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1 Introduction

The recent global increase in energy prices has lead to substantial increases in inflation and a large
deterioration of the terms of trade for many countries; in particular those that are net importers of
energy, such as the Netherlands. The Dutch economy seems to be weathering the storm reasonably
from a macroeconomic perspective, although the growth rate of real gross domestic product (GDP)
has slowed down. At the same time, energy price increases have increased the cost of production for
firms, in particular energy-intensive industries. This reduction in macroeconomic purchasing power
suggests that real gross domestic income (GDI) has fallen as a result of the deteriorating terms
of trade. These developments have lead to a public debate about the distributional consequences
of the energy price shock: which groups have been hit the hardest, and should the government
redistribute income from one group to another? If firms are able to pass on these higher production
costs to other firms and consumers, they should not necessarily have to face a decrease in profits.
Firms that are able to both charge a markup over marginal costs and pass on higher production
costs may potentially have seen their profits increase. Furthermore, when the cost of living increases
as a result of higher prices and nominal wages are rigid, households should be confronted by a fall
in real labor income. Stagnating nominal wages and potentially increasing profits may imply that
groups more reliant on labor income have seen a larger drop in real income than those that rely
primarily on capital income. Given stagnant nominal wage growth, this situation would open up
the possibility for income redistribution through higher nominal wage rates by indexing wages to
inflation. In turn, higher nominal wages could negatively impact future GDP growth by reducing
expected future profits, which makes it less attractive for firms to invest.

We set up a macroeconomic model to rationalize the differential responses of real GDP and
real GDI to an increase in energy prices, and analyze how an increase in energy prices might affect
groups that rely on capital income differently than those that rely on labor income when nominal
wages are rigid. Specifically, we examine the response of real GDP, real GDI, inflation, wages, real
consumption, and how the relative difference between the consumption response of groups that rely
on capital income vis-a-vis those that primarily receive labor income. Furthermore, we investigate

the macroeconomic and distributional effects of automatic wage indexation, which is effectively a
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form of redistribution between workers and firms. We do so in a two-agent New Keynesian (TANK)
model of a small open economy that is a member of a currency union (Gali et al. 2007} |Bilbiie,
2008)). There are two kinds of households: firm owners, who receive income from holding firm
equity and liquid assets, and workers, who receive labor income and cannot perfectly smooth out
changes in consumption due to portfolio adjustment costsE Labor is hired in a frictional labor
market following Mortensen and Pissarides (1994) and nominal wages are highly rigid. Energy and
imported goods are used by firms to produce domestic goods, and directly consumed in all final
expenditure categories. We assume all energy is importedﬂ Both energy and imported goods can
be re-exported to foreign countries. Firms in the domestic goods, exports, imported goods, and
energy sectors operate under monopolistic competition, such that they make nonzero profits in
equilibrium, and face nominal rigiditiesﬁ We calibrate the model to match the relevant import and
energy shares in production and final expenditure categories and numerically solve the nonlinear
model under perfect foresight to investigate the effects of an energy price shock.

Our two most important results are the following. First, we show that a large, temporary
increase in energy prices drives a wedge between real GDP and GDI. Higher energy prices lead to a
deterioration of the terms of trade, as import prices increase by more than export prices because
more energy is imported than exported. Since other countries face the same increase in energy prices,
domestic goods become relatively cheaper from the point of view of the rest of the world. This
increases foreign demand for domestic goods, thereby increasing exports which leads to an increase
in real GDP. At the same time, prices of all expenditure categories increase. As a result, real GDI
decreases: the higher cost of both domestic goods and imports reduces the economy’s effective
purchasing power given the current consumption basket of domestic goods, imports, and energy.
Nominal profits of firms increase due to price increases, while nominal wages are effectively rigid. In
equilibrium, real profits fall, but real wages fall by more. As a result, aggregate consumption also
falls. However, most of the burden of adjustment lies with workers: their consumption is reduced by
more than firm owners’ consumption. As a result, consumption inequality increases.

Second, we show that a redistributive scheme in the form of complete automatic wage indexation
to consumption price changes is effective at changing the brunt of the burden of adjustment from
workers to firm owners, but comes at macroeconomic costs in both the short run and the long run.
Complete automatic wage indexation effectively creates a wage price spiral as defined by |[Blanchard
(1986): while workers attempt to maintain their real wages, firms try to maintain their markup over
marginal costs. These two factors drive price level dynamicsﬁ As real wages are now effectively

rigid, labor income falls by less, while capital income falls by more due to higher labor costs. This

L Without portfolio adjustment costs, workers and firm owners would have the same level of consumption in every

state of the world.

Although in reality the Netherlands imports more energy than it produces, a non-negligible part is produced
domestically. We make this assumption for simplicity, as a significant part of the profits of domestic energy
production accrue to the Dutch government. We leave this for future work.

In the numerical exercises, only prices in the domestic goods and imported goods sectors are sticky, to match
that retail and wholesale energy and export prices have adjusted quickly after the increase in world energy prices.
Note that the model is stationary, such that nominal wages and prices eventually return to their steady state
values.



results in a larger increase in prices, triggering expenditure switching from domestic to foreign goods,
and a decrease in production and real GDP. Lower production and higher prices in turn reduce
real GDI further relative to the simulation without wage indexation. Hence, there is a trade-off
between redistributing between households and speeding up the macroeconomic recovery after a
large exogenous price shock. This equity-efficiency trade-off also holds for incomplete automatic
wage indexation, but is less severe. In Table [I] We summarize the responses of a number of key
variables to an energy price shock without and with wage indexation. Furthermore, we find that
this equity-efficiency trade-off also holds in the long run. The increase in energy price shocks leads
to substantial welfare losses, measured as the discounted sum of utility of both workers and firm
owners weighted by their population shares along the adjustment path back to the steady state.
Automatic wage indexation further amplifies the welfare losses after an energy price shock, yet can
have long lasting influences on consumption inequality. Hence, automatic wage indexation can help
redistribute losses between groups.

TABLE 1 Qualitative response of key variables to a temporary energy price shock without and with complete

automatic wage indexation. + indicates a positive effect, — indicates a negative effect, ++ (——) indicates a larger
positive (negative) effect, and 0 indicates no effect.

Variable Response to shock Response to shock with wage indexation
Real GDI — -

Consumption inequality — + —

Real GDP + —

Real wage — 0

Aggregate consumption — ——
Worker consumption —— —

Firm owner consumption — ——
Consumer price inflation  + ++

Our analysis is related to the literature on the macroeconomic effects on terms of trade shocks
(Schmitt-Grohé and Uribe, 2018), and the difference between the response of real GDP and real GDI
after such a shock (Kohli, |2004; [Reinsdorf, 2010; |[Kohli, 2022)). We also build on the literature on
TANK (Gali et al. [2007; Bilbiie, |2008) and tractable heterogeneous agent New Keynesian (THANK)
(Bilbiiel, 2020; Bilbiie et al., [2022)) models. Pieroni| (2022))’s analysis is related to mine: the paper
finds that the economic burden of a reduction in energy supply is heaviest for low income households
in a heterogeneous agents New Keynesian (HANK) model with an endogenous distribution of income
and wealth. We find similar results, but instead focus on the distinction between households that
rely on labor income and households that rely on capital income. The classic reference on wage price
spirals is Blanchard| (1986)). Lorenzoni and Werning| (2023]) show that the standard New Keynesian
model with price and wage rigidities already features a wage price spiral, as optimizing firms and
workers try to outpace one another in setting nominal prices and wages.

From here on our analysis proceeds as follows. In Section [2] we present the model. We describe
the calibration in Section [3] Section [] contains the analysis of our numerical results. Finally, Section

Bl concludes.



2 Model

The economy is populated by two kinds of households: workers and firm owners. Workers supply
labor to the economy’s firms, while firm owners own the economy’s firms by holding firm equity
shares. Hence, workers primarily receive labor income, while firm owners receive capital incomeﬂ
The fiscal authority levies a lump sum tax, which it uses to finance its expenditure on consumption
goods and benefits to unemployment workers. Firms produce domestic value-added using capital,
labor and energy. Labor is hired in a frictional labor market, where firms post vacancies to
attract workers and bargain with workers over wages (Mortensen and Pissarides| [1994)). Domestic
value-added is combined with a composite intermediate input to produce the domestic final good.
Firms sell exports to other (unmodeled) countries. Private consumption, private investment, public
consumption, intermediate goods, and exports are composite goods that consist of both domestic
and imported final goods and energy. All consumed imports consist of an homogeneous foreign good.
The price of this imported good is exogenous. We assume all energy is imported and that the price
of energy is exogenous. Retailers of domestic goods, foreign goods, exports, and energy all operate
under monopolistic competition, such that these firms make non-zero profits in equilibrium. The
prices of domestic and foreign goods are rigid. The economy is part of a currency union, making
monetary policy exogenous and the nominal exchange rate fixed.

Notation wise, all variables with upper-case letters are nominal, whereas lower case variables are
either real quantities or relative prices. Foreign variables have a superscript asterisk, while domestic
variables have none. In addition, goods that are produced domestically have subscript H, while

goods that are imported have subscript F'.

2.1 Worker household

Workers w make up a share 1 of the population, and receive income from supplying labor W;n,, ¢
to firms and repayment of a portfolio of risk free liquid assets B,,;—1 bought in the previous period.
This portfolio consists of both short term government bonds and an internationally traded assetﬁ A
share u,, ; of the worker household is unemployed and receive unemployment benefits B,,. We assume
that there is perfect consumption insurance among all members of the worker household (Merz, 1995;
Andolfatto, |1996). They spend their income on consumption goods P ;cy ¢, and purchases of the
risk free asset quBwﬂg which comes at price ¢? and promises to pay out one euro in the next period.
Consumption expenditures are taxed at a constant rate T, such that total consumption expenditures

are equal to (1 + T) Pc,tcw,t-m To capture limited asset market participation, purchasing additional

5 In reality, a sizeable fraction of households are hybrid types: they receive both capital and labor income.

Furthermore, Dutch household indirectly invest in firm equity through their pension fund. Fully capturing these
features of the Dutch economy would likely require modeling the entire distribution of income and wealth. We
leave this for future work.

This can also be rationalized as households investing in risk free bank deposits when there are no financal frictions.
The bank then uses these deposits to invest in government bonds and the internationally traded asset.

We use this constant tax to target consumption as a share of GDP. Since the tax rate is constant it does not
affect model dynamics.



bonds is subject to quadratic adjustment costs f (By) (Cantore and Freund, [2021). They maximize
their lifetime utility, which is increasing in consumption:

10
w—1
swt—i—s
ma {Zﬁ 1 — oy }’

{Bw t+5,cw t+5}s 0

56(071))0111207

where E; is an expectations operator conditional on the agent’s information set, S is the worker’s
subjective discount factor, and o, is risk aversion. Workers do not receive disutility of supplying

labor or searching for a job. The worker household’s nominal budget constraint is given by:
(1 + Tc) Pc,tcw,t + Q§Bw,t + f (Bw,t) = thw,t + Bw,t—l + Buuw,t-

Workers optimal consumption and bond holdings. The first order conditions are standard and can

be found in the Appendix.

2.2 Firm owner household

Firm owners d make up a share 1 — ) of the population, and receive income from repayment of their
portfolio of risk free liquid assets By ;1 bought in the previous period and from holding shares ¢z¢—1
in the economy’s production firms. Shares trade at price ¢; and are a claim on firm profits II;. They
spend their income on consumption goods (1 + 1) P, cq ¢, lump sum taxes T,;; and purchases of the
risk free asset Q?Bd,t which comes at price qff and promises to pay out one euro in the next period.
In addition, firm owners have to pay a constant tax T, which ensures firm owners and workers have
the same consumption in the deterministic steady stateﬁ Firm owners maximize lifetime utility,

which is increasing in consumption:
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5 € (Oal)aad > 0.
The firm owner household’s nominal budget constraint is given by:
(14+T¢) Percar +Tar + T + Qde,t + qisar = (¢ + 1) Sae—1 + Bar—1-

Firm owners choose optimal consumption, bond holdings, and firm shares. The first order conditions

are standard and can be found in the Appendix.

8 We introduce this tax mostly to ease solving for the steady state. This is without much loss of generality given

that the model is likely to be fairly linear, such that the model’s initial conditions don’t matter for how it responds
to shocks.



2.3 Consumption allocation

Households consume a composite consumption good ¢; that comes at price P ;. This consumption
good consists of energy consumption c.; and non-energy consumption c, ;. Non-energy consumption
is a composite good that consists of both domestically produced goods cg; with price Py and
imported goods cg; with price Pr;. The composite goods are constructed using the following CES

production functions:

Tc,e
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where (.. € (0,1) is the share parameter of energy in total consumption, (. € (0, 1) is the share
parameter of the imported good in non-energy consumption, 7. > 0 is the elasticity of substitution
between energy and non-energy consumption, and 7. > 0 is the elasticity of substitution between

domestic and foreign goods in non-energy consumption. Total consumption expenditure is given by:

Pc,tct = Pe,tce,t + Pm,c,tcx,ta

Py cicet = Pricry + P icay.

The household minimizes total consumption expenditure subject to the CES production function.
In equilibrium, this determines the allocation between energy and non-energy consumption c.; and

Cz,t, domestic and foreign goods ¢y and cpy, and the price of the composite goods P.; and Py ;.

2.4 Production and pricing

Production and pricing occur in the following manner. Monopolistically competitive retail goods
importers purchase foreign goods from abroad. They differentiate these goods, determine the price
on these goods and then sell them to import sellers. Foreign goods are used for final consumption
and investment purchases, combined with domestic goods to produce intermediate goods, and
combined with domestic goods to produce exports. Monopolistically competitive energy importers
purchase energy from abroad and operate similarly to retail goods importers. Energy is used
in all expenditure categories and to produce value added, intermediate goods and exports. We
assume all energy is imported. Production firms use capital and labor to produce value-added, and
subsequently sell their output to domestic goods producers. Labor is hired in a frictional labor
market, as production firms need to post vacancies to attract workers and subsequently bargain
over wages. Value-added is combined with intermediate goods to produce the domestic good, which
is again sold to a monopolistically competitive firm that sets its price who sell the differentiated
goods to final sellers. Domestic goods are used for final private consumption, investment, and

government consumption purchases. Domestic goods are also combined with foreign goods and



energy to produce intermediate goods, and combined with foreign goods and energy to produce
exports. Finally, export producers purchase domestic goods, foreign goods and energy to construct
exports. These are sold to a monopolistically competitive firm that determines the price of exports.

Afterwards these differentiated exports are bundled and sold to foreign agents.

2.4.1 Investment decision

Firms use a composite investment good ¢; with price P;; to accumulate physical capital k¢, which is
used in production in the next period. Just like the composite consumption good, the composite
investment good is produced using energy . ; and non-energy investment goods ¢, ;, which in turn

consists of domestic iy and foreign ir; goods:
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where (; € (0,1) and (e € (0,1) are the shares of energy in total investment and imports in
non-energy investment, and 7; > 0 and 7; . > 0 are the relevant substitution elasticities. Investment

expenditure is given by:

Piyiy = Py jtizy + Pegleg,

P, iit = Pagigs + Priipg.

The firm minimizes total investment expenditure subject to the relevant production functions. In
equilibrium, this determines the allocation between domestic and foreign goods i and ig;, the
allocation between energy and non-energy goods ., and i, ;, and the price of the relevant composite

investment goods P;; and Py ; ;.

2.4.2 Value-added production

Perfectly competitive firms produce value-added v; with price P,; with a constant returns to scale

CES production function using previously accumulated capital k;—1 and labor n;:

14 =2

1 o1-1 v (ko \e ]!

v=z1-a)rn, 7 +a- (tl) 1 5 (5)
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where « is the capital share in production, kg is a scaling parameter, o is the elasticity of substitution

between capital and labor, and z is a productivity scaling parameter. Labor is hired in a frictional

market: value added producers post vacancies v; at cost P,k to attract job seekers ;. All

unemployed workers look for jobs. Matches that are formed in period t start working in the same



period. The number of matches Mj; is defined by the following constant returns to scale matching

function:
My =& ) v, (6)

where £ is a scaling parameter and ¢ is the elasticity of matches with respect to job seekers. The
timing of labor market events is as follows. At the beginning of every period a share s of matches is
terminated exogenously. Afterwards matches are formed and hiring takes place. The law of motion

of employment n; is given by:
ne = (1 —s)n—1 + qi. (7)
By normalizing the total population size to 1, the unemployment rate u; is given by:
up = 1 — ny,

while the amount of job seekers ;] is determined by agents who did not have a job in the previous

period u;_1 or were separated from their match in the current period sn;_1:
up = Up—1 + Sny,

Firms accumulate physical capital by purchasing investment goods ;. Firms select their capital
stock after all hiring has taken place and that changing the level of investment relative to the

previous period is subject to a quadratic adjustment cost. The law of motion of the capital stock is

. 2
Rj (27 .
1——(— -1 8
2(%—1 )1%7 ®

where § is the depreciation rate of physical capital and k; determines the strength of the quadratic

therefore given by:

ke = (1 — 5) ki—1 +

adjustment costs. Labor is paid a nominal wage rate W;. Firms maximize their value

Adt+1
V2=H§+Et{5 sy L )
Adjt
with flow profits IIY = P, ;v — Wyny — P; 41y — P, 4. Firms use the firm owner’s stochastic discount
factor B% to discount future cash flows, as firm owners are the ultimate recipients of firm
profits.. Firms maximize their value subject to the law of motion of capital and the law of motion

of employment.



In a search and matching context, firms and workers have to bargain over wages. For simplicity,
the nominal wage rate W; is a linear function of the marginal product of labor and the worker’s
outside option (Jung and Kuester, [2011; Den Haan et al., 2021)):

Wi =7 {nPo [(1 = @) ve/mi] + (1 =) (Bu+h)} + (1= 7) W, (10)

with bargaining weights  and 1 — 7, where W is the nominal wage rate in the deterministic steady
state, and h captures non-monetary aspects of the worker’s outside option. This weight can be
thought of as the worker’s bargaining powerﬂ We introduce additional wage rigidities by imposing
that today’s wage rate only adjusts by a factor -, while it depends on the steady state wage rate
with a factor 1 — ~.

2.4.3 Production of intermediate goods

Final goods are produced using a composite intermediate good m; with price P, ;. The composite
intermediate good is produced using energy m.; and non-energy intermediate goods m; ¢, which is

produced using domestic mg,; and foreign mp; goods:

ERE i 1] a1
— d, d, d, ’
my = | (1= Cae) " My, + <d,ee Mgy ) (11)
1— L ey
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where the parameters have their usual meanings. Total expenditure on intermediate goods is given
by:

Pm,tmt = Px,m,tm:v,t + Pe,tme,t7

Prmimes = Prympy + Prympy.

2.4.4 Production of domestic goods

The domestic good PIJ;,tyHJ is produced using domestic value-added P, ;v; and an intermediate

good m; with price P, ; using a CES production function:

= (1_ )ﬂ% 1 N v 1 v =T (13)
YH ¢t Co my + Gy )

Nash bargaining is commonly used to determine wages in the search and matching literature. However, with
heterogeneous agents Nash bargaining becomes less tractable because future utility flows matter and these are
discounted using different stochastic discount factors. Said scheme can also be micro-founded as the outcome of
an alternating offers game, see |[Hall and Milgrom| (2008).



where the parameters have their usual meanings. Total expenditure on these two goods is given by:
P{LtyH,t = Py vt + Py gy

The domestic good is sold to monopolistically competitive retailers, who differentiate these goods
and set the price on these goods before the domestic good is sold to households, value added

producing firms, the government, and intermediate goods producers.

2.4.5 Exporters

Suppose the economy supplies foreign countries with exports s which come at price Pf;t, which are
constructed using domestic goods sp ¢, foreign goods s, and energy s, ; with the following CES

production functions:

1 l_nl nl l_nl el
nt = (1 - C%,e)n%’e Kt o+ C%j{e’e Kt e ) (14)

Ayt
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where the parameters have their usual meanings. Total expenditure on exports is given by:

f _
P%t%t = Px,%,t%x,t + Pe,t%e,ta

Py i17et = Paisny + Prispg.

The export good is sold to monopolistically competitive retailers, who differentiate these goods and

set their price before these goods are exported.

2.4.6 Nominal rigidities

We introduce monopolistic competition and nominal rigidities in the energy, imported goods,
domestic goods, and exports sectors. For the sake of brevity, we only describe the optimization
problem in the domestic goods sector. Consider a continuum of perfectly competitive final goods
producers of measure one in the domestic goods sector. These final goods producers combine retail
goods y; m7.+, which they buy at price P; r; into a final domestic good yx; which they sell for a

nominal price Py according to the following production technology:

°H

1 eg=l  Jeg-1
Y = [/o (yj,ae) <H dj ,
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where ep is the elasticity of substitution between different kinds of retail goods. The demand

function for retail goods from final goods producers is:

P; T
YjHit = ( ;H’t> YH t- (16)
H,t

Domestic retail goods producers j of measure one purchase homogenous output from perfectly
competitive domestic goods producers at price P};’t, which they subsequently convert into retail
goods y; i+ These are sold again to final goods producers for a price Pj p;. Retail goods firms in
each sector operate in a monopolistically competitive environment, because they all produce a slightly
different retail good and final goods producers cannot perfectly substitute between all different kinds
of retail goods. Because retail goods firms operate in a monopolistically competitive environment
they can charge a markup. This earns them nominal profits Hﬁ = (Pj, Hit — P{Lt) Yj,H,¢ Firms face
quadratic price adjustment costs a la Rotemberg| (1982)), such that prices adjust sluggishlym A

retail goods producer’s optimization problem is therefore given by:

o
)\d t K
s\d,t+s f H
max [ Z B N, P HatsYj Hit+s — Prpyy sV Hits — 5
P]aH7t s=0 d,t

)

2
Py
J,H,t+s
———— — 1| PuiisYHi+s| ¢ >
Pj,H,t+s—1

subject to the demand function for retail goods from final goods producers.

2.5 Fiscal authority

The fiscal authority issues bonds By ; at price qf that promise to pay out one euro in the next
period. In addition, the fiscal authority levels (nominal) lump sum taxes T}, a constant tax on firm
owners T,, and a constant distortionary consumption tax 7. It consumes a composite good ¢; with
price P;; and provides unemployment benefits B, to unemployed workers u,, ;. Total government

consumption is exogenous. The government budget constraint is therefore given by:
Ty + ¢/ Bgy + T + TePeycy = Pyygy + Buttwy + By (17)

Total tax revenues T} is the population weighted sum of taxes paid by firm owners Tj;;. The fiscal

authority adjusts these taxes to ensure intertemporal solvency:
Tdﬂg — Td = RT (Bgﬂg_l — Bg) . (18)

where Ty and B, are steady state values.

10 Following [Eggertsson and Singh| (2019)), these adjustment costs are thought of as reputational costs instead of

physical resource costs, such that they do not impact firms’ final profits. With physical price adjustment costs, an
increase in energy prices leads to a counterfactual increase in output. In that case, production needs to increase
to satisfy the increased demand for goods necessary to facilitate the adjustment of prices.

11



Public consumption consists of gp; domestic goods, gr; foreign goods, and g.; energy and is

constructed using the following production technologies:

IR 1ot n;’i’il
9= (1= Cge) ™ Guy ™ + gt Ger " ; (19)
_Ng
1 1—% ni 1_7% ng—1
gzt = (1 - Cg)ng g[—Lt !+ nggF,t ! ’ (20)

where the parameters have their usual meanings. Total expenditure on public consumption is given

by:

Pg,tgt = Pa:,g,tgx,t + Pe,tge,ta
Py g19t = Puignus + Prigrg.

2.6 Market clearing

Total demand for domestic goods, energy, and imported goods therefore given by:

Pryre = Paicuys + Paiing + Prigus + Paixa: + Paimpyg,
Peyey = Peycet + Pegiet + Petget + Pepstes + PegMeyt + Pe ey,

Total imports consists of spending on private consumption goods, investment goods, public con-
sumption goods, intermediate goods and energy. Let u; be the economy’s total imports and let P, ;

be the relevant price index for imports. Total imports are then given by:
P = P}J;,tyF,t + Pe ey,
where P, ; is a Laspeyres index for the price of imports from period ¢ — 1 to period ¢:

Pmt . P};tyF,t—l + Pefﬂgetfl

Pt P}J%t_lyF,tfl + Pe{t_1et71

Next, let yp+ be gross domestic final expenditures:
Ppyps = Peper + Pty + Py gy,

where Pp; is a Laspeyres index for the price of domestic final expenditures from period ¢t — 1 to

period t:

Ppy  Peier1+ Piie1 + Pyigi
Ppi 1 Peypaci1+Pig 11+ Pyg19i1

12



The net foreign asset position evolves according to:
(Qfo - BZM) = Pt — Bppie: (21)

The inverse of the bond price 1/¢? corresponds to the risk free international interest rate. This

variable is exogenously given. Finally, the terms of trade 7; is given by:

PJ{ t
T = 2t 22
‘=P, (22)
Foreign demand for the economy’s exports is determined by the following demand function:
%
P\
7 (R’h) st .

where 1}, is the price elasticity of foreign export demand and x introduces inertia in the demand for
exports. Other economies consume a similar import bundle as the domestic country with price P ,,
such that a lower price of exports relative to imports increases foreign demand for exports. The

relevant import price for other countries is given by:

P, Ply* + Pler
Pl P};‘,t—ly* + Pe]it—le*

where y*, e* are parameters. As is standard for small open economies, the prices of energy imports
P, ; and non-energy imports Pr; are exogenous and do not respond to changes in domestic demand.
The world interest rate responds to changes in the net foreign asset position relative to the steady

state to guarantee stationarity of the net foreign asset position |Schmitt-Grohé and Uribe| (2003):

@} = q" + kg exp (B} — B*) — 1]. (24)

2.7 Deflating macroeconomic income

How much an economy produces is measured by GDP, while its income, and thus how much it can
consume, is measured by GDI. In nominal terms, GDI and GDP are identical. However, real GDI
and GDP are typically not identical in open economies, as international trade allows an economy to
consume a different set of goods and services than it produces. As a result, real GDP understates
changes in real domestic income after changes in the terms of trade (Kohli, 2004). Since we want to
differentiate between aggregate production and macroeconomic income, it is necessary to construct

a measure of GDI in the model.

Essentially, by making a distinction between real GDP and real GDI, we have to take a stance

on the appropriate price indices to deflate GDP and GDI. Typically, statistical agencies have some
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discretion in deciding what price index to use when calculating GDIE We follow [Reinsdorf (2010)
and [Kohli (2022)) in using the price index of gross domestic final expenditures as the appropriate
price index to deflate GDI. The intuition is that the relevant price index to deflate additional income
that domestic agents gain by trading with other countries, is the price index for domestic absorption.
Essentially, to obtain real income, one needs to deflate nominal income by the price index that that
nominal income is used to purchase. In our model, the price index of domestic absorption is the
price of gross domestic final expenditures Pp ;. The Paasche index for GDI, using the price index of

total expenditures as a deflator, is then given by:

Ppyp,t + Pigsee — Py i
Laspeyres *

(25)
(Ppt—1Yypt—1 + Pug—156-1 — Pug—1p—1) Ppy

gdiP,t =

The Paasche index for GDP is given by:

Ppypt + Pysey — Ppyypie

Laspeyres Laspeyres Laspeyres’
Ppi1ypt-1Ppy + Pri—150-1P,4 = Pui-1pu—1Pyy

gdpp; = (26)

where 73; S PYTE s the change in the Laspeyres price index of expenditure category z € D, u, » from

period t — 1 to period t. Additional derivations are provided in the Appendix.

3 Calibration

We calibrate the model to broadly match the Dutch economy, paying particular attention to the
relevant shares of imports and energy, both in final expenditure categories and in their use as
intermediate goods. One period in the model corresponds to a quarter. We set the subjective
discount factor of both workers and firm owners 5 = 0.9975 to target an annual real interest rate
of 1%. We set risk aversion o;, where ¢ = w, d, to 2, which is a standard value in the literature.
We set ¢ = 0.8, such that the population consists of 80% workers and 20% firm ownersE Worker
households’ cost of adjusting their portfolio is given by f (Buw:) = % (Buw,; — Bw)g, such that
I (Bwt) = kw (Byt — By). We set k,, = 0.01. In addition, workers have zero liquid assets in the
steady state. We normalize total outstanding firm equity shares ¢ to unity. The tax adjustment
parameter kr is set to 0.025, such that lump sum taxes adjust slowly to changes in government
debt.

We set B, = 0.64 to match a replacement rate of approximately 65% and then adjust h such that
the cost of posting a vacancy is approximately equal to half the quarterly wage. We set v = 0.01 to
ensure nominal wages are almost completely rigid. The steady state unemployment rate u is 4%,
the quarterly separation rate s is 3.5%, and the elasticity of matches w.r.t. vacancies ¢ is 0.5. The

constant in the matching function £ is adjusted to hit a quarterly job filling rate ¢ of 35%. We set

1 A common practice is to deflate the trade balance by an import price index when calculating GDI. Both [Reinsdorf]

(2010) and |[Kohli| (2022)) argue against this practice.
12 |Luginbuhl and Smid| (2021) report that the financial wealth of 80% of the Dutch population is less than €50,000.
The workers in the model are meant to capture this particular group.
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n = 0.5 such that the Hosios condition is satisfied. The elasticity of substitution between capital
and labor ¢ is set to 0.5, while the share parameter « is set to 0.25. The investment adjustment cost
parameter k; is set to unity, while the depreciation rate of physical capital § is set to its standard
value of 0.025. We normalize the marginal product of labor P, ¢ [(1 — «) v¢ /nt]i to unity in the
steady state by adjusting the productivity scaling parameter z.

The elasticity of substitution between energy and non-energy in all expenditure bundles equal is
set to 0.1, while the elasticity of substitution between home and foreign goods to is set to 1.5. We
use input-output tables from Statistics Netherlands and Eurostat’s FIGARO tables to calculate
the import and energy shares in 2021@ Specifically, we calculate the shares of energy and imports
used as intermediate goods, as private and public consumption goods, as investment goods, and as
exports. These targeted shares are summarized in Table 2l We set the inertia in export demand
x = 1 —0.75 following Gertler et al.| (2007)) and the price elasticity of export demand 75} = 2. The
parameters of the composite world import price bundle y*, e* are equal to the steady state values of
imported domestic goods yr and energy e, such that foreign countries effectively consume a similar
basket of traded goods.

TABLE 2 Targeted expenditure shares

Targeted share Value Definition

CF/Cy 0.1275  Imports in non-energy consumption

Cce/c 0.033 Share of energy in consumption

iF/iz 0.2115  Imports in non-energy investment

ie/l 0.01316  Share of energy in investment

9r/ Gz 0.0077  Imports in non-energy government spending
9e/9 0.00017 Share of energy in government spending
mp/my 0.309 Imports in non-energy intermediates

me/m 0.064 Share of energy in intermediates

v/ym 0.4709  Share of value added in domestic final goods
2 [y 0.368 Imports in non-energy exports

e 0.041 Share of energy in exports

Steady state government debt is approximately 60% of annual GDP following the Maastricht
Treaty, government spending and investment are approximately 20% of GDP, and consumption
is around 50% of GDP. Total lump sum taxes T', distortionary consumption taxes T, the capital
scaling parameter in production kg, and the volume of exported home goods sy are adjusted to hit
these targets.

The elasticity of substitution of retail goods in each expenditure category is set to 11, implying
a 10% markup over marginal costs. Given observed quick adjustment in energy and export prices in
the data, we impose that prices in those sectors are perfectly ﬂexibleE Price adjustment costs in

the domestic and foreign goods sectors are set such that price adjust on average once every three

13 In Statistics Netherlands sector terms, we define both the imports and output of sectors B06, C19, and D35 as

energy.
Our qualitative results do not depend on the assumption that prices are perfectly flexible in the energy and
exports sectors.
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quarters. This yields x; = 56.8177, where j = H, F'. We impose a corrective tax that ensures that
markups are zero in the steady state: as a result all prices can be normalized to unity in the steady
state, which greatly simplifies solving for the steady state. These tax revenues are transferred lump
sum back to firms, such that they still earn positive profits in the steady state. Note that this tax
does not affect the model’s dynamic behavior.

All exogenous variables are driven by AR(1) processes with autocorrelation parameter p, = 0.95
and standard deviation o,, where z = F e, g. The price of risk free bonds qf adjusts slowly with
changes in holdings of the internationally traded asset to ensure a stationary net foreign asset
position (Schmitt-Grohé and Uribe, 2003) by setting x, = 0.0001. This does not influence the
model’s short term dynamics, but does ensure that the model has a unique steady state. Given
that we are interested in analyzing the effects of a large increase in energy prices, we solve the fully
non-linear deterministic version of the model without aggregate risk. That is, after the arrival of

the shock agents know that no further shocks will arrive.

4 Numerical results

In this section we present a number of numerical results. First, we analyze the macroeconomic and
distributional impact of a temporary increase in energy prices of 100%. Second, we show how full,
automatic indexation of wages to consumer price inflation after the same increase in energy prices
affects macroeconomic prices and quantities, and consumption inequality between workers and
firm owners. Finally, we will investigate both the short and long run trade-offs between stabilizing
consumption inequality after an energy price shock and improving aggregate economic outcomes.
Since ultimately households gain utility from consumption, we use the gap between consumption of

firm owners and workers as the relevant inequality measure.

4.1 Effects of a temporary increase in energy prices

In Figure [I} the economy is initially in the deterministic steady state and then experiences a
temporary increase in the world energy price ng , of 100%. As prices in the domestic energy sector
are perfectly flexible, this increase in the world energy price immediately translates into an equivalent
increase in retail energy prices P, ;. Since energy retailers operate under monopolistic competition,
they charge a markup over marginal costs, thereby leading to higher profits in the energy sector.
The increase in energy prices leads to an immediate increase in both the domestic and foreign
import price indices P, ; and P; ;. Recall that energy is also re-exported. As a result, the price of
exports P, ; increases, but by less than the price of imports since the weight of energy is smaller in
the export bundle than in the import bundle. As the increase in exports prices is smaller than the
increase in import prices, the terms of trade T; deteriorates. This smaller increase in the price of
exports relative to imports increases demand for exports ¢ from abroad: the rest of the world is

hit by the same increase in energy prices as the domestic economy, such that the increase in export
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prices is smaller than the price increase in the foreign import bundle P;,tm As a result, the volume
of exports increases, leading to higher exporter profits. Higher demand for exports also increases
foreign demand for domestic goods yx ¢, which in turn increases the demand for labor n;, such that
unemployment u; falls. Higher foreign demand and a subsequent expansion in production leads to
an immediate increase in the Paasche index for real GDP gdpp;.

Across the board, the increase in energy prices feeds into other prices, as energy e; is used both
as an intermediate good m.; by production firms and in all final expenditure categories. As a result,
the prices of all the final expenditure categories increase. Given this increase in prices, the Paasche
index for real GDI gdip; falls: the large terms of trade shock essentially reduces real macroeconomic
income. The intuition is that given a current consumption pattern of domestic goods, imports, and
energy, the broad increase in prices reduces the economy’s aggregate purchasing power. Recall that
nominal wages W, are virtually completely rigid (the blue, solid line in the bottom left panel). As

the consumption price index P.; increases in conjunction with other prices, consumer price inflation

et 1= Pii - increases. The relevant price index for both households is the price index for the final
consumption good, as both workers and firm owners gain utility from consumption ¢;. As such,
wy := Wy /Py is the relevant real wage for workers. As nominal wages are rigid and consumption
prices increase, real wages fall by more than 4% on impact (the blue circles in the bottom left
panel). Even though the shock increases employment, real labor income falls, thereby leading to a
decrease in worker consumption ¢+ (the blue, solid line in the bottom center panel). At the same
time, nominal profits II; increase, thereby leading to higher nominal capital income for firm owners.
However, real capital income falls, as the consumption price index increases by more than nominal
profits. The reduction in real capital income causes firm owner consumption ¢4 to fall, albeit by

less than worker consumption (the blue dots in the bottom center panel). Defining I'; := Cdt

Cw,t

as the
gap between consumption of firm owners and workers, we find that consumption inequality increases.
The reduction in consumption of both households leads to a fall in aggregate consumption c;.

So far we have shown that the model generates a positive response to real GDP and a negative
response to real GDI after a shock that leads to a deterioration of the terms of trade. Our results so
far show that although in the aggregate the economy is worse off, workers take a bigger hit than firm
owners, leading to a larger fall in worker consumption than in firm owner consumption. This opens
up possibilities to redistribute from one group to another. One possible redistribution mechanism is
to allow for automatic wage indexation: workers are compensated for the increase in consumption
prices by increasing nominal wages. We will investigate the effects of complete automatic wage

indexation to consumption prices, a rather extreme scenario, in the next section.

15 We assume that the domestic economy has zero weight in the rest of the world’s consumption bundle, which is in

line with the small open economy assumption.

17



Energy price: P.;

100
2 +~
< g 50
4 &
=
5
~
0
0 20 40
Quarters
Gross dom. product: gdppy
.2
A
@ +~
=
3
q &
=
o
~
0
0 20 40
Quarters
Nom. & real wage rate: Wy, wy
¥ )
+ P NN
g § -2 gﬁgé&%
& = AN
@ AN
q & 4 ,4§7V
g -4r {
<" | jf@
~ Q. A
6 Y
0 20 40
Quarters

Terms of trade: 7;

Gross dom. income: gdip;

. -2 .
g ‘0
£ g =
N EE-2
< & qa &
.8 - . g
- B 6 =54
~ ~
-8 -6
0 20 40
Quarters
Cons. price inflation: .4
. 4
“ 4 %
a @

g g g =
R Z£35
<] 2 (5

< ~ a4~
e £ 3
0
0 20 40
Quarters
Work. & firm own. consumption:f\cw,t,cd,t
5@@@&@@ 0
“ R “
Z = 0 N @W z 5
s |[aP g8
=g &% -2
q &-2 4 &
= ;.8
2 4 =
N -4
0 20 40
Quarters

20 40
Quarters
Consumption gap: I'

20 40
Quarters
Consumption: ¢

20 40

Quarters

FIGURE 1. Impulse response functions after an increase in world energy prices of 100%. The dots correspond to the
responses of the real wage rate wy := W;/P.; and of firm owners’ consumption cq ¢.
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4.2 Automatic wage indexation after a large energy price shock

In this section we will analyze the economy’s response to a large increase in energy prices that is
accompanied by complete automatic wage indexation. To model automatic wage indexation, we
allow nominal wages W; to move with changes in the price index of consumption goods F.; with a
factor . As a result, the wage bargaining equation is augmented by the term ¢ (P.; — P.), where

P, is the steady state consumption price index. Hence, the bargained wage is now given by:
1
Wy = {nPoi [(1 = @) ve/n)7 + (1 =) (Bu+ B)} + (1 =)W + ¢ (Poy = P).

In this section we set ¢ = 1, such that nominal wages move one-for-one with deviations of the
consumption price index from its steady state level. Given that « is small in the current calibration,
full automatic wage indexation effectively renders the real wage rate constant. We compare a model
simulation without (blue, solid) to a simulation with (red, dashed) automatic wage indexation in
Figure [2l The core mechanisms at play in the simulation with automatic wage indexation remain
the same as in the simulation without wage indexation. However, in contrast to the previous section,
nominal wages now increase in tandem with the consumer price index. As a result, the real wage
rate (red crosses in bottom left panel) are effectively constant. This increase in nominal wages
increases labor costs of production firms, which translates into an increase in the price of domestic
goods. The increase in domestic good prices caused by higher wages increases the price of exports,
thereby leading to a smaller deterioration in the terms of trade relative to a simulation without
automatic wage indexation and a smaller increase in foreign demand. The hike in prices leads to
a further increase in wages, leading to yet another increase in prices. As a result, consumer price

inflation increases by more than in the previous scenario.

Compared to a simulation without automatic wage indexation, real GDP now decreases instead
of increases and real GDI falls by more. The reduction in real GDP and larger drop in real GDI are
caused by a combination of higher prices and lower demand for exports relative to the previous
simulation. In addition, higher labor costs reduce firms’ expected future profits, making them
reduce investment i; and post less vacancies 4. As a result, unemployment increases over time.
On the other hand, automatic wage indexation is effective at redistributing between workers and
firm owners: worker consumption increases relative to the previous simulation (red, dashed line in
bottom center panel), while the consumption of firm owners plummets (red crosses in bottom center
panel). The relative increase in worker consumption is caused by a combination of (effectively)
rigid real wages and slow adjustment of employment, as only a fraction s of workers are separated
from their match every period. Since workers make up a larger share of the population, aggregate
consumption increase relative to the simulation without automatic wage indexation. Furthermore,

consumption inequality between firm owners and workers now falls.

Automatic wage indexation is effective at redistributing between workers and firm owners in
the model simulations, at the cost of leading to a contraction in real GDP and a larger fall in real

GDI. This raises the question whether we find this same trade-off between equity (defined as a
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consumption gap that favors workers) and efficiency for intermediate values of wage indexation. We
construct a 101 point grid for ¢ that runs from 0 to 1 and calculate the model responses each time
to a increase in energy prices of 100%. In Figure [3| we plot the change in consumption inequality
relative to the deterministic steady in percent after one year, against the cumulative change in real
GDP after one year for each value of ¢ on the grid. Each point on the graph corresponds to the
response of real GDP and consumption inequality for a given ¢. The top right point of the line
corresponds to ¢ = 0, i.e. zero wage indexation, while the bottom left point corresponds to ¢ = 1,
i.e. full wage indexation. Figure [3|shows that higher degrees of automatic wage indexation indeed
reduce consumption inequality, at the cost of negative cumulative real GDP growth. As such, there
is a trade-off between reducing consumption inequality between workers and firm owners on the one
hand, and stimulating economic growth after a large terms of trade shock on the other hand.

Our results indicate that complete automatic wage indexation shifts the pain of adjustment after
a large energy price shock from workers to firm owners, but stifles the subsequent macroeconomic
recovery. This result holds for every non-zero value of wage indexation, albeit to a lesser extent.
However, we have only looked at the short run trade-off in Figure [3] In the next section we will

investigate whether wage indexation has similar effects in the long run.
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¢ =0,0.01,0.02, ..., 1 after one year.
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4.3 Long run effects of (partial) automatic wage indexation

So far we have focused on the short run effects of energy price shocks and a wage indexation scheme
that redistributes losses between workers and firm owners. In this section we will focus on the
long run. To do so, we conduct a simple welfare analysis. Using the grid for the degree of wage
indexation ¢, we again run 101 model simulations where energy prices increase by 100%. Next, we
calculate the sum of expected, discounted utility U; over T periods for both worker and firm owner

households, weighted by their respective population shares for each of these simulations:

Lt — 1 Locagta =1
Uy = YE; ZBSL + (1 =) Ey ZﬁS#
s=0 1 —ow s=0 1 =04

We compare U; with the same stream of discounted utility households would have gained if they
would have stayed in the deterministic steady state for T periods. We do so for T'= 60 (15 years)
and T' = 200 (50 years). We compare the deviation of U; from its steady state value with the
deviation in consumption inequality in period T relative to the steady state. As in Figure [3] the far
right side of the curves corresponds to zero wage indexation, while the far left sides of the curves

corresponds to full wage indexation.

In Figure [ we plot the relative change in welfare compared to the change in consumption
inequality after 15 years. First, notice that no matter the degree of wage indexation, the increase in
energy prices and the resulting deterioration of the terms of trade leads to substantial aggregate
utility losses. Next, consider the two extremes of no indexation and complete indexation. With zero
indexation, consumption inequality is 3% higher than in the deterministic steady state, while the
sum of discounted utility is approximately 5.4% lower. With complete wage indexation, consumption
inequality is around 5% lower, while the sum of discounted utility is approximately 6.7% lower. For
low values of wage indexation it is possible to both mitigate the increase in consumption inequality
and slightly decrease the welfare losses that arise from the shock. However, the reduction in welfare

losses for low values of ¢ compared to the simulation with zero indexation is small.

In Figure [5| we conduct the same analysis over a longer horizon by looking at the relative change
in welfare and the change in consumption inequality after 50 years. First, notice that welfare losses
from the shock have reduced compared to the shorter time horizon, as the economy has mostly
recovered from the impact of the shock. However, the relative welfare losses of automatic wage
indexation have increased relative to the shorter horizon. Recall from Figure [4] that welfare losses
arising from complete wage indexation relative to no indexation was around 1.3 percentage points
after 15 years. After 50 years, the additional welfare loss caused by complete wage indexation is
around 3 percentage points. In this case, there is an almost linear relationship between higher

degrees of wage indexation, additional welfare losses, and reduction in consumption inequality.

We can conclude that in the long run, the economy as a whole is worse off as a result of the
shock, irrespective of the degree of wage indexation. This contrasts with the short run, as the

increase in energy prices leads to short-lived gains in real GDP growth. Positive degrees of wage
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indexation are effective at redistributing losses arising from the shock, but make the economy as a

whole worse off in the end.
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5 Conclusion

We construct a two-agent New Keynesian (TANK) model of a small open economy in a currency
union with energy consumption to analyze the effects of an energy price shock on real GDP, real
GDI, and the distribution of income. We find that a large increase in energy prices leads to a
deterioration of the terms of trade, which increases real GDP by stimulating exports. At the same
time, the deterioration of the terms of trade leads to a fall in real GDI and a decrease in aggregate
consumption. Rigid nominal wages and less rigid prices imply that households that primarily receive
income from labor suffer a larger setback in real income and consumption than households that
primarily receive capital income. As a result, the brunt of the downward adjustment of aggregate
consumption is caused by lower real income of worker households. Complete automatic wage
indexation is effective at reducing consumption inequality after such a shock, but comes at both
short and long run economic costs by reducing production and income, increasing unemployment,
and reducing real aggregate consumption.

The model features a binary distinction between households that primarily earn income from
labor and households that receive capital income. In reality, many households receive income both
from labor and from capital by indirectly holding firm shares, e.g. through an investment or pension
fund. At the same time, foreign investors hold shares in Dutch firms, while Dutch investors also
hold shares in foreign firms. Accurately capturing these features of the data would require a full
blown HANK model and a more careful examination of cross-border firm equity holdings. Such an
extension is beyond the scope of this work. Our focus has been to sketch the mechanisms at play: a
rigorous quantitative analysis of the effects of an energy price shock would like require a full blown
estimation exercise. However, we expect most of our qualitative conclusions to hold in that case.
Finally, we have assumed that all energy is imported, while the Netherlands also produces energy.
A substantial part of the profits of domestic energy production accrues to the Dutch government,
thereby creating fiscal space to potentially compensate some households for the loss in real income.
A HANK model that captures all the relevant details of the empirical distribution of income and
wealth could be used to investigate the effects of highly targeted fiscal transfers relative to automatic

wage indexation. Such an exercise is also beyond the scope of this work.
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A Mathematical derivations

A.1 Households
A.1.1 Workers

Workers receive income from supplying labor Win,, ; to firms and repayment of a portfolio of risk
free liquid assets B,,;—1 bought in the previous period. This portfolio consists of both short term
government bonds and an internationally traded asset. A share u,; of the worker household is
unemployed and receive unemployment benefits B,,. We assume that there is perfect consumption
insurance among all members of the worker household (Merz, [1995; Andolfattol 1996). They
spend their income on consumption goods (1 + T¢) Pecyy and purchases of the risk free asset quw’t
which comes at price qf and promises to pay out one euro in the next period. To capture limited
asset market participation, we assume that purchasing an additional bond is subject to quadratic

adjustment costs f (B ¢). They maximize their lifetime utility, which is increasing in consumption:

00 leaw -1
max Et{ZﬁSW},

{Bw,t+57cw,t+s}zio s=0 1 — Ow

56 (071>70—w207

where E; is an expectations operator conditional on the agent’s information set, g is the worker’s
subjective discount factor, and oy, is risk aversion. Workers face no disutility of supplying labor or

searching for a job. The worker household’s nominal budget constraint is given by:
(1 + Tc) Pc,th,t + quw,t +f (Bw,t) = thw,t + Bw,tfl + Buuw,t-

The worker household chooses optimal consumption and bond holdings This is a standard optimiza-

tion problem. The optimality conditions for the worker household are given by:

Aw
Byt gl + [ (Buy) = Ey {5>\ttl} ) (A.1)
Cw,t . (1 + TC) )\wﬂg = Ul (Cwﬂg) /Pcﬂg. (AQ)

where superscript / denotes a derivative, and A, ; is the Lagrange multiplier on the worker’s budget

constraint.

A.1.2 Firm owners

firm owners d receive income from repayment of their portfolio of risk free liquid assets Bg;—1
bought in the previous period and from holding shares ¢z;—1 in the economy’s production firms.
Shares trade at price ¢; and are a claim on firm profits II;. They spend their income on consumption

goods (1 + T¢) Pecqy, lump sum taxes Ty, and purchases of the risk free asset qudvt which comes
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at price ¢? and promises to pay out one euro in the next period. In addition, firm owners have to
pay a constant tax T, which we use to ensure firm owners and workers have the same consumption

in the deterministic steady statem firm owners maximize lifetime utility, which is increasing in

consumption:
0o 1 o4 1
dt+s
max E¢ E ﬂsi ;
B c Rl 1 - Ud
d,t+5:Cd,t+5,Sd,t+s s=0 s=0

B € (0,1),0’d > 0.
The firm owner household’s nominal budget constraint is given by:
(14 T.) Pecas + Tag + T + ¢/ Bag + qsae = (g8 + i) Sap—1 + Bug—1.

The firm owners household chooses optimal consumption, bond holdings, and firm shares. This is a

standard optimization problem. The optimality conditions for firm owners are given by:

A
By :q) =B {/3(;\&1} ; (A.3)
dt
cap: (L+Te) Ay = v (car) /Pes, (A.4)
A
Sat g =By {5 i’:l (¢G4 + Ht+1)} ; (A.5)

where A\, is the Lagrange multiplier on the firm owners’s budget constraint.

A.1.3 Consumption allocation

Households consume a composite consumption good ¢; that comes at price F. ;. This consumption
good consists of energy consumption c. ¢ and non-energy consumption c, ;. Non-energy consumption
is a composite good that consists of both domestically produced goods cp; with price Py and
imported goods cg; with price Pp;. The composite goods are constructed using the following CES

production functions:

Tlc,e

1 1— 1L 1 q__1 |nee-1
Ct [(1 _ Cce)"ce C 77(, e + Ccméec ﬂc,e‘| , (A6)

1 1 1 _L n:fl
Cpt = |:(1 - Cc) fle CH ©+ ¢ CFt :| ) (A7)

where (. € (0,1) is the share parameter of energy in total consumption, (. € (0, 1) is the share

parameter of the imported good in non-energy consumption, 1., > 0 is the elasticity of substitution

16 We introduce this tax mostly to ease solving for the steady state. This is without much loss of generality given

that the model is likely to be fairly linear, such that the model’s initial conditions don’t matter for how it responds
to shocks.
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between energy and non-energy consumption, and 7. > 0 is the elasticity of substitution between

domestic and foreign goods in non-energy consumption. Total consumption expenditure is given by:

Pc,tCt = Pe,tce,t + Px,c,tcx,ta

Py cicet = Pricri + Phica .

The household minimizes total consumption expenditure subject to the CES production function.
In equilibrium, this determines the allocation between energy and non-energy consumption c.; and
Cz,t, domestic and foreign goods ¢y and cpy, and the price of the composite goods P.; and Py ..
This is a relatively standard problem, and since every agent in the model faces a similar problem
we will show how to derive the optimality conditions just once. Every one of these optimization

problems can be solved using the method we will describe shortly.

The household’s optimization problem is to minimize expenditures on domestic and foreign

goods for a given level of non-energy consumption, and is given by:

min Py icuyt + Pricry
{CH,t»CF,t

s.t.

1 1— 1 1 1 Te—1
Cot = [(1 —Ge)me e "+ epy” } .

The Lagrangian is then:

1-X o 1 T T
L= Pyichs+ Pricri + Ay (CW B [(1 - Cc)”c Cpy + G cpy” ] ) 7

where A.; is a Lagrange multiplier. The first order conditions for this problem are:

1 1

1
1 e 1
cut P = et [(1 — Ge)me Cpye G0 Cpy” } (1 —Ce)me i s
1 1-—L 1 o9 1951 L _L
crt: Pre = ey {(1 = Ce) e ey + G CF,tnc} gy’
Rewriting these first order conditions to get that:

1

1 1 P —MNec
Pry = Acpegy (1 —(e)ne CHt =cpr=(1-¢) < H’t> Cats

11 1 Pr,\
PF,t = )\c,tcgft e CF}C = Cpt = Ce \ ’ Ca,t-
c,t
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Dividing the first order condition for domestic goods by the first order condition for foreign goods

yields the following optimality condition for the allocation between both kinds of goods:

ey _1-G (PH,t> o (A8)

CFt Cc PF,t

To find the corresponding index for the non-energy consumption price Py ., substitute the first

order conditions for domestic and foreign goods back into the CES aggregator for total consumption:

lel
1-nc 1-nc | ne—1
P P
Cet = (1 - Cc) (AH’;> + Cc ()\Ff> Coyt-
c, c,

Then dividing by total consumption and solving for the Lagrange multiplier ., we find the following

solution for the price of non-energy consumption:
1 L 1
—llc —MNc | 1-nc
PﬂC,Cﬂf = {(1 - Cc) ]DH,t?7 + CCPRtn e (Ag)

The optimal allocation between energy and non-energy consumption and the price of the consumption

good can be found in a similar manner:

Gt _ 1=Coe (Pret) " (A.10)

Ce,t Cc,e Pe,t ’ .
1

Py = [(1 — Coe) Py 1 CoePay e | e (A.11)

A.2 Production and pricing
Production and pricing occur in the following manner:

e Monopolistically competitive retail goods importers purchase foreign goods from abroad. They
slightly differentiate these goods, determine the price on these goods and then sell them
to import sellers. Foreign goods are used for final consumption and investment purchases,
combined with domestic goods to produce intermediate goods, and combined with domestic

goods to produce exports.

o Monopolistically competitive energy importers purchase energy from abroad. They slightly
differentiate these goods, determine the price on these goods and then sell them to energy
sellers. Energy is used in all expenditure categories and to produce value added, intermediate

goods and exports.

e Production firms use capital and labor to produce value added excluding energy. Afterwards
value added is sold to another firm that combine energy with value added. Labor is hired in
a frictional labor market, as production firms need to post vacancies to attract workers and

subsequently bargain over wages.
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e Value added is combined with intermediate goods to produce the domestic good, which is
again sold to a monopolistically competitive firm that sets its price who sell the differentiated
goods to final sellers. Domestic goods are used for final consumption and investment purchases,
combined with foreign goods to produce intermediate goods, and combined with foreign goods

to produce exports.

e Export producers purchase domestic goods, foreign goods and energy to construct exports.
These are sold to a monopolistically competitive firm that determines the price of exports.

Afterwards these differentiated exports are bundled and sold to foreign agents.

A.2.1 Investment decision

Firms use a composite investment good ¢; with price P;; to accumulate physical capital k;, which is
used in production in the next period. Just like the composite consumption good, the composite
investment good is produced using energy i.; and non-energy investment goods 7, ;, which in turn

consists of domestic iz and foreign ir; goods:

. 1 .17n~1 n~1 ‘1—77? Mje—1
i = | (1= Gio) e gt t G e , (A.12)

(A.13)

11— N S
bt = [(1 =Gy G

where ¢; € (0,1) and (;. € (0,1) are the shares of energy in total investment and imports in
non-energy investment, and n; > 0 and 7; . > 0 are the relevant substitution elasticities. Investment

expenditure is given by:

P iy = Ppitizt + Petieg,

Ppivit = Puiigs + Priipg.

The firm minimizes total investment expenditure subject to the relevant production functions.
In equilibrium, this determines the allocation between domestic and foreign goods i and iry,

the allocation between energy and non-energy goods i.; and i,;, and the price of the relevant
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composite investment goods P;; and P, ;;. Going through the motions yields the following first

order conditions:

i 1=G (Pag) " (A.14)
iRt Gi Pry ’
1

Poig = [(1=G) Pl + 6P| (A.15)

iz,t _ 1-— Ci,e Pz,i,t e (A 16)

ie,t Ci,e Pe,t ’

1
1—n;.e 1—nie| 1=n, o
Pip= (1= Gie) Py + GioPoy ™ T7r (A.17)

A.2.2 Value-added production (excluding energy)

Perfectly competitive firms produce value-added v; with price P,; with a constant returns to scale

CES production function using previously accumulated capital k;—1 and labor ny:

111 L (ko \e ]

nw=z|1-a) n, °+ar|—— , (A.18)
ko

where « is the capital share in production, kg is a scaling parameter, o is the elasticity of substitution

between capital and labor, and z is a productivity scaling parameter.

Value added producers post vacancies v; at cost P, :x to attract unemployed workers uj. We
assume all unemployed workers look for jobs. Matches that are formed in period ¢ start working in
the same period. The number of matches M, is defined by the following constant returns to scale

matching function:
Mg =€ (ud) v, (A.19)

where £ is a scaling parameter and ¢ is the elasticity of matches with respect to job seekers. Labor
market tightness 6; is then given by the vacancies to unemployment ratio 6; = v;/uj, the probability
of finding a job is given by f; = M;/uj, and the probability of filling a vacancy is given by
q = My/vy.

The timing of labor market events is as follows. At the beginning of every period a share s of
matches is terminated exogenously. Afterwards matches are formed and hiring takes place. The law

of motion of employment n; is given by:

ne = (1 —8)ni—1 + qi. (A.20)
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By normalizing the total population size to 1, we find that the unemployment rate u; is then given
by:

Uy = 1-— ng, (A21)

while the amount of job seekers u} is determined by agents who did not have a job in the previous

period u;_1 or were separated from their match in the current period sn;_1:
up = up—1 + sng, (A.22)

Firms accumulate physical capital by purchasing investment goods #;. Firms select their capital
stock after all hiring has taken place and that changing the level of investment relative to the
previous period is subject to a quadratic adjustment cost. The law of motion of the capital stock is

therefore given by:

ke = (1 — 5) ki—1 +

; 2
Ki [ U .

where § is the depreciation rate of physical capital and k; determines the strength of the quadratic

adjustment costs. Labor is paid a nominal wage rate W;. Firms maximize their value

A
Vi =1L} + E; {5 i’HthH} ;

dit

where they use the firm owner’s stochastic discount factor 3 % to discount future cash flows
(because firm owners own firms through their holdings of firm shares). Flow profits of value added

producers II,; are given by:
v .
Ht = Pv,tvt - Wing — Pz',tlt - Pv,tht,

1o1-1 1 (ki =317 .
= Pv,t (1 - Oé)f’ n; 7 +aoe <k‘0) — Winy — Pi,tZt — vatl-ﬂ/t.
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Firms maximize their value subject to the law of motion of capital and the law of motion of
employment. We assume that there is an interior solution for vacancies v;. The firm’s first order

conditions are given by:

Pi ) . 2 . . A k . . 2
(P S P (LU Y S | R R A 3 ey A T 2

k 2 A k

q; -1 -1 -1 dt ¢ 1t 47

(A.24)
A 1
ke qf = Ey {B f\’:;l |Poii [avn ik k] + (1= 8) gf,4 } (A.25)
1 A
ng : )\mt = Pv7t [(1 — O[) Ut/nt] o — Wt + (1 — 8) Et {B i’::l )\n,t—i-l} s (A26)
4 )\n,t = Pv,tﬁv (A27)
at

where qf is the price of capital, and A, ; is the Lagrange multiplier on the law of motion of
employment. Combining the first order conditions for n; and 1, yields the following first order

condition:

K 1 Adt+1 K
Pop—— =Pt [(1 = a)ve/me]s = Wi + (1 = 5) Ey {5Pv,t+1} ;
qi+1 d
which states that the marginal costs of posting a vacancy (corrected for the probablity of filling
that vacancy ¢;) must equal its marginal benefit, taking into account that today’s match continues
into the next period with probability 1 — s. For simplicity, we assume that the nominal wage rate

Wy is a linear function of the marginal product of labor and the worker’s outside option:
1
Wi =5 {nPoi [(1 = a)vi/n]7 + (1= n) (Bu+h)} + (1 =) W.

with weights 7 and 1 — 7, where W is the nominal wage rate in the deterministic steady state. This
weight can be thought of as the worker’s bargaining powerm We introduce the ad hoc parameter h
that means to capture disutility from working. We introduce additional wage rigidities by imposing
that today’s wage rate only adjusts by a factor -, while it depends on the steady state wage rate
with a factor 1 — ~.

17 Nash bargaining is commonly used to determine wages in the search and matching literature. However, with

heterogeneous agents Nash bargaining becomes less tractable because future utility flows matter and these are
discounted using different stochastic discount factors. This wage determination scheme is also used by [Jung
and Kuester| (2011) and Den Haan et al|(2021)). Said scheme can also be micro-founded as the outcome of an
alternating offers game, see |Hall and Milgrom| (2008).
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A.2.3 Production of intermediate goods

Final goods are produced using a composite intermediate good m; with price P, ;. This intermediate
good is produced with energy m,;, domestic intermediate goods mp; and foreign intermediate

goods mp; using the following production technologies:

B el el KT
me = (1= Gae) ™ mg e 4 G mey : (A.28)
1— 1 U U s |
mx,t == |:(]- - Cm) nm mH tnm + C#me tnm:| 5 (A29)

where the parameters have their usual meanings. Total expenditure on intermediate goods is given
by:

Pm,tmt = Paz,m,tmx,t + Pe,tme,h

P ztmet = Primps + Primpy.

The first order conditions are familiar and are given by:

MH 1— Cm PHt o
it — A.30
MmF < Pry ) ( )
_1
Px,m,t = |: Cm) 1 77m + Cm 1 77m:| o ) (A'31)
Myt _ Cde < mmt) 7 (A32)
Me,t
pl 1=ng.e] Torgs
Pm,t = |:(]' - Cd 6) x, mnffl * + Cd,ePe’t nd’e:| ~de * (A33)

A.2.4 Production of domestic goods

The domestic good P{I +YH, is then produced using domestic value added P, ;v; and an intermediate

good m; with price P, ; using a CES production function:

1 1 1

11—
yae = |(1=G)mwmy ™ + ¢ ™ : (A.34)
where the parameters have their usual meanings. Total expenditure on these two goods is given by:

P[];tyH,t = Py vt + Py ey
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The first order conditions are familiar and are given by:

my 1- Cv Pmt o
—= : ; A.35
Vg Cv < Pv,t ) ( )
_1
P, = (1= C) Pl + QP ™ (A.36)

The domestic good is sold to monopolistically competitive retailers, who differentiate these goods
and set the price on these goods before the domestic good is sold to households, value added

producing firms, the government, and intermediate goods producers.

A.2.5 Exporters

Suppose the economy supplies foreign countries with exports s which come at price Pj:’t, which are
constructed using domestic goods s, foreign goods s, and energy s ; with the following CES

production functions:

IR P! 1 1—_1 n:,}:il
e = [(1 - C%E) e %ﬂc,t e + C%n:ge J{e,t 77%YS‘| ’ (A37)
[EURS St S WP U e
Pt = [(1 — Qo) ey "+ Gl e ; (A.38)
where the parameters have their usual meanings. Total expenditure on exports is given by:
P;];t%t = Py 1ot + Persep,
Py i3y = Pryseny + Prysry.
The first order conditions are familiar and are given by:
sy _ 1 =G (Pae)
== : , (A.39)
HEt Coe PF,t
1
Pyt = [(1= G) Pi™ + G PR (A.40)
1= Coe (Poser\ °
At _ C e Tt ’ (A41)
Het g%,e Pe,t
1
1— e 1— e —7)“
Py = [(1= Goe) P+ GuoPog ™| e (A.42)

The export good is sold to monopolistically competitive retailers, who differentiate these goods and

set their price before these goods are exported.
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A.2.6 Nominal rigidities

We introduce nominal rigidities in the form of sticky prices in the energy, imported goods, domestic
goods, and exports sectors. We will sketch how to solve the optimization problem in the energy
sectors and will only state the resulting optimality conditions for the other sector.

Consider a continuum of perfectly competitive final goods producers of measure one in the energy
sector. These final goods producers combine retail goods e;;, which they buy at price P;.; into a
final energy good e; which they sell for a nominal price P.; according to the following production

technology:

1 ee—1 . 656751
e = |:/0 (ej,t) ce d]:| ) (A.43)

where €, is the elasticity of substitution between different kinds of retail goods. Going through the

motions yields the following demand function for retail goods from final goods producers:

Piet)
ejt = <g,tt> . (A.44)
€,

Energy retails goods producers j of measure one purchase homogenous output from perfectly
competitive energy importers at price Pef7 +» which they subsequently convert into retail goods e; .
Essentially, retailers (in all sector) purchase a homogenous good that they transform one to one into
a retail good. These are sold again to final goods producers for a price P;.;. Retail goods firms
in each sector operate in a monopolistically competitive environment, because they all produce
a slightly different retail good and final goods producers cannot perfectly substitute between all
different kinds of retail goods. Because retail goods firms operate in a monopolistically competitive
environment they can charge a markup. This earns them nominal profits I1, = (Pj’e,t — Pejj t) €jt-

We introduce quadratic price adjustment costs a la Rotemberg| (1982)), such that prices adjust
sluggishly. This cost is linear in aggregate energy output@ Following |[Eggertsson and Singh! (2019),
these adjustment costs should be thought of as reputational costs instead of physical resource costs,
such that they do not impact firms’ final profits. A retail goods producer’s optimization problem is

therefore given by:

et = Adt 2 \ Pjetys—1

XA P ?
d,t+s Re J.et+s
r}_};lax K¢ E p* Pj,e,t—l—sej,t—l—s - P£t+5€j,t+s - ( -1 Pe,t—l—set—l—s )
subject to:

e

o — [ Diet .

it = t-
Pe,t

From the monetary policy literature, we know that the adjustment costs parameter x. can be parametrized such
that the frequency of price adjustments can be matched.

18
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Choosing the optimal P;.; and imposing symmetry such that all energy retailers choose the same

price (Pjet = Pey Vj) results in the following New Keynesian Philips curve for energy prices:

f
€,

P, P, P Adt41
€e—1)—c¢ + K -1 =K K
( ¢ ) ePet ¢ <Pet—1 ) Pe,t—l ‘ ﬂ )\d,t ¢

) )

In the aggregate, profits for energy retailers are then given by:

15 = (Poy — PL,) e

Pe,t—l—l
Pe,t

1 Pe,t—i—l
Pe,t

2
€t+1
€t '

(A.45)

(A.46)

Going through the motions will result in the following New Keynesian Philips curves for domestic

goods, imported goods, and exports:

PI];t P P Ad,t+1
€g—1) —eg—=="" 4+« — —1 = =
(e = 1) HPH,t " (PH,t1 Py !

P P P A
(ep — 1) — ep—2 + kg ( bl —1) il :Et{ﬁ ias

Profits for the corresponding retailers are given by:

' = (PH,t - P};t) YH 15
0y = (Pry — Pl,) yry,
My = (Pey — PL,) .

A.3 Fiscal authority

Prii1
RH
Adjt Py
B Prit1
F
Ad,t Pry
Pz,t+1
F
)\d t P% t

)

)1

2
Pyiv1\ ymii
YH t ’
(A.47)
2
Priy1\ Yrit1
Pry yre |7
(A.48)
2
P11\ 41
P%,t I '
(A.49)
(A.50)
(A.51)
(A.52)

The fiscal authority issues bonds By ; that come at price qi’ that promise to pay out one euro in the

next period. In addition, the fiscal authority levies lump sum taxes T}, a constant distortionary

consumption tax rate T, and a constant tax on firm owners 7). It consumes a composite good g;

with price P,;; and provides unemployment benefits B, to unemployed workers u,, ;. We assume
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total government consumption is exogenous. The government budget constraint is therefore given

by:
T: + (th)Bg,t + T, + TcPc,tCt = Pg,tgt + Buuw,t + Bg,tfl- (A53)

Total tax revenues T} is the population weighted sum of taxes paid by firm owners Tj;;. The fiscal

authority adjusts this tax to ensure intertemporal solvency:
Td,t — T = kr (Bg,t—l - Bg) s (A54)

where T, and B, are steady state values.

Public consumption consists of g ; domestic goods, gr; foreign goods, and g.; energy and is

constructed using the following production technologies:

Ng,e

11—t 1 1 nge—1
gt = [(1 —Cge) "7 Gop " + (g Gou "“”e] : (A.55)

ng

T Al
gap = |(L=Cg)" 9" +Ca” 9y , (A.56)

where the parameters have their usual meanings. Total expenditure on public consumption is given
by:

Pg,tgt = Px,g,tga:,t + Pe,tgeﬂfa
Prg19t = Paigas + Prigry.

The first order conditions are again familiar and are given by:

gt _ 11— g ( Pri o (A.57)
gri Cg Pry ’
1
1— 1— T—ng
Prgt = {(1 - Cg) PH,tng + CgPF,tng} T ) (A.58)
ot _ 1= Coe (Prgt) (A.59)
et <g,e Pe,t ’
1
1-ng,e 1-ng.e] T=ng,e
ngt = {(1 - Cg,e) Px,g,zg’ + ngepe,t o ] e . (A6O)
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A.4 Market clearing

In the aggregate, consumption, (un)employment, bond holdings and domestic equity holdings are

given by:

By =¢YBy++ (1 —1) By,
et = Yewr + (1 =) cay,

e = wnw,ta
Ut = UJUw,t,
G =(1—-19v)<ay.

Households” portfolios of liquid assets consist of government bonds B,; and an internationally
traded asset Bj:

By = By, + B}. (A.61)

Note that letting households choose their holdings of both liquid assets would resulting in identical
equilibrium conditions, as their expected returns would be equalized due to arbitrage. We normalize
total outstanding firm equity to unity, such that total outstanding equity ¢ = 1 V¢. Hence, total

equity holdings are also going to be constant.

Foreign demand for the economy’s exports is determined by the following demand function:

P\ X

st 1—x

x| > 51 (A.62)
(Pu,t> } i

where 7, is the price elasticity of foreign export demand and x introduces inertia in the demand for

My —

exports. We assume that other economies consume a similar import bundle as the domestic country
with price P;, such that a lower price of exports relative to imports increases foreign demand for

exports. The relevant import price for other countries is given by:

Py . Pft,ty* + Peye”

Plit—l P}]«:,t_ﬂy* + Petqe* 7

where y*, e* are parameters. Total profits are the sum of the profits of value added producers and

retailers:

I = T0) + I0§ + 107 + 10 + 07 (A.63)
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In the aggregate, total after tax income of workers and firm owners is given by:

Yw,it = thw,t + Bw,t—l + Buuw,t - Tw,ta (A64)
Yar = (g7 + ) Sap—1 + Bag—1 — T — Tay, (A.65)

such that in the aggregate total household income is given by:
Y = Yyt + (1 = ¥) Yar- (A.66)
Total demand for domestic goods is therefore given by:
Puiyrt = Puicut + Pugtas + Puignas + Pagsns + Primpg.

To streamline the accounting we assume all energy is imported. This is without much loss of
generality, as in reality the price of energy is also determined in the world marketE Total demand

for energy is given by:
Perer = PeyCey + Pepiet + Petget + Petrter + PegMet + Petvet.

Total imports consists of spending on private consumption goods, investment goods, public consump-
tion goods, intermediate goods and energy. Let u; be the economy’s total imports. Total imports
come with price index P,;. Let us make a distinction between energy imports and non-energy

imports, the latter of which are given by:
PlgtyF,t = P}J«;tCF,t + Pﬁ%ﬂF,t + P}é,tgF,t + P};,t-TF,t + szc;th,p
Total imports are then given by:
Pipe = P,JvityF,t + P ey,

where P, ; is a Paasche index for the price of imports from period ¢t — 1 to period t:

P P};,t_ﬂJF,t + Pey16q
Next, let yp+ be gross domestic final expenditures:
Ppiyps = Perer + P iy + Py gy, (A.68)

19 The price of electricity is linked to the price of natural gas, the price of which is not only determined in the

Netherlands. A slightly weaker assumption is that the economy receives a constant endowment of energy every
period, while any residual demand for energy is imported.
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where Pp; is a Paasche index for the price of domestic final expenditures from period ¢ —1 to period
t:

Pp _ P.icy + P tiy + Py gt
Ppi1  Peyici+ Pig—1i + Pyi—19¢

(A.69)

From here on out the exposition mostly follows Reinsdorf] (2010). The Laspeyres volume index for

GDP period t — 1 to period t is then given by:

Ppi1yps + P16 — Py
Ppi 1ypi—1+ Poup—126-1 — Pug_1pt—1

gdpr, = (A.70)

Let 77; aasche “where z € D, p, 2, be the Paasche price index of expenditure category z from period
t — 1 to period t, such that:

ngaasche _ P D,t
t - 3
Ppi 1
PPaasche _ P%ﬂf
st P%,t—l ’
Paasche __ PM»t
Pui =5
Nvt_l

We can therefore rewrite the Laspeyres index for GDP as:

PD,tyD,t/Pg?fSChe 4 P;{,t%t/PE%aSChe _ Pmtut/fpll;?asche

Ppi aypi—1+ Prp—1264-1 — Py 11

gdpr; = (A.71)

Following the arguments in Reinsdorf| (2010)) that imports and exports should be deflated by a
common deflator, the Laspeyres index for GDI, using the price index of total expenditures as a

deflator, is given by:

Ppyps + Pgsty — Py i

gdi, , = . (A.72)
T (Ppi1ypi1+ Pret—15%1 — Pug1it—1) PB??SChe
The (deflated) Paasche index for GDP is given by:
Ppyps + Pyt — Pugpie
gdvat = P Laspeyres Laspeyres Laspeyres * (A73)
Dt—-1YDt—1Pp 4 + Pri—170-1P, 4 — Bui—1pe—1Pyy
Alternatively, the Laspeyres index for Pp; and P, ; are given by:
,PLaspeyres _ PD,t _ Pc,tctfl + F’i,titfl + Pg,tgtfl
Dt Ppi1w Peyrci—1+ Piy—1i—1 + Pyi—19t-1’
f
Laspeyres __ Py _ PF,tyFyt—l + Perer—1
Pt =7 = — .
mt=1 Pp, (ypi—1+ Per—1et1
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We can use this to deflate the Paasche index for GDI:

(A.74)

din — Ppypt + Pigsee — Pypi
gdipy = Laspeyres *

(Ppt—1ypt—1 + Prg—156-1 — Pui—1pu—1) Ppy,

The trading gains index for both cases is given by the ratio of GDP and GDI for both volume

indices. In the case of the Paasche volume indices and Laspeyres price index, this yields the following

Laspeyres Laspeyres
TGI;; =14+ L 1| =5 L 1
Lt st PLaspeyres Hot PLaspeyres ’

Dyt Dt

expression:

where the Laspeyres price indices for exports and imports are identical to their Paasche indices,

and s,.; and s,,; are respectively the export and import shares in GDP.
The net foreign asset position evolves according to:
(Q?Bf - 211) = Py 130 — Py

The inverse of the bond price 1/q? corresponds to the risk free international interest rate. We

assume this variable is exogenously given. Finally, the terms of trade 7z is given by:

P%,t

T = .
"7 P

(A.75)

We assume that the prices of energy imports P, ; and non-energy imports Pr; are exogenous and

do not respond to changes in domestic demand.

B Equilibrium conditions

Workers (4 equations):

@ + f' (Buy) :Et{ﬁ)\;’;::l}a (B.1)
(1 + 1) Mt = o (cwt) [ Pey (B.2)
(14 T.) Potcws = Wit s + Buwt—1 + Butwt — ¢ Buwt — f (But) (B.3)
Ywt = Winyt + By t—1 + Byl (B.4)
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Firm owners (4 equations)m
A
¢ =E {5i’t+l } ;
dit
(1 +T2) Aae = u' (car) / Pes,

A
g = Ei {/3 i’tﬂ (g541+ Ht+1)} ;
it

)

Yar = (¢ +t) Sge—1 + Bag—1 — T — Ty

Consumption demand (6 equations):

Nc,e

1— 1 11 (7ee1
CtE (1—4‘65) cec t”]ce +C”]ce e Ne,e

e,
Cxt — Cee [ Pret o
Ce,t Cc,e Pe,t ’
1
1 1 =
Pc,t: [( Cce) 7786'i‘Cce nce}l tee 5

Tlc
1--L L 11} ne—1

1
|:(1 _ C‘c) e CH’t"Ic + <C"7c CF7tnE
g _1—=Co (Pag\ "
CFt Ce Pry ’

1
Pw,c,t = [(1 - Cc) 1 77c + gc 1 nc} e

Cet

Investment demand (6 equations):

1— ”71 "7‘1 1*77? Mj,e—1
1,e 1,€ e
ir=|(1-¢, e) ey +Gie leyt )

. —MNie
7fx,t 1- Cz e J:,z,t

. - B ’
Ze,t Cz,e Pe,t

1
1 1 E——
Pi,t:[( Cze) mlgle‘FCze me}l%e,

i

1 1 1 F

11—
ix,t = |:(1 _ C’L)m’ ZHtlz + Cﬂz . 7Iz

ime _ 1=G (Pug)
iFt Gi Py ’

1
Pac,i,t = [(1 — Cz) 1 771 + Cz 1 m} T—n; .

9

20
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(B.10)

(B.11)

(B.12)
(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)
(B.19)

(B.20)

Note that we can drop the firm owner’s budget constraint because by Walras’s law it is automatically satisfied.



Value added production (5 equations):

-2
1 k -5 o—1
vt:z[(l—a);ni "—i—ao(tl) ] : (B.21)
ko
P} K <zt —1>2—/<;~ (zt _1> g B)\d,t—o—l Qf+1ﬂ' (itﬂ _1> (M)Q
qF 2 \ig1 “ i i1 A qF T\ g it ’
(B.22)
A 1
g =K {5;{’;1 [Pv,t—l—l lavg 1ko/ke]= + (1 = 06) Qfﬂ} } ; (B.23)
K 1 A K
P’U,t* = Pv,t [(1 — Ot) 'l)t/nt]v — Wt + (1 — 8) Et {ﬁ i’tJrl Pv7t+1 } s (B24)
at dt qi+1
, 2
ke=(1—06)k 1+ |1-2 (,” - 1) ] it. (B.25)
2\t

Wage determination (1 equation):
1
We =3 {nPos [(1 = @) va/nil® +(L=) (Bu+ 1)} + (1 =) W, (B.26)

Labor market flows (5 equations):

My =€) v, (B.27)
ny = (1= s)n—1 + qu, (B.28)
q = M/w, (B.29)
=1-—ny, (B.30)
Uf = Up_1 + SNy (B31)
Intermediate goods production (6 equations):
4 1= n; n; 17%1 %
my = [ (1 = Cae ) d.e My ° + Cae me, , (B.32)
—"Nd,e
Myt 1- Cd e T,m,t ,
- = , B.33
Me,t Cd7e < Pe,t ) ( )
P! 1 1
e e| 1—
Pm,t = |:( Cd e) T mni + Cd e L } Td.e ) (B34)
1 1_ L 4 -1 m”n"il
s = (1= Gu) 77 gy 77+ G mFt"m} , (B.35)
MH _ 1—=GCn [ Pay o (B.36)
mrpy Cm PF,t ’
Pl Pl 1
m m | 1—=mm
Px,m,t = [(1 - Cm) 77 + Cm 7) } ™ (B37)

46



Production of domestic goods (3 equations):

1 1

1 1—— 1 -1
YHt = [(1 —G)momy "M

@ — 1- Cv mt o
Ut Co Pv,t 7

Pl = (=) P 4 GRE™ T

Export production (6 equations):

1 1 1

1—
%tE [( C;ze)nxe %x 1¢,e +<—7I%e

—Mie,e
Hrt — Ge [ Proet
= )
Het C%,e Pe,t

"%,e

Mx,e

1
1 e 1 see | T—=nsee
P;{,t:[(l_g%e) z%ﬂt +C%e . }1 . )

L L —i nz—1
At = {(1 — )7 %thx + G %Ft } 7
XHt _ 1 -G PH,t e
AFt Coe PF7t ’

1

Py = [(1 — Cw) pl= 77“3 + Cz pl- le} T=na

Nominal rigidities (4 equations):

=2 P, P, Adt+1
1) —¢ et + e,t 1 et -k g+ P
( ) epe,t ¢ (Pe,tl Pe,tfl ! B )\d,t ‘
P }f” P P Ad,t+1 Pr i1
(eg — 1) —€em -1 =E;<f
Py Pyt P Adjt Py

Prpit1
F
Pry

47

P%,t+1
F
P%,t

Pe,t+1 1
Pe,t
—1 2

] Ns,e—1
Y

)1
)1

Peti1

2
Pe,t )

(B.38)
(B.39)

(B.40)

(B.41)

(B.42)

(B.43)

(B.44)
(B.45)

(B.46)

€t+1
€t ’

(B.47)
2
Pyiv1\ ymii
YH t ’
(B.48)
2
Priy1\ Yrit1
PF,t yr ’
(B.49)
2
P11\ 41
P%,t I '
(B.50)



Fiscal authority (8 equations):

1} + Qz{,}Bg,t + Tr + TcPc,tct = Pg,tgt + Buuw,t + Bg,t—l; (B51)
Tt —Ta = k7 (Bgt-1 — By), (B.52)
Ng,e
4 177715 771& 177]16 Tlg,e_l
9t = (1= Cge) "¢ Gy " + o Gep ) (B.53)
—Tg,e
% — 1 - Cg,e nyg»t (B 54)
ge,t Cg,e Pe,t ’
1
1-ng,e 1-ng,e] T=ng,e
szt = [(1 - Cgue) Px,g,zg’ + Cg,ePe,t o } e ’ (B55)
ng
1 1—% ni 1_% ng—1
Gzt = (1 - Cg)ng gH,t ! + ngngt ! ) (B56)
gy 1=y (Pue) "
= — g : , (B.57)
grt Cg Py
_1
Prgi = (1= Co) Py + P . (B.58)

Aggregation (8 equations):

By =By + (1 =) By, (B.59)

et = Pews + (1 =) cag, (B.60)

Yo = Yywr + (1 =) yar, (B.61)

ne = Y, (B.62)

Ut = Py ¢, (B.63)

Ty = (1 =) Tas, (B.64)

s=(1—=v)sa (B.65)

By = By + Bj. (B.66)
Aggregate profits (6 equations):

I} = Py ytver — Wing — Pty — K, (B.67)

1§ = (Poy — PL,) e, (B.683)

' = (PH,t - Pfu) YH t (B.69)

I = (PF,t - Pii,t) YFit, (B.70)

My = (Pui— PL,) s, (B.71)

I = T0) + 10§ + T + 10 + 107 (B.72)
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Market clearing (15 equations):

Priyrt = Praicuyt + Paiings + Puigus + Paiza:s + Paimug, (B.73)
P.ier = Peicey + Petics + Petget + Peprtet + Peymer + Pe ey, (B.74)
f f f s f f f
PF,tyFﬂf = PF,tCF,t + PF,tzF,t + PF,tngt + PF,th,t + PF,th7t7 (B.75)
Puspie = Phyype + Plier, (B.76)
Pt PJ{:,tyF,tfl + P 16t—1 BT
Put—1 P};t_lyF,t—l + P 4—16t— 1
Ppyps = Percr + P iy + Py 1y, (B.78)
Ppy _ P.ici1 + P i1+ Pyigi—1 (B.79)
Ppi1  Pepice—1+ Pig1i—1 + Pyy1gt-1’
P, P P
gdpp’t - Laspeyres DD - = t%iaspeyliefsﬂt Laspeyres ’ (B80)
Ppt-1ypt-1Pp + P i1a-1P, — Pui—1pe-1P 4
,PLaspeyres . PD,t (B.81)
Ppi_1
,PLaspeyres _ Pmt (B.82)
wt Pu,t—l ’
,Piatspeyres _ P%ﬂf 7 (B.83)
’ Pz«:,t—l
P P, - P
gdip, = DtYD,t + Lt 7% pt it Laspeyres’ (B.84)
(Pp,t—1YD,t—1 + Pop—126-1 — Puy—1p6-1) P,
P}I:a;speyres ,PCIZ:ZSpeyres
TGIL7t =1 + 8%775 (PLaSpeyres -1 - SM 7PLaspeyres —1 y (B85)
Swt = Putre/gdppy, (B.86)
Sut = Putie/gdppy- (B.87)
Net foreign asset position (1 equation):
(qf?BZk - Bt*—1) = Py 3 — Py (B.88)
Foreign export demand (2 equations):
it X
P\ ™ _
s = | (Pj> ] X, (B.89)
/’Lvt
L (B.90)

P - P}J:‘,tfly* + Pft 16
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World interest rate:

@ ="+ Ky lexp (Bf — B*) —1]. (B.91)
Terms of trade (1 equation):
P%t
Ti= 55— B.92
‘=P (B.92)

Exogenous variables (3 equations):

P, (B.93)
Pe{t? (B94)
9. (B.95)

Bringing the grand total to 95 equations. The model’s recursive competitive equilibrium is then

given by sequences of the following 95 variables:

. _ k
e Prices (30)- {)\w,t+sa Wits, )‘d,t-i-sa q7?+57 PC,t+S7 Px,c,t+sa PH,t—l-Sa Pi,t+87 Px,i,tJrsv Gt+s; Aty s>

f f
Pv,t+57 Pm,t+57 Px,m,t—i—s; PH,t+s7 P.I,%,t-i-S? P;{,t+37 P%,t+57 Pe,t+57 PF,t-‘rSa Pg,t+57 Px,g,t-{—& Pu,t-l—&

* Laspeyres Laspeyres Laspeyres b o0
P/J7t+s7 PD,t+Sa PD,t-i—s ) ,Pu,t-}-s ) P;g,t+s ) 72-}—87 qt+5 s:O‘

o Quantities (62): {Ctys, Cwttss Cdttss Nits, Nwttss Utts, Uw,tts: Wiy, Bits, Buwttss Bdt+s, Titss
Td,t+sa Sd,t+s5 HtJrSa H}j)-s-sa H§+57 ngs, H;ﬂ.g» Ht%+5a Cxt+s;Cet+sy CHt4+s, CF t+s, it+57 ix,t+sa ie,tJrs,
iH,t+37 iF,t—f—s; kits, Mt+57 Vitsy Utds, Mitts, My tts, Met+s, TMH t+s, T t+s, YH t4+55 X t+s,

Het+sy XH t+sy) XFt+ss Ht+s, Ct+sy; YF t+s; G t+ss Jet+sy YH t+s) GF t+s, Ht+s, YD t+s; gdpP,tJrsv gdiP,tJrs?
TGIL 455 Sstts Sptts Yw,t+s Yditss Yets: Bytrs Birs}oeor
(o)

o Exogenous processes (3): {iji,t+s>PeJit+s7gt+S}S:0'
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