Tc (A.19)
We use
th = (A.20)
tf = (1—7/)(wN} + prEF) (A.21)
o= (1-1V)w/Ny (A.22)
Aggregation and Market Clearing
C = wCe+(1-w)Cy (A.23)
E} = wE'+(1-w)E! (A.24)
NI = wNl+(1- )le,t (A.25)
Appy1 = (1—w)Ayrii (A.26)
Moreover, we have by = (1 — w)by, divt = (1 - w)divf , div} = wdivk, + (1 — w)divk , bf = (1—w)b} ,
=1 —w)ty, tf =wtl + (1-w)ty,.
Domestic Bond Market Clearing We assume that domestic bonds are in zero net supply
by = 0. (A.27)
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Firm and Union Profits net of monopolistic competition correction subsidy

divF—tF = wN; — TV wl NI — wI N} + tVwP NI = wi Ny — wPNP,  tF = (1 — f)w] N

divf —

ttZ = Zi—Tf (tht + py Ez) — tt =7y — (tht + py Ef)

Combine Firm Profits net of monopolistic competion correction subsidy

i F _4F
divy —t;

. F _4F
divy —t;

Goods Market Clearing - Combine Household Budgets

R*b*, O
C hath A1
prCut = wiNy,;+ ;—[*
SS
P?Cc,t = W?Nil,t + divét - tcL,t +Tc— pr?,t

- 7z - (tht 1 prz) + pEE; —
— wiNt — pf Ef + pr P Qi Xe — pi X

pEE + pFXP Qi Xy — pi Xy

Recall the real-term household budgets

. F . L F
+ dlvu,t + dlvu,t - tu,t u t = Yu, th‘ Pt

and re-arrange for consumption, pre-multiplied with their household-type share w to get

C hath R*bz t—1 O . F
piCt = (1—w)| w/Ny;+ Hi’k +divy, —t,; + dwut by 1 Qr — Tu — prE
SS
B I

w t—i— wct tct+72 Et), (1—w)Ty=wTe

which can be simplified to
] R*b¥ ,Q )
psC = wi NI + divt — ¢k —1 *1 ay divf — tf
HSS "'
:thth Z[*ZUtN —Py EZ+pFXPQtXt Pi Xt
—b; Ot — prE}
R*b¥ O
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SS
—tby
p
‘ A INC
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and
R*bf 194
pECet pit X = (b? Qr + H*l ) +Zo+ piP QiXe — i (Ef + EY)
thy

and finally

prCi+piXe =

and the real trade balance tb; is defined as

thy = pr*" QX — pr(Ef +E}) = -
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Consumption Gap Definition We define the consumption gap as the ratio between unconstrained and
constrained consumption

_ CESuy
~ CES.,’

Cu,t
Cc,t

l"t if Ko = 0 l"t = (A30)

Income Gap Definition We define the ‘income’ of the unconstrained and constrained households as

R*b* Q
. o . F -1 =t
incy; = thf},t — Tu +divy, ; — tE,t = p?Cu,t + ptEEZ,t + 7;1* — b:‘,/tQt (A.31)
S—————— SS
CPI
p CES Jt

' ! =— 25 (PF(EF+EN—piX:)

inccy = wN'y+To=pFCer+ pFEL,. (A.32)
pSPICES,,

The ‘income gap’ is the ratio between unconstrained and constrained income

pSPICES,

c Eph

rinc — incy; P Cut + Pt Eu,t+tbt/(1 - w) o tbt/(l - CU) (A.33)
= - = — t = . .
t MCe,t piCer + PZEE?,t prPICES, s
| —7
pSPICES,
It can be shown that

. 1

T — [inc + EEZ—l—Eh _ XX .
t t (1 _w)ptCPICESC,t (Pt (Ef t)— pi t)

income gap component
borrowing

In the case in which households don’t consume energy, a.. = 0 we would get
; 1
1" — rznc - - XX _ E EZ .
t t (1—w)Cey (Pt t— P ( t))

Note that we can express the income gap as a function of the firm’s markup and the labour share of total
p gap P
factor expenditure
l—q'nc — incu,t thL]},t - 7;‘ + (dlvf - tf)/(]‘ - C()) w

. = , T = T
ince wNI, + T T l-w) "

so that

o (1= @)ywiNl, - wTe+ (diof — ) (1 - w)ywiNl, - @Te+ T = T + (diof — )

wN, + T N (1 - w)(wN!, +T0)

inc __
™ =

incyy (1— w)(thff,t +7¢) (divf —tF —T¢)

rinc = - —
t incet  (1—w)(wNt+T0) (1 —w)(wNE,+Te)
=1, since NL",:Nf’,
pre _incur o (diof = T) L (Z— (Nt pFED) ~ )
t ince s (1—w)(wN +T) (1—w)(wNE, +Te)
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Note that

P
thzt = MC?Z; =WN, + PEE} & Z =M, (tht+prf)
so that
: j 1 (M;—1) (wN; + pFE?) — 7T¢
rinc — l‘TlCu,t =1+ ( t ) ( tINt T Py t) C, using Nc,t _ Nu,t =N,
ince s (1—w) (thCh’t +70)
ri'rlc _ Z'I’lCu,t —14 1 (Mt — 1) _ Te arinc 50 arinc “0
! ince s (1-w) &N w NI+ T oMy~ 7 9EY
—~N thgl,t + 7; aEg\]

I
Il

, <0
wiN!, + pFEf" 9py

In the text above, we assume that there are no steady state transfers, 7. = 7, = 0. This assumption does

not affect the first-order dynamics of the model. In the numerical simulations that underpin the IRFs,
wehave T, =w/(1 — w)T..

Decomposing Borrowing

. 1 .\
borrowing; = (1= w)pCPICES., (PE(E%Z +E) - PtXXt)
borrowin = 1 PrE; + thgt + T - (th?ft +70) prE! _ PiXi
8t 1-w wN!, + T pSPICES.;  inces
. 1 1 pEEh + pCCt — pCCt pXXt
orrowHnst 1-w (Ef’ * pSPICES, ince,t
h
borrowin _ 1 1 — 1+ pFEt + Ptcct _ ptCCt _ p?(Xt
8t 1—w \ =N CES CES ;
W\ &y pr>CES.; pr=°CES.y  tncet
h
borrowines — L LI prC  PPE +pEC prCe piX
8t 1—w \ =N CES C CES '
W\ & pr=>CES.; py C py°CES.;  1ncey
1 1 Zr—piXe [ 1 XX
borrowings = —— 14+ i e R N M
1-w \EN thf/t + 7o \ EF ince,t
1 1 z 1 X [ 1 XX
borrowing; = —— S [Tl S (N N o 2 (G T Y < 2
1-w\ &N wiN, + T \ Bf incet \ B ince,t
, 1 1 M (1 pEXe 1\ ¢ PG , _c
i, = 2 (g1 g (g 1) g ) 5 = ey e otnsF

So that the consumption gap can be expressed as

1 (Mi=1) T. 1 1 M [ 1 pEX; 1
=1+ - + w1+ =l==-1)—-= = |-
(1-w) &N wiNl + T 1—w \ EY EN \ &S ince B
Income gap Borrowing
Note that
wiN", + T
=N = %, if &, = 0 and 7; then 2N =1.
wN/y + pr Ef
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A.2 Labor Packers and Unions

We follow Schmitt-Grohe and Uribe (2006) and introduce wage stickiness into the model via two types
of agents: (i) perfectly competitive labor packers and (ii) monopolistically competitive unions. After
households have chosen how much labor to supply in a given period, N}, (j), k € {u,c}, this labor

is supplied to a union, in return for a nominal wage W/'. The union unpacks the homogenous labor
supplied by households and differentiates it into different varieties N(j), j € [0,1] and sells these units
of labor varieties at wage W;(j). Due to imperfect substitutability the union can act as a monopolist.

Labor Packers Varieties N¢(j) are assembled by labor packers according to a CES production function.
N¢(j) denotes the demand for a specific labor variety j and N; denotes aggregate labor demand. €, is the
elasticity of substitution between labor varieties and thus My, = €,/ (€, — 1) is the corresponding gross
wage markup of monopolistically competitive unions. After the packers have assembled the labor bun-
dle they sell it to firms at wage W; who then use it in the production process. The packers’ production
function, and the implied demand schedule associated with the cost minimisation are

Sy djﬁul, Nt(].):<wvtv<tj>)%Nt, w;(/(f(m(j))ﬁlwf)mw

where W; is the aggregate wage index. Optimal packer behaviour implies that W;N; = fol Wi (j)N:(j)dj.

Labor Unions Each individual labor union who sells its imperfectly substitutable labor variety N}(j)
to the packer is subject to nominal wage rigidities. The probability that the union cannot reset its wage is
¢w. It is convenient to split the problem of a monopolistically competitive labor union into two steps: (i)
the intra-temporal cost minimisation problem and (ii) the inter-temporal wage setting problem.

Cost Minimisation Problem A union will choose to minimise its costs "YW/ N/!(j) subject to meeting
the packer’s labor demand. The Lagrange multiplier MC}(j) is the union’s (nominal) shadow cost
of providing one more unit of labor, i.e. the nominal marginal cost and 7" is a subsidy to marginal
costs that eliminates the steady state distortion associated with monopolistic competition. Note that the
Lagrange multiplier of an individual union j does not depend on its own quantities of inputs demanded,
so that all unions have the same marginal costs MC}" (j) = MC}". The wage paid to households®, W}
corresponds to the marginal rate of substitution so that MC}" = TWW/" = "W MRS;. Recall that we use
lower cases to denotes real (final output price level) terms w]' = W}' / P} so that

melV = Tww? (A.34)
w’f = mrs;, where mrs;=wmrscs + (1 —w)mrs, (A.35)

Following Gali et al. (2007b) we assume that the union takes into account the fact that firms allocate labor
demand uniformly across different workers of type j, independently of their household type {u,c}

Ni = N& (A.36)
Wage Setting The objective of each union j is to maximise its nominal profits DIV (j)
DIVE() =Wi(INF(G) — { " (WINEG)) }. - diof = (wop = mef) N (A37)
With probability ¢, a union is stuck with its previous-period wage indexed to a composite

W) WE () with probability: 1 — ¢y
AW () () (1)) wwith probability: ¢

30We assume that both unconstrained and constrained households receive the same wage.
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where ¢, = 0 is the weight attached to the previous period wage inflation. Consider a union who can
. . . N # . . . . .

reset its wage in the current period W;(j) = W} (j) and who is then stuck with its wage until future

period t + s. The wage in this case would be

s—1

Woislj) = Mfm(H¥Y“{“<II(@ﬂ%)%>>:VWU>“H¥f“{m<wﬁif>m]
i

0

Subject to the above derived demand constraint and assuming that a union j always meets the demand
for its labor at the current wage labor unions solve the following optimisation problem

My
o . . L (WEG)\ T e
nwxaEZMMVAMMHmﬁ{(wﬂn/H+y—mdL)N&An] stNfl) = () T N

Wf(]) 5=0 Wt+s
My
o WE (j) WEG) e
£ SA P ¢ o w MV N, .
Wf%)‘; ts;((l)w) whitsTts l( Prys mct+s> ( Wis t+s

Taking the derivative with respect to W} (j) delivers the familiar wage inflation schedule

w,1 # w 1 1-My
' Wi (1= gu(gl) e
t # t wW\St
p— = — A-38
ftw'z My, wy W, ( 1— P ( )
My
W uCES HW HW My—1
w,1 mce, w41 t+1 t+1 W1
= Ni—— + ¢uPBE; ( fi (A.39)
t 41
g uges ) \mgzy) ey ) e
1
UCES HW HW My —1
w2 w41 t+1 t+1 W2
2 N+ popEs . ; (A.40)
t wP ( uces ) \meer | \ t1
Wl (AA41)
wy = T}V /w4 (A.42)
w 1 Mw M
1— o (57) Mot Mo
wV:(wa( ﬁi% ) +¢u (8) T DY, (A43)

Wage dispersion is given by D". Aggregate hours worked in the economy is given by N/ = N;D}".

A.3 Firms

There are three domestic firm sectors in our model: (i) final output good producers, (ii) import good
producers and (iii) export good producers. Final output firms are characterised by monopolistic compe-
tition and nominal rigidities.

Final Output Goods Sector Final output goods production involves two types of agents: (i) perfectly
competitive final output packers and (ii) monopolistically competitive final output producers.

Final Output Good packers Final output packers demand and aggregate infinitely many varieties of
final output goods Z;(i), i € [0,1] into a final output good Z;. Z;(i) denotes the demand for a specific
variety i of the final output good and Z; denotes the aggregate demand of the final output good. e; is the
elasticity of substitution and M, =€,/ (e; — 1) is the corresponding gross markup of monopolistically
competitive final output good producers. Final output packers purchase a single variety at given prices
P;(i) and sell the final output good Z; at price P; to a sectoral retailer who transforms the final output
good into consumption and export goods. The packers” CES production function, and the implied

A9



demand schedule associated with the cost minimisation are

7 = [/Ol(zt(i))l—édi];l, zt(i)_<P§§f)>l%zt, PtE(/Ol(Pt(i))l}wzdi)

where P; is the price index and optimal behaviour implies P;Z; = fol Pi(i)Z(i)di.

1-M;

Final Output Good Producers Each variety Z;(i) that the final output good packer demands and as-
sembles is produced and supplied by a single monopolistically competitive final output producer i € [0,1]
according to the final output CES production function

Pez—1 1 YPez—1 %
) (A.44)

Zi0) = €I ((1 )T (N (D)) T () P (EF(1))

The production inputs demanded by a specific firm i are labor N; (i) and imported energy goods Ej (7).
¢ denotes the share of energy in production and 1., denotes the elasticity of substitution between labor
and the import good. Both, labour is provided by monopolistically competitive unions. Moreover, firm
i purchases energy imports E7 from the importer. Each individual final output producer is subject to
nominal rigidities. The probability that they cannot reset their price is ¢,. We split the firms problem
into two steps: (i) the intra-temporal cost minimisation problem and (ii) the inter-temporal price setting
problem.

Cost Minimisation Problem A final output firm chooses its inputs to minimise its costs
i)\ M1
. . . i 2=
Lf =-—7 (tht( )+PtEEf(z)> + MCF (i) (Zt(z) — (tPt ) Z

where MC? (i) is the (nominal) shadow cost of producing one more unit of final output, e.g. the nominal

marginal cost and 7 = ng.;\/lz is a shock to final output marginal costs that is isomorphic to a price
markup shock process. The optimality conditions are given by

mct [ Z4(i) ver =
o= (1— )i (Nt(l)> (eF7) = (A.45)
t
mcf [ Z4(i) 7 L
E oo (ap)e 2 © (eTFPY) e A.46
Pt (ez) 7 (Ef()) (st ) ( )

Combine the first order conditions and rearrange to obtain the optimal trade-off between production
factors as a function of their relative price,

W (1aez>0/1ez(Nt(i))_wlm Ni(i) 11— ae (wt)ll’ez
PE Xz E3 (i) ’ E: (i) e Pt ’

Factor Demand Schedules Combine the optimality condition with the production function

¥ et =
. 1—« Wi\ 7= X ez 1 Pez—1
zii) = |(1-ae) ( : (é) E%<z>> + i (Ef () e
Kez Pt
=9 EN1—9 o
N g [ (A we) W T e (Pr) e\ T
Zt(l) - “BZ ( (Pf)lil‘bgz Et (l)
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Rearrange to obtain the demand function for Ef (i) and for Ny (i)
— ez

E;f (i) = ae

Wi

Ni(i) = (1—ae) 1
((1 _ aez)W37¢”Z + lXez(PtE)l_%Z) T=Yez

Final Output Marginal Cost To obtain the marginal cost, raise the first order condition with respect to
N (i) to the power 1 — ¢,, and multiply by 1 — ., re-arrange and obtain

1—ez

_ 1-tez N oy otez -
(1_“ez>wtl Yee == (1_“62) Vez +1(MCtZ(l))1 lpez(zt(l)) ez Nt(l) Yez

MC (i)

1
17 ez — —WYez
MCZ = ((l—aez)Wt Ve | g, (PE)! ll’fz)l vez

The Lagrange multiplier of an individual final output firm i does not depend on its own quantities of
labor demanded, so that all final output firms have the same multiplier MC? (i) = MC?.

Price Setting The objective of each final output producing firm is to maximise its nominal profits
DIVE() = P()Zi(i) - {7 (WiNe(i) + PFEF (1))} & diof = (1=mcf ) 2. (A47)

With probability ¢, a firm is stuck with its previous-period price indexed to a composite of previous-
period inflation and steady state inflation so that

oy JE with probability: 1 — ¢,
=1\ p 1) ((Hss)l—‘é‘z (nt,l)‘é‘z) with probability: .

where &, € [0,1] is the weight attached to previous period inflation. Consider a firm who can reset its
price in the current period P;(i) = Pf (i) and who is then stuck with its price until future period t + s.

The price in this case would be Py (i) = Pf(i) {(Hss)s(l_CZ) (Prys—1 /Pt,l)‘jz] . Final output firms solve

[e9)

A . . .
n}axEt 2(4’2)5.3“5% {Pf+5(l)zt+s\t(1) - Mc)fz+szt+s|t(l)}
) s=0 wt

subject to the above derived demand constraint and assuming that a firm z always meets the demand
for its good at the current price. Z; (i) denotes the final output supplied in period ¢ + s by a firm i
that last reset its price in period t. If one substitutes the demand schedule and P;.(i) into the objective

function one obtains
1 \~ i
Tz
(P t+s ) ’

[e9)

- 17 MZ
A R ey (P 1\ & Mt
maxEtZ(qbz)sﬁ”sixijs (Pf(l)) 1<[(Hss)5(l 2 (;11> D

Pf(i) s=0

Mz

5(1-¢&2) { Prgs—1 éz} T Mz-1
— MCf, (Pf(i)>_7% [(HSS) <PH)

Zt+s
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Taking the derivative with respect to P} (i) delivers the familiar price inflation schedule (A.48)

2 @) ()]
’ 1— (PZ g 1-Mz
t t
=M, = (A.48)
Z2 _
; 1—¢z
LICES o o oz
z1 V4 u,t+1 t41 t+1 Z Z,1
f = Zimcy + ¢zPE; ( {[CES [ICPI ( L, ) ft+l (A.49)
u,t t+1
UCEs IT IT My
Z,.2 ut+1 t+1 e T )
“ = Ni+¢zBE: < - < > f (A.50)
t t+1
uge ) \mezy) \ne ) 0
IT
z t
= A51
¢ (Tgs) =62 (TT; 1) ( )
Z M M: M
1—¢z § = T
D7 = ( & 97 (7)™ D7, (A52)
N — Mz
Aggregation implies fO Zy(i 1 (Ptp(: ) T Zidi = Z; fol (PtT(:)) M= di where we define price

dispersion as D = fo ( P; ) 71 di which can be written recursively

Energy Import Sector Each energy import good E},j € {z,h} that the final output good producer or
the household demands is supplied by a perfectly competitive energy importer. Energy import firms
buy a homogenous tradeable energy good on the world market from foreign energy exporters at for-
eign currency energy price PtE’*. One can transform this into domestic currency by multiplying by
the nominal exchange rate so that PF = PtE’* &3 The importers then transform the homogenous good
they purchased Ef = X{*. After the importers have transformed the energy import good they sell it to
domestic final output producers. The cost minimisation problem of importers takes the simple form

mingy {PtE*E;‘} s.t. Ej > E; = Ef + Ef. The optimality conditions are given by

oL . .. 1P PF .
— =0 P& =PF o P& L ="L o pbrQ, =pF (A53)

— E,x * E 0%
L= (Pf ngf)+PfEf’ OE; PP P

We assume that the global energy export price level follows the exogenous process
« L\ 1—PE « \ PE
pf’ = (psEs ) (ptE;1> ek, (A.54)

Non-Energy Export Sector Exports X; are produced by a perfectly competitive export good firm.
They buy a homogenous non-energy export good on the domestic market from final output retailers
at domestic-currency price PX. The “production’ of non-energy export goods works via a simple trans-
formation of final output goods into the expenditure components C, X, so that the supply of a specific
export good is given by X; = ZX. The objective of each export good firm is to maximise its nominal
profits DIV = PEXP&, X, — PXZ¥ < divf = (pFXP Q; — p{X) X; which implies

aDIV?(_ EXP _ ,,EXP
X = (PPTe ) =0 e pf=pre (A.55)

311f for example (from the UK’s perspective as the domestic economy) the nominal exchange rate was & = 0.5 £/$ and the
importer purchases oil on the world market for PX* = 1008 this would correspond to PF = (100$) * (0.5£/$) = 50£.
P P i3
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Retailers There is a continuum of perfectly competitive retailers defined on the unit interval, who
buy final output goods from the final output good packers at price Py and convert them into differ-
entiated goods representing each expenditure component: non-energy consumption and non-energy
export goods. Retailer r in sector N converts goods using the following linear technology N;(r) =
ZN(r), for N € {C, X} where the input ZN(r) is the amount of the final output good bundle Z; de-
manded by retail firm r in expenditure sector N and where the final good bundle, Z;, is defined by its
above stated CES aggregator. Each retailer r in sector N chooses its input ZN(r) to maximise profits,
taking the price of its output, PN, N € {C, X} and the price of the final output good, P; as given

maxPNZN (r) — PZN(r)
zN(r)

with first-order condition given by
PN=pP, Ne{CX} epf = PX/p=1, (A.56)
pf = PF/P=1 (A.57)

A.4 Monetary Policy

Monetary policy follows a simple rule for the nominal interest rate which responds to deviations of
annual CPI inflation, Htcp I'“, from its target, [1€PLa — 29, and a measure of the output gap, Y;

(1-0R)ors
51—0g pPOR tCPI’a ! o\ (1-0r) By
Ry = R7RRE, [CPLa (Y1) (A.58)
CPI PP pePt
where IT; = pCPT = —pr L1t (A.59)
t—1  Pi-1
[CPLa  _ pePr  pCPr pCRIpERI PERL [ICPITCPLIag [ CPLIag2 CPLIag (o o)
t - PCPI - PCPI pCPI pCPI pCPI - t t t—1 :
t—4 t—1 Y2 43 g
HfPI,lagl _ ng_pll (A61)
_ _ 4
Htcpl,lagz _ Htc_pll,lagll wherelTCPLe — (HCPI) (A.62)
Y, = Ny/N (A.63)

where N{ % is the level of employment under flexible prices and wages, R is the steady state nominal
interest rate consistent with steady-state inflation being at target.

A.5 The World Block

The global demand schedule for the bundle of domestic non-energy exports X; depends on the foreign
currency price of domestic non-energy exports, PFXP, relative to the world non-energy export price,
PX*, and on the world trade volume Z;:

Xt = « [ Y & Xi=x Y5 (A.64)
t

where the parameter ¢* is the elasticity of substitution between differentiated export goods in the rest
of the world. x* can be interpreted as a shifter of the world’s preference for domestic exports.
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A.6 Summary of Model Equations

C Pec
Unconstrained Households Cyt = (%) (1 — ae)CES,,
Pt
pE —Yec
Eﬁ,t = ( C[Pl> (“EC)CESZM
Pt
- e
—Yec 1— —Yec
b7 = (1= ) (5) " e )
)\ut = (CESu,t> 7
UNt
St = ut/upal
u:ﬁ\’t =X (th)
1=E [Au e (TIEH) ] R,
PI
" = p[CPI 11
-1
Aur Qi1 Il
0=E L R; — R*
ot (v S
A
Au,uﬂ =E {/3;7[“]
u,t

R*bf 0, .
(wg—4%§i+mﬁ—ﬁ)

pECur = wiNE, + T
divf = div?
Pec
Constrained Households Cet = ( lztm ) (1 — ap)CEScy
p —ec
El = ( . ) (ttec)CES,s
Pr
y e
e =
= { 17Au + e (Pt)l ec ec
= (CESe)) ™"
[
ucz\,lf =X (Ncht)
Pt Cer =wiN, +T P:E?t
Aggregation, Market Clearing, Definitions th=tf
= (1 - ) (N} + pfEF)
tt — (1 _Ttw) hNh
C = ch, + ( w) ut
Eh = WE]Z ( w) u,t
N!'=wN!, + (1 - w)N!,
mrsy = wmrsey + (1 — w)mrs,,
Appi1 = (1 — W) Ayt
by =
prC+piXe = Zs
R*b; ,Q
the = pPXP QX — pf (i + E) =~ ~ b Qs
SS
I = CES,;/CESc;
. R*b, .0 ;
incy; = Cyr + prZ,t + IM_[I* 1<t b;, Qs
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Labour Unions  mc}' = t"w! (A.34)

wﬁ’ = mrs; (A.35)
Nl =Nl (A.36)
divt = (w, — mc}’v) NI (A.37)
1 1-Ma
MR M = = (= e @) )/~ 00 ) (A39)
My
W1 — Nymcl¥ /w; + ¢ BE (UCES /uCES) (HW /Hcm) (HW /HW> Mop—T W,l} (A.39)
t t t t w t ut+1 u,t t+1 t+1 t+1 S5 1 :
1
2 _ -1 p
12 = Ny + guBE: | (UEES /USES ) (i /met ), /my ) M Kf} (A40)
HW
W=t A41
o= e (I ) (A4D
iy
Wy = — W, A.42
T (A42)
w 1—¢o (GN) ’ ’}’71 e w MMuil w
DN = (1—gu) | —52—— | +gu(g) T T DY, (A43)
- ‘Pw
. 7 TEP 1 Yez—1 1 Pez—1 :pg);il
ZFirms 7, D% =¢! ((1 — ) PE (N)) 95+ (a,) Pz (EZ) 9z ) (A.44)
1
1 Z Z N\ Pez Yez—1
wy = (1— a) P % <Z[Ni> BCIRE (A.45)
t t
1
A mcf (ZiyDE Pez Yez—1
-t ()% %
T t
divf = (1—mc}) Z; (A47)
- (@ 1 q1-Mz
. 1*(472) gt')lf’ z
?Mz = {1 % (A48)
Z,1 VA CES CES CPI % Z,1
71 = Zamef + 9z BEs | (USE /UGES ) (Tl /TIEEY ) (e /M) M2 7T £ (A49)
1
P2 N+ gop | (USER /USES) (M /D) (110 /108) 777 2] (A50)
I
7 _ t
0= myreEmmoE (A51)
M
7 1— ¢z (CF) T ’ N o 7
Di=0-¢z) | — 7 —— 47 + ¢z (¢F) M1 DE, (A52)
pE=pfQ (A53)
* 3\ 1— % PE
pE = (b)) P (pin) e (A54)
pX = pEXPQ, (A.55)
=1 (A.56)
pf=1 (A.57)
CPl,a (17641{)6“
Monetary Policy ~ R, = RI*RR'R, (%) (Yt)“’ek)ey (A.58)
pCPI pCPl
Pt =t = Py, (A.59)
PR et
PCPI PCPI PCPI PCPI PCPI CPLIael+rCPLIag2+CPLiae2
I—ICPI,!I — t = t . t—1 tf)Z t—)S =HCPIH Aag H Aag. H - Aag. (A60)
t P,C,I4I pglz Ptcle pgl PE41 t t t t—1
HtCPl,lngl — H,C,Pl[ (A61)
HtCPI,IngZ _ Hij’]I,Iugl (A.62)
L
Y, = fo (A.63)
L[
World X =" (pFXP /pX) ¢ i (A.64)
Shocks  loge!™" = prrplogel™ — crepni™, P ~N(0,1) (A.65)
logels = pur. loges — a7 ~N(0,1) (A.66)
logef =¢enf,  nf ~N(0,1). (A67)

A-15



A.7 Log-linearisation

Unconstrained Households
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Constrained Households

PC —tpec
Cor = (,,c‘p, ) (1-0c)CEScr, & Cop=C8cs — Yuc(p — pF7) (A13)
¥
PE —tpec
E?t = (ﬁ) (“BC)CESC,& = e’clt = Cesci - lpm.( pr ﬁCPI) (A14)
¢
1— 1 ltP
—Ypec 1— - N N .
Pt = (1= ) (PE) + e (pf) WC} . = PET = (1= wee) P+ atec PE (A15)
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iy = i, (A.18)
F’tccc,t = thch,t +7Tc— pr?,f' e Cesslet = wschh,ss (7‘:’! + ﬁ?,t) css (ﬁ éh ) (A.19)

Aggregation, Market Clearing, Definitions

th=tf, o =t (A20)

ttz =(1- TfZ)(wafh +prt) < tZtZ wssNh (wt+ﬁh) 7TSZSwSSN£s(ffZ +wt+ﬁ¢) +p5EsE§5(ﬁtE +&) — >5p>5 (Tt +77t +8)
(A21)
th=(1-g"Mw!N!, & it =w! N +al) — Wl NE (2 +af +al) (A22)
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Apri1 = (1= W) Ay, < Aprr = Ay (A27)
by =0 (A.28)
PECHpXXi =2, &  Culi+ Xeki = Zoh (A.29)

thy = pt*" QX — pi Qi (Ef + EY)
thsstbr = pEX Xea (PFF + 81+ 20) = PTEL(PF + 1+ 6) — pREL(PY" + 41+ ¢1) (A30)
= Egzct’ , Gy = 081 — ey (A31)
incus = Cup + prEL, + M by Qs (A.32)
35
inces = Cop + prEL, (A.33)
l";"“ = inCy/incet (A.34)
Labour Unions

me}’ = tWVmrs, o i}’ = mrs; (A.35)
Wl = irs, (A.36)
Ay =fAcy (A.37)
divt = (wt - mc}N) NI, & divSLsd/i\vtL = wes NI (b + A) — mc¥ NI (mc}V + alt) (A.38)

1-My 1
W,1 1— th(éw)ﬁ ( W,1 ) T-Muw ( 1 ) (
tiMw = ¥ = % ’ tiMTU = 1 £ w g M= )
[W,2 wy ( T— o tw,z T— ¢u = ¢u(g)") Mw=T
1
Svsv,l T=Muw 1 1 1
() ™ = (25) () ()
1

(B200)™ (i )25 o) ()

=1

()l r) (o ()« rower)-ale) o
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1 A Y My
= 7mct {'Ni + o Er {/5 )u\'ttl H'&l, (gﬁl)mftvill}
1,
W= LNy g [p IS @ ] NG ST ST g =1, =T L
ss Wes ss 1Vss w HCPI 55 58 s1dgg s57Gss ’ 55 Wss (1 — ‘Puv,B)
mcl¥ . N My 5 A
WA = = ( Wy + ey’ +”t) + PP E [ wiet = Aug o+ Al — AR+ (ﬁ) & +ftv4\:11]
SS w T
11 _ AW ACPI Mo SW W]
=(1— puP) (At +1ic}’ — D1 ) + PuBEr |Ausrr — Aug + 1Ly — AP + o) G A (A.40)
w
At v
fV\],Z = N; + ¢poEt |:/l\‘7+ Hffpl, (dyu) M =T f:+1
ut t+1
A N N 1 ~ A
W2 _ W2 W2 _ Ap w2 N ACPI w W2
R 5 I N 1 o A
2= (1— ¢uP)its + PP (Et {Am — A+ AN, - A+ (m) o+ fﬂ’f]) (AA41)
w
= _m v = (ﬁwfé AW ) (A42)
t (YY) 18w (TTV 2w’ ¢ ¢ witi-1 :
W =AY — A+ W (A.43)
i =0 (A44)
Z Firms
ez
1 Pez—1 1 Yez—1\ Pz 1 1 -1 1 Pez —
ZtD[Z = g;rFP ((1 — ‘Xez) Pez (Nt) [ (D(gz) Pez (E[Z) Pez ) “ , (ZfDZ) 'Pez (1 — aez) Pez ( TFPN,) lliez + (‘Xyz) Pez (g;rFPEf) Pez

1

tez—l T T = 7 TEP
(Zss) ¥z =(1—mez) ¥z + (mez) V2 (E) Y2, Di=1le; =1,Ns=1
Yez—1 1 1 -1 L ez =1 ez — 1
(Zss) ez (f,) (lpi‘lzp ) = (1 —1x,_,z) Pez (At ) (l)bellp ) + (“fz) ez (E§5> ez (g}"FP +éf) <¢12p >
ez ez ez
Yez—1 [ Ep— 1 fe=1
(Zss) Ve (2) = (1 —e) ¥z (&]77 + 1) + () e (ES) P (677 + éf)
L1\ N\
bez ez
= (1-ae) = (z ) (177 ) + (er) P2 (z > (TP 4 &)
'SS 'SS
1 Yez—1 1 Yez—1
2= (1— ) P (1 ae2) 'l}cz (TP 1) + () 7= () P2 (2TFP 4 03)
2 = &IFP 4 (1 — ez ) M + (o267 (A.45)
1 1
me? [ ZyDE\ Pz qppy Y2t Lol ((Zg \ ez
wr = (1 — ) ¢ez 7 (T, (efFP) ¥ez o Wss = (1 — apy ) Pez TSZ:‘ No
V(7 \ T 1 ez — 1
Wesr = (1 — @z ) Pez 55( 55) “ <m547r‘+—27ﬁ +< = AT”))
ss Wt ( ez) T£ Nas t t l/Jez( t t) l/Jez
-1
Wy = mict —tF + — (2 — fr) + (W )é,m’ (A.46)
ez lpez
1
me Z DZ Pez Yez—1 . N R 1 R R
PE = () T T—Z’( = ) e#™) Ve, e pf:chfT,ZJrlp—(ztf &)+ (“’w )ef“’ (A47)
t t ez ez
divf = (1-mcf)z,, &  div% dw, = Zss2r — mct Zs (mict + %) (A.48)
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1 q1-Mg
Z,1 1— Z\T=Mz R N N
M= {((le)(az) ;e H=0-92)/9z ( 7t — f'z) (A49)

t

A 11 M
FAN = mcZZ, + gy B { ut+1 i1 (gtz+l)7ﬁ Z,1

/\u/t Hthll t+1
~ R R ~ ~ . N M N o
1= (1— ¢B) (2 +mcl) + ¢pzBE: [Mrﬂ — Aug + i — AT+ (M - 1) &a +ffﬁ} (A.50)
¥4
Uces, 11, 1
{2 =2+ 92En | s oo (6) M
ut t+1
. R N R R 1 N N
77 = (1= ¢zB)2t + ¢zP (Et [A”m = Rup+ e — A + (m) G+ ffé] ) (A51)
T =11/ ()" 5 (I 1)%, {f =71,8:=0 (A52)
=0 (A.53)
pE=p"Q, & pr=prt i (A54)
Ex _ ( Ex\1=PE ( Ex \'E E SEx _ o sEx | aE A55
pe”=(ps) py) e, e P =P (A.55)
pi=pr*"Q, & 0=p"+a (A.56)
pX=1pf=1, < pX=0 (A.57)
pr=0 (A58)
Monetary Policy and World
P = OpPr_1 + (1 — 0g) (911/47%,“’1'“ + eyy”t) (A.59)
f(tCPI _ ﬁtcm _ ﬁtcgl + 7 (A.60)
ﬁ[cp,,,, — ACPI ﬁ_tCPl,Iagl 4 ﬁtcm,lagz + ﬁfﬂl,lagZ (A.61)
ﬁrCPI/Iagl _ ﬁtc—Pll (A.62)
ﬁ_::PI,/ugZ _ ﬁ[CfII,[ugl (A.63)
By =y — Al (A.64)
X, = * F’tEXP ¢ Y — _c*pEXP A
t =K X ssr Xt = —GC Pp (A.65)
pSS
Shocks
E"F = prepel™] — creen/ ™" (A.66)
6 = pan 8 — omai (A67)
& =genf (A68)
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A.8 Reduce the loglinear system

Unconstrained HH loglinear system
Step 1: p¢ = 0, take out A, A 1, 2N

Cup = s — Yoc (S — PEFT), Cup = COup + PecprT!

g~ LE  ACPI
€ut = CeSyt — Pec(Pr — Pr')
.CPI Ne LE AC .CPI N
P = (1 — aec) Py + aecpy, pr =0, Py = &ecPy

—— ~h ~CPI A
501 = (9l + 5571 )

~ —~ ~CPI | »
—ocesy; = —Ei[oces, ;1) — By | +
~CPI __ sCPI _ +CPI | =4
=P — Pt
— — ~CPI . . .
—ocesy; = —Ei[oces, ;1] — Bsty ) + Eiftpn + G — G
* (Bx A R*bY (1% A It SR N =
. (bss(bt + qf) - H;f:s (bt—l + qt) + dlvssdlvt - tsstt h R Ah h AE o
Cu,sscu,t = 1—w =+ wSSNu,ss (wt + nu,t) - Eu,ss (pt + eu,t)
Step 2
. ~CPI ~CPI E — Y L, ~CPI
Cup =CeSup + YecPy ', P =ecPr,  CeSyp = Et[Cesy 1] — - (rt - Etnt+1)
~CPI __ sCPI _ ~CPI | &~ __ ~E A N
o =P — Pro1 = aee(Pr — Prq) + 7t
. _ 1/, . ~CPI A
cesy,t = E¢[ces, t1] — e (ﬂlt+1 —qr— By + Etﬂm)
* (1% A R*b* T x ~ . T /.\F F F
. (bss(bt + qf) - H;f:s (btfl + ‘]t) + dwssdwt - tsstt I . I I N i
CM,SSCMJE = 1_w + wSSNu,ss (wt + nu,t) - Eu,ss (pt + eu,t)
Step 3

o~ N ~F ~h A ~E ~E
cesyt = Cyt — Peclec Py, €yt = Cut — Yeclec Py — lpec(l - D‘ec)Pt

. . R R 1/, .
Cu,t — 1/Jec04ecp,lfE = Et[cu,tJrl - l/«’eclxecpirﬂ - - (T’t —E; [ﬂffﬂ)
. . R R 1/, . . .
Cu,t — #’ecaecpf = Et[Cu,t-i—l - lpec“ecPtE.H} = (Qt-&-l — 4 — E; [ﬂtcfﬂ + Etﬂt-i—l)
7 ~ R*bZ, /1 R . r—~F ~
(b5 (B; + 80) — 5 (01, + 1) + divLdiv, — tE)
1—w

o (o L sk b (AE |, sh

=+ wSSNu,ss (wl‘ + nu,t) - Eu,ss (pt + eu,t)

Cu,ss Cut =

Step 4

. R 1/, . ., R

Cyt = Et[cu,t-i-l} - E (Tt —E; [7‘[?5{}) + Pecttec (Pf - Etpf_:,_l)
Pt — Etftyp1 = Bt — 4

2 A R*bE, /4 . . FZ N
v (0500 + ) — S (b + ) + divkdivy — t4E7)
u,ss 1—w

NL]} ss [ Al EZ SS [ A ~E
+ Wss = (wt + ”u,t) I (Cu,t +pr(1— 1/JEC))
Cuss Cuss
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Note that EZ/SS = 0if aec = 0. Use the the Z profit conditions and the tax equations

divf —t{ = Zi —wiNt — prEf + pp ™ QeXe — pi' X

.72z N R N o R N o o
dzvszsdzvt - tSZSttZ = Zss2p — WssNgs (W + Aiy) — Efs(pf + &) + Xss(2r) — Xss (%)

Constrained HH loglinear system

Step 1: take out A, S =0
. — ~C _ ACPI
8et = CeSct — e (Pr — Pr' )
NN AE  ACPI
€t = CeSct — Yec(Pr — Pr' )

ACPI 5C HE

Pi = (1 — lxgc)Pt + Qec Py

;\c,t = —(TC/E\SC,t

— i ACPI 4
Mmrsep = (?”c,t +pr - /\c,t>

A~

—_ 5l
uu,t - (Pnu,t

A h N ~h h ~E ~h
Cc,sch,t = Wss Nc,ss <wt + nc,t) - Ec,ss (pt + ec,t)

which implies

o~ N:
CéSct = Cet — lpecfxecpt

é?,t = e3¢t — #’ec}af(l — Qec)

N(’J’SS Eh

a ’ N ~h ¢85 [ A

Cet = Wss (wt +7 t) - (Cc,t
Cc,ss “ Cc,ss

¢ note that Ei’/ss =0ifaee =0

Remaining HH loglinear system

Step 1

Gt = Cesy,t — Cesct

+PE(1— ec) )

totf = wes NI (W + 7)) — tEwss NL (37 + @ + A1) + pLEL (PF + &)

Z E ~Z ~E A
- sspssEgs(Tt +pt +€f)

Cr = (UCAc,t + (1 - w)éu,t
h Eh h # h
N C,55 A 11,55 o
& =w—=eey + (1—w)—r=éy,
EL, EL,
NI NI
~h C,SS ~h u,58 ~h
ny =w nc,t + (1 ) u,t
NE Nk
~CPI ~E
pr’ = pr (waee + (1 — w)aec)
o Css , Xss
Zt= 5 Ct+ 5 X¢
Zss Zss

thestby = Xas(PEX + Gr+51) — E?s(ﬁf* +4r +éf) —
—_——

=0



Log-linearisation of the Consumption Gap with Energy in Production and Consumption

Zi—wiNi—py

— 1 FEf
rt*1+1—w w; Ny +1 —w

Pt EZ + pFEh Xi

_ Nt g (Ze -

w¢ Nt

income gap

U HHs debt variation

7y—wyN;—pF E

w; N

z E 71,[?32
since N 1“6&2 (%) .
X Erh X
pf t Xt _ PPELCG  piXe
Besides 7. =tz 7= =1
Kec ﬁ e — Qe ( E)_wl’f
T—ttee \ pC T—a,. \Pt .
ThenT; =1+ 15 — Mt — + ;1o
o PF T—tez
]+17,{ (ﬁ
p— 1 M)*l 1 K
=141 i o T4
E\ 1=Yez
Z
. Zi zntN‘Hrp,EEtz _ M,
since =G = ;MEE = —
wiNp+py Ef Hlm;zgz <5Ttt
Log-linearize
1
1"67‘*1—1—1 Mett —14+ M
EN 1—¥e:
+ 1 ez p (1*1/]82)(!75*3‘7
— — e
1—wl—a,; \w
b Mge(fszﬁﬁt) + M
1—-w Z 1 — wec

1

1=t C

Z1— we,

E 1_',[]3:
) eﬁt+(1lpyz)(ﬁfﬁ’t)>

ez (’L
1—e; \ W

EN 1=¢e
) c

1 p
1w<M21aez (E

+M1 — Mec (pE>

Kez

j <M1M}flt + Mj (M

2%,

1—an

1=tee C Ean 1A s
E = o(I=tec) pE+u+e—2: _
(p ) =€ t Me

1 — e,

S)
N——
_|_

)+

By

1—w

(1= es) (pF — @0

C
<32 (cest — %¢) + Bsfit + By (1 24’60>

Z: Pi E,+}7, El— Xrb tZt wiNi—pFE; _  wNeoofE_ M,—1 Mi—1 M;—1
N = wiN; = T = T = T
Erz EFz E E\ I—Yez
wyNp+py Eg PE Y PEEy P
o Ny 1o ﬁ%

X, _ C Qe EN1=¥e C :
*_*_7:_72"'17%5(%) 7 — 1since ¢
E 1_11'731: C
Qec (pt) '[‘ 1)
C « EN1=¥e C
(Tf + () 7 - 1)

1=, 1=t
> et (=) (pr—n) _ _ Hez (f) o(1=9e2) (PF— ))

(A.69)

ﬁf)

where we introduced the auxiliary terms for the income gap

and for the borrowing term

B, = (1+M(@—1

le

wN + E?
wN

Do -

E E
= >0, B3EM1(Q—1) 0, B4EM17>0
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Note that CES/Z = (1-X/Z)=0.75 in our calibration. This implies that an increase in markups

o 0M MM, CES
o T 1o MitB) =5 (1t -1)>0

increases the consumption gap. Moreover, defining the energy price wage ratio as pw, = ( pE — @) we have

a'?t _ 1*1Pez
o, ﬁ(Mz(M 1)+ B1) >0 aslongas ., <1.

Finally, we have that an increase in energy prices increases the consumption gap

g;% = 1'ﬁ/lw By <1 — %pec) >0 aslongas . < % =1/(1-0.25) = 1.3333 in our calibration.

Marginal Rate of substitution

— N N — ~h ~CPI 4 — ~h, ACPI 3
mrsy = wnirscy + (1 — w)mirs, s, Mrsy, = (§0nu,t +pr = /\u,t) , Mrset = (Q"”c,t +prt = Ac,t)
— sh | ACPI _ 3 N ~CPI _ 3 ~CPI ~E  ACPI N
mrsy = w ((Pnc,t TP — Ac,t) +(1-w) (q)nu,t +pr )‘u,t) ;o PP = RecPr, Pf = RecPy

~CPI
Pt

)\u,t = _Uc/é\su,t/ Cup = C/é\su,t + Pec
irst = w (@l + otcr ) + (1= @) (il +0ut) + @ (recpF(1 = 0pec) ) + (1= @) (ecPF (1 — 0ipec) )

mrs; = qoﬁ’f + 06 + (waee + (1 — w)aec) ﬁf(l — 0ec)

Aggregate demand (AD) non-policy block The household block can be combined into the non-policy
aggregate demand block

mrsy = (Pﬁ? +0é + "Cecﬁf(l - U’ubec) (A.70)
. . . 1/, . R .
¢ = Et[Ci11] + Be[wAFi1] — - (Vt —E; [”ffﬂ) + Peciec (Pf - Etpfﬂ) (A.71)
ft = Etgry1 — 4+ Bt (A.72)
fe 1o R*DE .
1 (b;‘s(b:‘ +4r) — (b + qf))
b= s 1-w
+ 1 (Zssﬁt - wssts(wt + ﬁt) - Ezs(ﬁf + éz) + Xss (ﬁt) - Xss(ﬁf))
Cuss 1—w
N E!
g S (uvt n ﬁﬁ,t> _ s (éu,t +pE(1 - l[)ec)> (A.73)
Cu,ss Cu,ss
Nglss h E?ss E
Cer=w = Wy + 17 — | Ccr +Ppr(1— A74
ot ss eos ( t c,t) Ceros ( ct T Pt ( l/)ec)) ( )
Gt = Cup — Co (A.75)
Gr=wlor+ (1—w)eus, Cur=Cr + wh (A.76)
E" E!
ol = w%éﬁt +(1— w)%éﬁlt (A.77)
SS SSs
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h h

N

N 55 1 55 o o A

ny=w I\;hss figs+(1-w) I\L;hss fyp = witey + (1 — w)ity,; (A.78)
SS SS
PP = P (e + (1 — w)aec) (A.79)
A CSS PN XSS A
== — A.80
Zt 7o Ct+ 7o Xt ( )
~ X . .p(Ei+E! E% ., EL ,

L 55 ss | Dss sz Dss A.81
TP thes | thes ! (A8D)

IS equations features the consumption gap

. . N 1/, . .,
€t = EtfCri1] + Et[wAFi] -~ (rt —E [ntc—fll]> — PecttecAELPF
e if energy enters the unconstrained consumption basket, then a,, > 0

e if energy is close to a Leontief, hard to substitute good, . is very low, (1 — o) is large, the effect
of energy in the C basket is then aggravated

Show in a seperate step that the C gap is affected by energy, even if a,c =0

£ Tk | A R*b% 174 A
1 (BB + a0 = G+ an)

Tt = Cup — Cept, Y= (C

1,88 1-w
1 (Zssft — WssNss (wt + ﬁt) — E?s(ﬁf + éiz) + Xss(ft) — Xss(ft))
Cu,ss 1-w
NI E!
+ Wss L (Zf)t + ﬁﬁ,t) - = (éll,t + ﬁtE(l - #JCC)>
Cu,ss Cu,ss

NI E!
— | wss =2 (Z@t + ﬁ?t) - == (éc,t +pr(1— EL’EC))
Cess Cess

If e = &y poc =0, then Eﬁ’,ss = Eﬁ,ss =0

Yt = Cut — Copt,
Cuss 1-w

» ~ R*DY /1 ~
) 1 (bé‘s(b? +4r) — = (b +‘1t)>
=
1 (Zssft - wssts(wt + ﬁt) - E?s(ﬁfE + é?) + Xss(ft) - Xss(’@))
Cu,ss 1—w
h

Nu SS Nh

, A ~h C,S5 [ A ~h

+ Wss (wt + nu,t) — | wss (wt + ”c,t)
Cu,ss Cc,ss

Energy shocks matter even if a,c = a,c = 0 since they directly affect firm profits, and indirectly af-
fect labour demand, and hence household labour income, which affects unconstrained and constrained
households differently.

+

Reduce the Union and Firm loglinear system to get the AS block
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Combine Union Equations to Wage Philips Curve

h — AW 1-— (Pw fw,1 rw,2
{ =Mrs, G :7<t —f )

Puw
N N A N . . M o A
Y= (1= ¢uP) (y + sy — W) + poPEy {Au,m — At + Ay — A+ (Mw - 1) G+ ftvi'll}

R A A A A 1 % £
2= (1— ¢uP)ite + PP (Et {Au,ﬂrl = A+ Al — A+ (M—l) G+ ftV-VMZD
w
@/V = ﬁiw’gw =0, = ﬁ}/\/ =+ W

Next

W, W, — N 5 W, W,
tW1 — tWZ = (1— ¢puwP) (Inrs; — 1) + PpuPE: {gﬁl +ft@11 —fi 2}

fop Pu_sw _sw ¢ W ,
PP = O o TR = B R - R e B = S R - A
~ ¢ 1= 4’
¢w W o { L sw }
=(1- mrsy — W) + Ei |——
1—¢u Gt ( 4;10/3)( t t) PwPE: 1— ¢u §t+1
So we have the wage inflation system as follows
Al =y — g + 7y (A.82)
. 1- 1- . N .
apt = 1= Pub) A= ) (@r — @) + BE: [ 71} (A.83)
Puw

Energy shocks affect the wage PC via the wage markup wedge @ — @; where

w? = mrs; = qoﬁ’f + 06 + (waee + (1 — w)aec) ﬁtE(l — 0Pec)

Combine Z Firm Equations to Domestic Z Price Philips Curve

20 =810 1 (1 — e )iy + @pr6f (A.84)
1 —1
mef =y 4+ M — — (3 — i) — (1”“2 ) grrp (A.85)
Pez Yez
1 -1
mcf = pE+eM: — — (5 — &) — (”’“) eIrr, tf =M (A.86)
lPEZ l,bez
. (1= 1— X R
= 1=9:)(1—¢:) (mctz) + BE: [raa] (A.87)
¢z
pE =P+ (A.88)
P =pepi e (A.89)
T
Monetary Policy and World
P = OpPr_q + (1— 0R) (en /AR 4oy (y — A ’”‘)) (A.90)
ACPLa — ACPTf ACPL 4 ACPL 4 ACPI (A.91)
fr=¢ q (A.92)
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A9 Summary of log-linear model: AD, AS, World and Policy Block

Household Demand

R R N 1/, . R
¢t = E[Cry1] + Ee[wAF141] — = (rt —E; {ngfll}) — Pecttec AEPFy

bk AN RDY .
) N (00 1,) — 51— g+ (b5 (6; + a0 = 5 (5, +20)
C = =W n — K —
! Eﬁ,ss + CM,SS : wt “ Pt (Eitl,ss + CH/SS) (1 - w)

I (Zss (BFFF + (1 — wez )y + ae83) — (Wy 4 y) — EL (P + 65) + Xos (%) — Xos (%))

(EZ,SS + CM,SS) (1 - w)
h
_ Nc,ss
Cepss + Ell s
Yt = Cut — Cet
¢ wc},t + (1 — w)ﬁu,t, == €u,t =C + (,U”)\’t

é\c,t (wt + ﬁc,t) — Mec (1 - lpec) ﬁf/ E?,SS/(EIZ,SS + Cc,ss) = Kec

t

Market Clearing
W = mrs; = Al + 06 + (Waee + (1 — w)aee) PE(1 — e
iy = fyp = fle
V4 X
& === (étTFP + (1 — aez )t + ‘Xezé?> - =228
CSS CSS

Wage and Price Setting

N 1-— 1- . N N . N N N
7_[;/\/:( ‘Pwﬁ)( ¢w) (w’f—wt) + BE; [”ml}/ NYV:ZUt—wt—l‘Fnt

Pw
. 1-— 1-— N N
Aty = ( 4)2.3)( 4)Z) (mCtZ> +ﬁEt [ﬂt-'rl}
¢
R a A 1 o R R
mth =W + ef\/’z — —(@ez8F — werfiy) — stTFP

ez

N R N 1 N N R
mict = PE+ M5 — — (1= aex) ity — (1 — a2)E5) — ETFP
ez

World
Re=¢"g:
Pt =Etfii1 — 4+ Etti 1
R LEs | A
pr=p;" +ar
AEx A, R
Py =pepyy HE
Monetary Policy

3
. . N . A fl .
Pt =0gP_1+ (1 —6g) ((9n/4)ntcpl'” + 6y (7 — n{ ex)) , ntCPI'“ = Z
=0
AP = 7y + woe APE

Shocks to (i) TFP, (ii) price markups and (iii) global energy prices

M

ATFP ATEP TEP M A M N E
& =prrréi_1 —GTFPY; & T =POME ] — MMy T & = GEN
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(A.103)
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(A.105)
(A.106)

(A.107)
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A.9.1 IS Derivation

Combine consumption IS with aggregate resource constraint
R R . 1o, "
&t = Et[ct+1] + Et[wA'ytH] - — (rt — E; [ngﬂ) — wecaecAEtpr
R L/, N ;
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Use the energy demand schedule

7 ] . -
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Solving this forward, we obtain a dynamic IS curve for employment 7, a proxy for ‘aggregate demand’,
broken down by channels
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~CPI

Recall that TTCP I'—#, 4+ vcecApt so that for a,c = 0 we have A;"* = 7;. Note that we can rewrite the firm’s

labor and energy demand schedules

N/ AM -1 Az . ATEP
mep = W+ 877 — Py (Rezlf — aezfly) — &
. 7 AM -1 N Az ATFP
mey = Pt =P (1= ety — (1 — aez)éf) — &
and combine them into
Ny A4 A ~F A ATFP
—pf =micy = (1 — ez)Wr + e Py +877 — &7

This implies that the channel related to the intra-temporal substitution in production can be re-written
in terms of the difference between real energy prices and real wages

pE+pf + & = (1 — o) (pF — @) + 8] TP

The dynamic IS equation (A.112) can thus be written as
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A.10 The Effects of Energy Prices on Price and Wage Markups

In the lower four rows of Figure A.1 we can see that although the Ramsey planner succeeds in sta-
bilising the wage markup more than under Taylor, the outcome for the gross rate of wage inflation
IV = W;/W;_1 is still very similar to the Taylor case. Given the high value for ¢, = 0.92, in line with
the standard in the literature (Schmitt-Grohe and Uribe (2006)), the New Keynesian Wage Philips curve
is “flat’. This also explains why the responses of the real wage under Taylor and Ramsey are rather simi-
lar, since w;/w;_1 = I1;/I1}" and since the ratio of price to wage inflation is very similar under Ramsey
policy and a Taylor-rule, both, in the TANK and RANK case.

FIGURE A.1: Dynamic Responses to a Global Energy Price Shock: Ramsey and Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key components of the wage markup to a 100% increase in the foreign currency price of energy. The right (left)

column shows responses for a case in which the central bank follows a Taylor rule (Ramsey policy). The blue (red) lines depict the TANK (RANK)

case. Energy enters only in the firm’s production function.
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Price Markups Recall the equation that describes the price markup as a function of the final output
firm’s cost of energy and labour

1 Mcz W, 1—1pez PE 1—=1pez %
5 - o) ()
M Py Py Py

An increase in nominal energy prices PF will also lead to an increase in the ‘real’ price of energy, pF,
due to nominal price stickiness. Given that nominal wages are more sticky than nominal prices, the
real wage w; = W;/ P, falls. The real increase in energy prices dominates, the real marginal cost thus
increases and the price markup M7 falls.

In the upper four rows of Figure A.1 we can see that the responses under Ramsey (left column)
and under Taylor (right column) are fairly similar. However, since the Ramsey-policy planner is more
accommodative, he can prevent the fall in the marginal rate of substitution that would otherwise ma-
terialise under a Taylor rule. The more accommodative stance under Ramsey policy does not alter the
profiles for price markups or real wages.

Wage Markups Recall the equations that pin down the real wage and set é{wz =0and &P =0 and
the equation that pins down the marginal rate of substitution and assume that energy only enters the
production function, so that &, =0

. . 1 .. .
Wy = mct + — (3 — ).
lpez
D = s = @Al + 06 + weepL (1 — o), D) = s = @il + o¢y

The wage markup is defined as the wedge between the real wage and the mrs

pll = W — nirsy.
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B Additional Impulse Response Functions

B.1 Energy shock with energy only in production, Taylor

FIGURE B.2: Dynamic Responses to a Global Energy Price Shock: Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank follows a Taylor
rule. The blue (red) lines depict the TANK (RANK) case. Energy enters only in the firm’s production function.
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B.2 Energy shock with energy only in production, Ramsey

FIGURE B.3: Dynamic Responses to a Global Energy Price Shock: Ramsey policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank implements
Ramsey-optimal policy. The blue (red) lines depict the TANK (RANK) case. Energy enters only in the firm’s production function.
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B.3 Ramsey vs Taylor Policy Stance, Energy shock with energy only in production

Figure B.4 presents the IRFs for the nominal interest rate (top row), the expected inflation rate (second
row from the top), the real interest rate (third row) and the policy stance (bottom row) over an increas-
ingly larger share of constrained agents, which allows the energy price shock to yield a correspondingly
larger fall in households’ consumption. It can be seen that the Ramsey planner raises the nominal rate
forcefully on impact, while the nominal rate only reaches 3% after 4 quarters or so. The Ramsey plan-
ner then cuts the nominal rate below the steady state level of 2.25%. Under a Taylor rule, the nominal
rate stays above the steady state. While the real rate rises strongly under Ramsey-policy initially, it
also falls below steady state. In the RANK model, Ramsey-optimal monetary policy remains contrac-
tionary throughout the period of higher energy prices in order to counteract inflation. Meanwhile, in
the TANK, optimal policy under a HtM weight of w = 0.25 is less contractionary. Under a higher share
of constrained HtM agents, w = 0.5, the optimal policy stance can even be accomodative, as can be seen
in the circled blue line in the lower left panel in Figure B.4.

FIGURE B.4: Dynamic Responses to a Global Energy Price Shock: Policy with Stronger Credit Constraints

Nominal Interest Rate under
8 T T T

Nominal Interest Rate under Taylor rule

Ramsey policy >
T 8 T T T T

ann pp
D
T
L

Expected CPI Inflation under

Ramsey policy
T T T

Expected CPI Inflation under Taylor rule

0.8

0.8

0.2 q

pp, dev fr

-0.2
-0.4
0

4 8

Real Interest

3 T

Rate under Ramsey policy
T T

pp, dev from ss

-0.4
0

gt 2
= | g
0 o
1F : At
> | | | | 5
0 4 8 12 16 20 0
Ramsey-optimal Policy Stance
T T
2r 1 2f
) n
@ n
g 1f o= —— 1 Z 1F
g w._ S
%‘ 0 €N b L T " ‘: 0
< °
N g Xt i
5 | | | | ) | | | |
0 4 8 12 16 20 0 4 8 12 16 20

————— RANK  (HtM share:
—>— TANK a (HtM shar .25, Firm-CES=0.15, a..=0.05, HH-CES=0.15, cv
—=6— TANK b (HtM share=0.5, Firm-CES=0.15, a.=0.05, HH-CES=0.15, c.=0, ¢.=0. ¥
-1
u,t

6,092, <'—0.35)
Notes: This figure shows the IRFs of variables that pin down the policy stance (C, ;) to a 100 % increase in the foreign currency price of energy. In the
column on the left (right) the central bank implements Ramsey-optimal policy (follows a Taylor rule). Energy enters only in the firm’s production

function. The red lines depict the RANK case. The blue crossed (circled) line depicts the TANK case a (b) with w = 0.25 (w = 0.5).
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B.4 Energy shock with energy only in consumption, Taylor

FIGURE B.5: Dynamic Responses to a Global Energy Price Shock: Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank follows a Taylor
rule. The blue (red) lines depict the TANK (RANK) case. Energy enters only the consumption basket.
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B.5 Energy shock with energy only in consumption, Ramsey

FIGURE B.6: Dynamic Responses to a Global Energy Price Shock: Ramsey policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank implements

Ramsey-optimal policy. The blue (red) lines depict the TANK (RANK) case. Energy enters only the consumption basket.
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B.6 Energy shock with energy in production and consumption, Taylor

FIGURE B.7: Dynamic Responses to a Global Energy Price Shock: Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank follows a Taylor

rule. The blue (red) lines depict the TANK (RANK) case. Energy enters the consumption basket and the production function.

B-36



B.7 Energy shock with energy in production and consumption, Ramsey

FIGURE B.8: Dynamic Responses to a Global Energy Price Shock: Ramsey policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank implements

Ramsey-optimal policy. The blue (red) lines depict the TANK (RANK) case. Energy enters the consumption basket and the production function.
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B.8 Ramsey vs Taylor Policy Stance, Energy shock with energy in consumption
and production

We compare the policy paths implied by a Taylor rule and implied by Ramsey-optimal policy in the
case in which energy enters the production function and the consumption basket. Just as before in
Figure 9, Figure B.9 presents the IRFs for the nominal interest rate (top row), the expected CPI inflation
rate (second row from the top), the real interest rate (third row) and the policy stance (bottom row)
over an increasingly larger share of constrained agents, which allows the energy price shock to yield a
correspondingly larger fall in households” consumption. The left column in the chart depicts the case of
Ramsey-optimal policy, the right column depicts the case of a Taylor rule.

FIGURE B.9: Dynamic Responses to a Global Energy Price Shock: Policy for Energy in Consumption and Production

Nominal Interest Rate under Ramsey policy Nominal Interest Rate under Taylor rule
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hand-to-mouth share of w = 0.25 (w = 0.5). Full set in Figure B.7 and B.8.

It can be seen in the upper left panel of Figure B.9 that the Ramsey planner cuts the nominal rate
on impact and gradually lifts it back towards the steady state level of 2.25%. The fall in the nominal
rate is so strong that the zero lower bound would be reached. Under a Taylor rule, the nominal rate is
increased toward rougly 4% after 4 quarters, before falling back towards steady state.

The Ramsey-policy implied profile for the nominal rate in the case in which energy enters consump-
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tion and production is in stark contrast to the behaviour of the nominal rate under Ramsey policy in the
case in which energy enters only in production, which we showed in Figure 9.

If energy also enters in the consumption basket, and if the price of energy jumps up on impact before
falling back gradually, this implies that expected CPI inflation will turn negative, since expected energy
price inflation turns negative. This can be observed in the second row of Figure B.9.

The real rate under a Taylor-rule would increase strongly, in part because the nominal rate is lifted,
and in part because expected CPI inflation falls. The Ramsey planner implements a less contractionary
stance by cutting the nominal rate. The lower left panel shows that for a Ramsey planner in the RANK
model and in a TANK model with a moderate degree of credit constraints (w = 0.25) the policy stance
is still contractionary, since the expected cumulative real rate path is positive. If the degree of credit
constraints increases to w = 0.5, the policy stance becomes accommodative. In this regard, the optimal
policy stance for the case in which energy enters consumption and production resembles the optimal
policy stance in which energy only enters production. In both cases, in the case of energy only in pro-
duction and in the case of energy in consumption and production, the Taylor-rule implied policy stance
was too tight. Moreover, in both cases, the stance is less tight for a TANK model with strong credit
constraints. However, the corresponding Ramsey-optimal paths for the nominal rate are very different,
depending on whether expected CPI inflation falls or increases, in response to the energy price shock.

In a model with a delayed pass-through of energy import prices to domestic prices, it is likely that
expected CPI inflation would not fall as much on impact as is the case in our model. In such a model
with slower pass-through a Ramsey-planner would not optimally cut the nominal rate on impact.
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B.9 Energy news shock with energy in production and consumption, Taylor

The normative implication of energy price shocks for monetary policy depend on whether the increase
in energy prices is purely unanticipated. In Figure B.10 and B.11 we show the effects of an anticipated
energy price ‘news’ shock. In this case, expected CPI inflation increases and the nominal rate under the
Ramsey-optimal policy would need to increase sharply as well.

FIGURE B.10: Dynamic Responses to a Global Energy Price News Shock: Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% anticipated increase in the foreign currency price of energy. The central bank

follows a Taylor rule. The blue (red) lines depict the TANK (RANK) case. Energy enters the consumption basket and the production function.
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B.10 Energy news shock with energy in production and consumption, Ramsey

FIGURE B.11: Dynamic Responses to a Global Energy Price News Shock: Ramsey policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% anticipated increase in the foreign currency price of energy. The central bank

implements Ramsey-optimal policy. The blue (red) lines depict the TANK (RANK) case. Energy enters the consumption basket and the production
function.

B-41



B.11 Energy shock under higher price flexibility, Taylor

FIGURE B.12: Dynamic Responses to a Global Energy Price Shock: Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank follows a Taylor

rule. The blue (red) lines depict the TANK (RANK) case. Energy enters only the production function.
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B.12 Energy shock under higher price flexibility, Ramsey

FIGURE B.13: Dynamic Responses to a Global Energy Price Shock: Ramsey policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank implements

Ramsey-optimal policy. The blue (red) lines depict the TANK (RANK) case. Energy enters only in the firm’s production function.
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B.13 Energy shock under higher wage flexibility, Taylor

FIGURE B.14: Dynamic Responses to a Global Energy Price Shock: Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank follows a Taylor
rule. The blue (red) lines depict the TANK (RANK) case. Energy enters only the production function.
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B.14 Energy shock under higher wage flexibility, Ramsey

FIGURE B.15: Dynamic Responses to a Global Energy Price Shock: Ramsey policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank implements

Ramsey-optimal policy. The blue (red) lines depict the TANK (RANK) case. Energy enters only in the firm’s production function.
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B.15 Energy shock under higher factor substitutability, Taylor

FIGURE B.16: Dynamic Responses to a Global Energy Price Shock: Taylor policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank follows a Taylor
rule. The blue (red) lines depict the TANK (RANK) case. Energy enters only the production function.
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B.16 Energy shock under higher factor substitutability, Ramsey

FIGURE B.17: Dynamic Responses to a Global Energy Price Shock: Ramsey policy for TANK vs RANK
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Notes: This figure shows the IRFs of key model variables to a 100% increase in the foreign currency price of energy. The central bank implements
Ramsey-optimal policy. The blue (red) lines depict the TANK (RANK) case. Energy enters only in the firm’s production function.
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