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We assess the distributional impact of introducing a carbon tax in a small open economy, using the case of
Poland. We use a dynamic general equilibrium model with a search mechanism in the labour market, soft-linked
to a microsimulation model based on household budget survey data. We evaluate the impact on various income
groups and on inequality. We account for four key channels: the direct (energy) and indirect (other goods) price
effects, behavioural adjustment of consumption, and changes in labour income. We consider three of ways to
recycle the carbon tax revenue: lump-sum transfer, energy price subsidies, and labour tax reduction. We find that

the distributional effects depend on the recycling of revenues. Using them to reduce labor taxation attenuates the
negative effect of carbon tax on GDP and employment but increases inequality compared to a lump-sum transfer
to households. This finding highlights the trade-off between efficiency and equity. Our results could be relevant
for other countries producing fossil fuels, such as South Africa, Germany, or Australia.

1. Introduction

The avoidance of potentially catastrophic consequences of climate
change requires a substantial reduction in global CO, emissions. Pricing
carbon emissions is one of the policy measures seen as essential for
mitigating climate change. Several countries have implemented carbon
pricing, either through a carbon tax or through a cap-and-trade system.
While there are some differences between the two approaches (Goulder
and Schein, 2013), economists have argued that such market-based
measures are economically efficient since they incentivise limiting
emissions in sectors in which the cost of doing so is the lowest. However,
governments might be hesitant to implement such policies due to public
acceptability issues and concerns about the social equity of carbon
pricing (Sovacool et al., 2015). Distributional economic impacts - un-
equal effect on households with different levels of income - and conse-
quences for income and social inequality are at the centre of such

concerns.

The literature on the aggregate economic effects of carbon pricing is
vast and shows that the potential net costs of carbon pricing are mod-
erate (see IPCC, 2014), section 6.3.6.2). By contrast, the distributional
effects of carbon pricing are still under-researched. However, their
relevance for understanding and managing the economic and social
challenges related to the transition to a carbon-neutral economy is
growing.

In this paper, we study how labour market adjustments, price re-
sponses, and the behavioural reactions of households shape the distri-
butional consequences of emission pricing in a carbon-intensive
economy, using the case of Poland. We account for four redistributive
channels. We pay particular attention to job loss and labour market
adjustments in sectors with different carbon-intensiveness which is a key
concern in countries with noticeable shares of jobs in coal producing or
coal-intensive sectors.
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The first redistributive channel is the direct price effect. Since low-
income households usually spend a larger share of their income on
essential goods such as electricity and heating, a tax on emissions might
disproportionately affect these families. The evidence in support for this
view has been found among others in Brazil (da Silva Freitas et al.,
2016), South Africa (Van Heerden et al., 2006), and France (Bureau,
2011).

The second redistributive channel is the indirect price effect: a price
on emissions may increase the cost of energy-intensive goods. However,
the indirect effect may affect more strongly the poorer households
(Jiang and Shao, 2014) or the wealthier households (Goulder et al.,
2019), depending on the consumption patterns of energy-intensive
goods.

The third redistributive channel is the behavioural channel, driven
by the households’ consumption response to price changes. Price in-
creases may hit low-income households harder than wealthier house-
holds if the former cannot reduce their energy consumption.’ There are
several ways to quantify this effect. Some researchers assume a uniform
change in energy goods consumption across various types of households
(Buchs et al., 2011). Other use more sophisticated methods that account
for household heterogeneity by estimating an Almost Ideal Demand
System (Labandeira and Labeaga, 1999), or by estimating the price
elasticity of demand for different subpopulations (Johnstone and Serret,
2006). Carbon pricing often appears less regressive if behavioural effects
are taken into account since high-income households are usually less
sensitive to changes in the price of energy or energy-intensive goods.
However, adopting such a perspective ignores fairness considerations.

Our first contribution to the literature is to refine the fourth, key
redistributive channel related to labour market responses to a carbon
tax. The more carbon-intensive sectors, such as energy generation,
mining, transport, or manufacturing, are more likely to reduce output
and labour demand in response to a carbon tax than less carbon-
intensive sectors, such as services. At the same time, these sectors
differ in their demand for skills, labour productivity, and wages. As a
result, the sector-specific responses to a carbon tax, in terms of job loss
and wage adjustment, differ. This can affect the incomes of various
groups of workers to varying degrees. To study this channel we use a
multi-sector Dynamic Stochastic General Equilibrium (DSGE) model
with search-and-matching on the labour market, soft-linked with a
microsimulation model. Our approach is similar to Hafstead and Wil-
liams (2019), who used a general equilibrium model with labour market
frictions to study the effects of mitigation policies on employment in
carbon-related industries and other sectors. However, Hafstead and
Williams (2019) did not translate employment adjustments into effects
on personal income distribution as we do in this paper.?

We find that the labour market channel has a crucial contribution to
the overall redistributive effect of a carbon tax. It is qualitatively
different from price effects, as workers in carbon-intensive sectors (in
which employment tends to decrease after introducing a carbon tax) are

1 For instance, because they are credit-constrained and cannot invest in a
more energy-efficient infrastructure, or because the reduction of energy use
would be detrimental for health.

2 Hafstead and Williams (2018) noticed the importance of general equilib-
rium with the possibility of unemployment. They develop a two-sector CGE
model with search frictions to understand the effects of employment flows
between the sector affected by CO2 regulation and the unregulated one. This
approach allows for correcting the partial equilibrium setting used in the
empirical literature, which overestimates the employment effect of environ-
mental policies. For a complete and up-to-date critical review of the issues in
the literature, see Hafstead and Williams (2020). Our approach is more nuanced
because we model several sectors (as in Hafstead and Williams, 2019) and in-
termediate inputs in a dynamic setting in which carbon taxation impact all
sectors, depending on their emission intensity (see Appendix). Also, we account
for price and consumption responses which were the primary focus of other
previous studies.
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more likely to earn above-median wages. It is also quantitatively
substantial.

Our second contribution is to use our framework to assess the trade-
offs between efficiency and equity in climate policy. To this end, we
compare the effects of three alternative ways of spending the carbon tax
revenue under the condition of an identical emissions reduction path
(reduction gradually growing from 0% in 2020 to 95% in 2050).

First, we consider transferring income from a carbon tax to house-
hold members in the form of lump-sum benefits.

Second, we analyze a price subsidy — i.e., compensation for the in-
crease in expenditures on energy resulting from higher energy prices — to
all households.®

Third, we consider utilising carbon tax revenue to reduce labour
taxation, in line with the double dividend hypothesis (Takeda, 2007;
Faehn et al. 2009; Antosiewicz et al.,, 2016b; Aubert and
Chiroleu-Assouline, 2019; Kirchner et al., 2019). That hypothesis states
that replacing highly distortionary taxes (e.g., labour tax) with envi-
ronmental taxes (e.g. carbon tax) may reduce GHG emissions and in-
crease income.

We find that introducing a carbon tax is associated with a moderate
reduction in GDP. The largest decline occurs in the price subsidy sce-
nario (1.5% after ten years) and the smallest reduction occurs in the
double dividend scenario (0.9%). Crucially, we find that these scenarios
differ starkly in their distributional consequences. Transferring the
carbon tax revenue to households as lump-sum transfers reduces income
inequality and increases the incomes of below-median households. This
is because the below-median households receive more funds from lump-
sum transfers than they spend on higher energy costs. Moreover,
spending the revenue on lump-sum transfers appears to be a better op-
tion than subsidizing energy prices, as the macroeconomic effects are
only slightly worse but inequality is noticeably larger in the price sub-
sidy scenario than in the lump-sum scenario. However, spending the
revenue on reducing labour taxation increases income inequality, as it
mainly benefits high-income households.”

Our third contribution is to quantify the distributional effects of
carbon pricing in Poland, which is a particularly interesting case study
for several reasons. First, Poland is the largest producer of coal in
Europe, and it consumes most of its coal domestically — coal generates
more than 80% of electricity and heat in Poland. Second, since Poland
transitioned from a centrally-planned to a market economy, levels of
income inequality have increased substantially. Indeed, according to
Eurostat data, Poland has the highest levels of wage inequality in the EU.
Moreover, the share of income spent on energy and fuel is substantially
higher for the poorest than for the wealthiest households. Third, carbon-
intensive sectors employ a substantial share of the Polish workforce. In
2018, coal mining and related industries employed about 1%, while
manufacturing employed further 21% of all workers (Kiewra et al.,
2019). Therefore, introducing a carbon tax and moving away from coal
in Poland may affect households through rising energy prices and the
labour market channel: households in which some members work in the
coal industry may be the most affected. While we calibrate our model to
Poland, our methodology and findings may be relevant for other

3 At the time of writing, the Polish government is considering such a subsidy
in response to energy price hikes introduced in early 2020.

4 The interest of our paper is similar to Aubert and Chiroleu-Assouline
(2019), but the double-dividend scenario is different. Aubert and
Chiroleu-Assouline (2019) studied a change in the progressive tax system that
involved modifying a tax structure to improve efficiency. In that study, the final
effect depended on the labour supply elasticity of high- and low-skilled workers
and the propensity to consume goods affected by the carbon tax. Here, we pay
more attention to the labour demand side, which is the critical force behind
employment adjustments to emission pricing (Curtis, 2018). In our paper, the
double dividend results from a labor tax reduction that increases aggregate
labor supply and pushes up employment in various sectors, affecting inequality.
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Fig. 1. Trends in carbon-intensity in Poland against regional averages.
Source: Own elaboration based on World Bank data.

countries which are still dependent on coal and have high levels of in-
come inequality, such as Australia, South Africa, or Ukraine. Thus, un-
derstanding the distributional implications of carbon pricing in such
economies may help manage the transition away from coal.

We use a macroeconomic model and a microsimulation model and
use the output of the former in the latter. Various authors follow a
similar approach. For instance, Rausch et al. (2011) used a static general
equilibrium model with a large number of household agents to study
distributional effects of a carbon tax. While they focused on wage fluc-
tuations and did not account for job flows, we model wages and job loss
and job finding responses.” Our macroeconomic model is a multi-sector
DSGE model based on an Input-Output (I0) structure. Models with an
underlying IO structure are a standard tool in environmental analysis, e.
g., Computable General Equilibrium models (Hamilton and Cameron,
1994; Liang and Wei, 2012) or static I0 models (Feng et al., 2010).

Our microsimulation model uses household budget survey data. It
allows us to transmit the macroeconomic impulses to employment
outcomes, incomes, and consumption of households, depending on their
sector of employment and initial position in the income distribution.
Callan et al. (2009), Rausch et al. (2011), and Alton et al. (2014) used a
similar hybrid approach.®

2. The context of climate policy and inequality in Poland
2.1. Carbon intensity and energy mix in Poland

Among the developed economies, the Polish economy is one of the
most carbon-intensive. Until the late 1980s, industrialisation in Poland’s
centrally planned economy was almost entirely fuelled by the extensive
use of coal: in 1990, the share of coal in the energy mix was 76%. Since
the early 1990s, the relative importance of fossil fuels in the energy mix
has changed: the shares of natural gas and oil have increased, but the

5 However, solving a dynamic DSGE model with the same level of agent
heterogeneity as used by Rausch et al. (2011) would be an extremely difficult
computational task. Hence, we opt for a soft-linking approach and take
advantage of the rich household data in the microsimulation model.

® Some recent studies use micro simulations to study how carbon tax and
compensation schemes affect the welfare and income distribution across
households (Berry, 2019; Renner et al., 2018), based on households charac-
teristics. See, for example, Eisner et al. (2021) for a recent application of this
methodology to Austria, emphasizing transfer schemes as a function of house-
hold heterogeneity.

2002 2004 2006 2008 2010 2012 2014

OECD members Poland

European Union

share of renewables has remained low (9% of the total primary energy
supply in 2017). However, the process of industrial modernisation led to
rapid improvements in energy efficiency and a decoupling of emissions
from economic growth: between 1990 and 2014, the emission intensity
of the Polish economy declined from 1.6 to 0.5 kg CO2 per $US (in 2010
prices; see Fig. 1). Nevertheless, the carbon-intensity of Poland remains
significantly above the OECD average (0.25 kg CO2 per $US), the EU
average (0.18), and the average across Central European and Baltic
countries (0.44).

To achieve the targets set by the EU climate policy, the Polish energy
mix will have to change quickly. Most importantly, this will require the
complete elimination of coal. Coal consumption would have to be cut by
20% between 2015 and 2030 to put Poland on the path to meeting the
target of emitting three tonnes of CO2 per person by 2050 (Wita-
jewski-Baltvilks et al., 2018). The governmental Energy Policy of Poland
(2019) assumes that between 2015 and 2040, the use of coal will decline
by 49% (see Fig. 2). However, significantly larger changes are necessary
to achieve the “2050 net zero” target set by the European Commission.”

The decarbonisation of the Polish economy would involve a phase-
out of the mining sector and a reallocation of mining workers to other
sectors. In 2020, Poland was the largest producer of coal in the EU. Most
of the coal produced (83% in 2017) was consumed domestically. The
amount of coal that is exported is unlikely to increase in the future
because the high costs of coal extraction in Poland reduce its competi-
tiveness on international market. Thus, a decline in consumption
induced by an ambitious climate policy has to involve cuts in produc-
tion, and corresponding reductions in mining employment. In 2018, coal
mining employed 82,000 workers, and it is estimated (Kiewra et al.,
2019) that an additional 60,000 workers were employed in sectors
dependent on coal mining, which jointly constituted 1% of total
employment.® Moreover, in Poland, large shares of employment are in
energy/carbon-intensive sectors, such as manufacturing (21.2% in
2018) or transportation and storage (6.3%), relative to the EU average

7 The net zero target is motivated by the commitment to limit the tempera-
ture increase to below 1.5° by the end of century. It assumes a complete
decarbonisation of the EU economies by 2050. While Poland has not yet
committed to this target, it is under pressure to raise its level of ambition in the
near future.

8 Hard coal mining in Poland is concentrated in the Silesia region, where it
provides a larger share of jobs (5% overall, and up to 8% among males, in
2018).
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Fig. 2. Projections of the energy mix according to the Energy Policy of Poland.

Source: Own elaboration based on the Energy Policy of Poland (2019).
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Fig. 3. Share of expenditures on energy and fuel in household income in Poland, by equivalised income deciles (2018).

Source: Own calculations based on Household Budget Survey data.

shares (15.5% and 5.3%, respectively). Therefore, the expected
employment effects of decarbonisation are likely to be more far-reaching
in Poland than in other EU countries.

2.2. Inequality and living standards in Poland

In Poland, income inequality increased substantially between 1989
and 2007. Although it has remained at a stable level since 2007, Poland
became one of the countries with the highest levels of income inequality
in the EU (Brzezinski, 2017). The increases in the top income shares and
above-median inequality have been particularly pronounced in Poland
(Bukowski and Novokmet, 2021). Earnings inequality has also been
greater in Poland than it is in most EU countries, with the top 10% of
workers earning 4.6 times more than the bottom 10% in 2014, the most
recent year for which data on this issue are available (Lewandowski and
Magda, 2018). Considerable wage dispersion is a key factor behind high
level of income inequality, especially given that the Polish tax and
benefit system reduces income inequality only slightly (Goraus and

Inchauste, 2016; Brzezinski et al., 2021). As a consequence, shocks that
affect employment and wage distribution have a rather strong effect on
income inequality in Poland (Brzezinski, 2017).

Distributional concerns of carbon taxation in Poland are also fuelled
by the fact that the share of spending on electricity, gas, and other fuels
in the total consumption expenditures of Polish households is relatively
high. According to the Eurostat data, in 2015 (the most recent data
available), this share equalled 11.7%, and was considerably higher than
the EU average of 7.3%. Moreover, lower-income households in Poland
spend a much larger share of their income on energy and fuel than
higher-income households do (Fig. 3). In 2018, this share was twice as
large among the bottom 20% of the population as it was among the top
20% of the population. Almost 3/4 of the differences in the share of
income spent on energy and fuels across different income groups can be
attributed to differences in the share of income spent on electricity, coal,
and solid fuels (used mainly for heating). As a consequence, 10% of
households in Poland suffer from multidimensional energy poverty
resulting from objective (monetary) energy deprivation and subjective
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deprivation (Sokotowski et al., 2020). The combination of high levels of
wage and income inequality and the vulnerability of low-income
households to high energy costs means that the distributional effects
of climate policy in Poland are of particular importance (Zuk and Szu-
lecki, 2020).

3. Methods and data

To assess the distributional effect of the carbon tax, we use a mac-
roeconomic model soft-linked with a microsimulation model. In the first
step, we apply a macroeconomic multi-sector dynamic stochastic gen-
eral equilibrium (DSGE) model of the Polish economy named MEMO
(MacroEconomic Mitigations Options). We use this model to simulate
the changes in employment, wages, private consumption and prices of
goods at the sector level in response to the introduction of a carbon tax.
In the second step, we map the results of the macroeconomic model to a
microsimulation model based on household budget data to evaluate the
effects of the carbon tax on household incomes and inequality. Here, we
present the two models, data sources, and the policy scenarios.

3.1. MEMO - macroeconomic DSGE model

MEMO combines two strands of economic modelling: it is an Input-
Output (I0) model embedded in a dynamic stochastic general equilib-
rium framework. The advantages of using such a framework over a static
I0 model are that it enables us to account for a variety of dynamic
economic adjustment mechanisms. In the context of our study, the most
important features of MEMO are: open economy and search and
matching mechanism on the labour market.” Appendix shows the main
equations of the model and calibration strategy.

The main agents of the model are: a) households, which maximise
utility from consumption; b) firms, which maximise profits; ¢) the gov-
ernment, which collects taxes and spends the revenue on public con-
sumption; and d) the foreign trade sector.

The firm’s production side is divided into several sectors and cali-
brated to the NACE Rev. 2 symmetric Input-Output table for Poland in
2015 (provided by Statistics Poland). In each sector, a representative
firm operates a nested constant elasticity of substitution (CES) produc-
tion function. In the first stage, the firm combines capital and energy,
which it then combines with labour, and, finally, with materials (in-
termediate use). Materials are composed of the products of all sectors,
which are further disaggregated into imported and domestically pro-
duced materials. The output of each sector is used by the household and
government for consumption, invested or put to intermediate use by
firms, or exported. We set the parameters controlling the shares of each
flow in the production and use structure according to the data in the IO
matrix.

We pay particular attention to distinguishing between sectors related
to the energy system. We identify 11 sectors, as well as three types of
fossil fuel products. The set of sectors S contains agriculture, mining
(which distinguishes between specific fossil fuel products: coal, oil, and
gas), light industry, energy-intensive industry, advanced industry, coke
and refined petroleum products, electricity generation (separated into
renewable and fossil fuel generation), construction, transport, market
services, and non-market services. We model emissions as linear func-

9 As is the case in a recent article by Hafstead et al. (2021), the inclusion of a
search mechanism in a general equilibrium setting is critical to estimating the
employment effect of the carbon tax. According to them, a full-employment
model overestimates the job losses from a carbon tax by about 2.5 times. The
results for employment which we show in the next section are closer to their
search and matching model than the full-employment CGE. However, their
model includes both the extensive and intensive (hours worked) margin, and
the lower response of employment is mainly due to the changes in the intensive
margin.
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Table 1
Sector aggregation from NACE and input for microsimulation model for refer-
ence scenario for 2025 (in).

Sectors€ S NACE emp-Af wage-AY  price- AP vol-AY
AGR A -0.1 —1.4 0.0 -0.7
MIN B —6.6 -2.1 - -
MIN-coal BO5 - - 28.8 —4.5
MIN-oil BO6 - - -0.9 0.4
MIN-gas BO6 - - 36.2 -5.7
LIND C10-16 0.0 —-1.4 -0.2 -0.7
EIIND C17-18,20-24 -0.5 -1.5 0.2 -0.7
AIND C25-C33 -0.1 —1.4 -0.3 -0.7
RPP C19 —6.6 —-2.1 -0.9 0.0
ENE D-E 0.5 —-0.1 7.7 -0.7
CON F -1.0 -1.5 —0.6 -0.7
TRA H -0.2 —-1.4 0.5 -0.7
PRV G,I-N,R-U -0.1 —-1.4 -0.4 -0.7
PBL 0-Q 0.6 -1.4 -0.7 -0.7

Note: Sectors are as follows: AGR - agriculture, MIN: mining, LIND: light industry,
EIIND: energy intensive industry, AIND: advanced industry, RPP: refined petroleum
product industry, ENE: electricity generation, CON: construction, TRA: transport,
PRV: market services, PBL: public services.

tions of the intermediate use of fossil fuel products: coal, oil, gas, and
refined petroleum products. Table 1 specifies the sector aggregation
under the column NACE.

We show the output for MEMO for one of the simulations (reference
lump sum simulation for the year 2025) in our study in Table 1 and the
full set of scenarios in subsection 3.3.

3.2. Microsimulation model soft-linked with the macroeconomic model

We use the microsimulation model to calculate the distribution of
household income conditional on the output of the macroeconomic
model. It is based on the household budget survey (HBS) data, collected
by Statistics Poland. We use the 2016 HBS data which contain infor-
mation on a sample of 36,886 households and 99,230 household
members. Each household is surveyed for a full month. The HBS data
include detailed information on individual incomes by type and labour
market participation in the given month (131,947 observations),
household expenditures by type of goods in the given month (2.6 million
observations), socio-economic characteristics of individuals and char-
acteristics of households (e.g. dwelling). Table 2 contains a summary of
all used variables and symbols.

The microsimulation procedure consists of four main steps:

@ Calculation of individuals’ labour income and their position in the
sector-specific wage distribution;

@ Calculation of equivalised household income, and consumption;

@ Soft-linking of outputs from the macroeconomic model for a given
policy scenario (introduced in subsection 3.3) to recalculate
employment, wages, transfer incomes, consumption of energy and
other goods;

@ Simulation runs and calculation of summary statistics pertaining to
incomes by deciles, and inequality: Gini coefficient, D9/D1 ratio.

In the exposition, h is used to index households, i is used to index
individual household members, and s is used to index economic sectors.

3.2.1. Microsimulation model on the household budget survey data
At the individual level, we take the following steps:

@ We define labour income W as the sum of monthly wages earned by
individuals in main and additional jobs, and monthly income from
self-employment.
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Table 2

Key variables and symbols used in the microsimulation model.
Symbol  description
AE percent change in employment in sector s from MEMO
AW percent change in wage in sector s from MEMO
AP percent change in price of good in sector s from MEMO
AY percent change in volume of goods purchased by household in sector s

from MEMO

T per capita lump sum transfer from MEMO
SEC sector of occupation consistent with MEMO
w total labour income of individual
D decile in labour income distribution of individual
EQWH equivalised household size
EXP; total household expenditures on goods of sector s
EXPggq equivalised household expenditures on goods of sector s
INC total household income
INCgq equivalised household income
DE direct consumption effect (energy)
IE indirect consumption effect (other goods)
TE lump-sum transfer effect
w total labour income of individual in a given scenario/simulation
EE employment effect
S set of sectors of MEMO and microsimulation model
sE set of energy sectors
SNE set of non-energy sectors

@ We create variable SEC which codes the sector of occupation of the
individual. The coding is consistent with sectors of the MEMO model
shown in Table 1.

@ We define deciles D of sector-specific labour income distribution to
which a given individual belongs. For each sector s:

D = ecdf (W) @

where W is labour income truncated to sector s, and ecdf " is the inverse
of the empirical cumulative distribution function.
At the household level, we take the following steps:

@® We define household income as the sum of all types of household
income, including labour, pensions, benefits, financial, capital, and
transfers (variable DOCH in the HBS).

@® We map each consumption good for which expenditure data are
available in the HBS (variable R5: about 500 different goods) to
particular sectors s € S present in MEMO model. For each sector s we
create a variable EXP; as the sum of household’s expenditures on
goods produced by this sector:

EXP, =) RS 2

JEs

@ We calculate equivalised household size, EQWH, using the widely
adopted, modified OECD equivalence scale: the first adult is assigned
a weight of one, each next person aged 14 or older is assigned a
weight of 0.5, and each child under age 14 is assigned a weight of
0.3.

@ We calculate equivalised household income, INCgq, and equivalised
household expenditure on goods of particular sectors, EXP;gq.

@ We assign households to one of 10 bins defined as deciles of indi-
vidual equivalised household income. '’

There are important differences between households positioned
across the equivalised income distribution in Poland which has conse-
quences for our results. The share of labour income in total household
income is larger for households with higher total income: it ranges from

10 Each bin contains an equal number of individuals, but not necessarily the
same number of households.
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30% among the poorest households to 72% among the households in the
top income decile (Table 3). The share of labour income among the
poorer households is smaller because a larger share of the people in
these households are unemployed, students, or individuals whose main
sources of income are pensions or benefits. Importantly, the share of
people who are employed in mining is noticeably larger among house-
holds with equivalised income above the median, and especially in the
top 30%, than it is among households with below-median income.

3.2.2. Soft-linking of macro- and micro-models

The following results of the MEMO model, expressed as percent de-
viations from the no-intervention scenario, are used as inputs in the
microsimulation model:

@ AL - employment in sectors

@ A - wages in sectors

@ A? - price of sector goods/products

@® AY - volume of household purchases of sector goods

The first two variables, Af and AY, are used to update the wage W of
individuals. The remaining two variables, Af and AY, are used to update
the expenditures EXP; of the household on sector goods.

The soft-linking of models is enabled by the high degree of consis-
tency between the sector wage levels in the macroeconomic and
microsimulation models.'! The sectors with above-mean wages are the
same for both models, with the exception of the construction sector, and
the mean income in the mining sector is one of the highest in both
models (Table 4).

3.2.3. Simulation procedure

The simulation consists of calculating changes in equivalised: (i)
labour income, (ii) lump-sum transfer income, and (iii) expenditures on
energy and other goods, all conditional on the output of the macro-
economic model (MEMO).

To calculate the labour income effect, we account for changes in
expected wage and employment probability. The employment effect
results from adjusting sector-specific employment probabilities accord-
ing to the output of the macroeconomic model.

@ For each sector s for which MEMO predicts a decrease in employment
in comparison to the baseline (ASE < 0), each individual working in
this sector loses their job with probability equal to — AE. Formally,
for each individual we draw a random number r from the uniform
distribution (0, 1), we reclassify these individuals as unemployed
and set the wage to zero for those who lose their job:

/ 0
W =
w

@ For each sector s for which the MEMO model predicts an increase in
employment in comparison to the baseline (AZ > 0), we randomly
select N;Af individuals from the pool of unemployed, where Nj is the
number of people employed in sector s. These individuals become
employed in sector s and we sample their wage from the sector-
specific wage distribution.'?

it r<Af

3
if r>A~F 3)

11 We rescale the labour income from the macroeconomic model to the mean
obtained from the HBS.

12 More specifically, we assume that new hires sample their wage from the
sector wage distribution which is truncated to the decile of their previous po-
sition in the income distribution. Adopting such a mechanism implicitly as-
sumes that richer, and therefore high-skilled individuals take high skilled and
better paid jobs.
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Table 3

Basic household statistics by income decile.
decile 1 2 3 4 5 6 7 8 9 10
mean size 2.69 2.71 2.81 2.83 2.82 2.89 291 2.84 2.76 2.75
labour income PLN 233 400 561 699 901 1076 1311 1642 2202 3907
all income PLN 781 1240 1520 1735 1944 2170 2438 2774 3340 5454
labour income share % 30 32 37 40 46 50 54 59 66 72
employed % 27 26 30 33 37 40 44 49 55 59
unemployed % 14 8 5 5 3 2 2 1 1 1
pensioners % 19 26 26 26 25 25 24 22 17 10
students % 11 10 9 9 9 7 6 6 5 5
employed in mining % 0.5 0.9 1.0 1.7 1.5 1.8 1.6 1.7 1.9 1.6

Note: Unemployment share counted as share of total population of given decile, not as share of active on the labour market. Pensioners include those who are retired and those who
receive some form of disability benefits. Employed in mining is the share of those employed in this sector out of all persons employed.

Source: Own calculations based on household budget survey data.

Table 4
Wages in microsimulation model based on household budget survey data and rescaled wages for macroeconomic MEMO model.
AGR MIN LIND EIIND AIND ENE CON TRA PRV PBL mean
HBS 247 3347 1935 2414 2416 4203 3282 2117 2611 2477 2649 2169
MEMO 542 2669 1846 2393 2307 5216 3605 2390 2603 2423 2330 2169

Note: Sectors are as follows: AGR - agriculture, MIN: mining, LIND: light industry, EIIND: energy intensive industry, AIND: advanced industry, RPP: refined petroleum product
industry, ENE: electricity generation, CON: construction, TRA: transport, PRV: market services, PBL: public services.
Source: Own calculations based on household budget survey data for microsimulation model and on Eurostat data for macroeconomic MEMO model.

The wage effect results from adjusting sector-specific wages ac-
cording to the output of macroeconomic model:

W=W*(1+AY) 4

In order to calculate the labour effect, LE, we compute the sum of
changes in equivalised labour income of all household members after
adjusting for employment and wage effects explained above, and we
express it relatively to the baseline labour income:

LOS),
LE, = <Z(W,.h - %)) /EQWH 5)
i=1
The transfer effect, TE, is defined as the total equivalised income
from lump-sum transfers received by a household in a given scenario,
TE'3

TE = LOS*T /EQWH, (6)

where LOS is the number of household members. We also calculate the
direct and indirect effects resulting from changes in prices and con-
sumption volume of particular goods:

@ Direct effect: the effect of changes in the price and consumption of
energy goods. The set of energy goods is as follows: SE = {codl, oil,
gas, petroleum products, electricity}. We calculate the direct price ef-
fect across energy goods, DE, using the formula:

DE =Y EXP*(A!+A) +ATAY) / EQWH @

seSE

@ Indirect effect: the effect of changes in the price and consumption of
goods produced by all sectors other than energy. The set of con-
sumption goods is as follows: S'E = SSE. We calculate the indirect
price effect across consumption goods, IE, using the formula:

IE = (ZEXP.J‘(Af +4Y +AfA\-V)> /EQWH ®

SESNE

'3 Note that lump-sum transfers are not paid in the baseline scenario.

All effects - labour, transfer, direct and indirect consumption effects -
are then averaged for each income decile, and reweighted using
household weights provided in the HBS data.

Since the adjustment of employment is stochastic, we repeat each
simulation 100 times. Then, we average results across simulations.

3.3. Policy scenarios

Here, we describe the assumptions that underlie the three alternative
scenarios of carbon taxation and recycling of revenue that we consider.
In all three scenarios, we assume that the carbon tax is introduced in a
way which ensures a gradual reduction in emissions from 0% in 2020 to
95% by 2050 relative to the baseline scenario without a carbon tax. This
translates to a reduction of emissions by 13% in 2025 and 28% in 2030
(we assume the reduction path is the same in all three scenarios). Across
all scenarios, the carbon tax rate is calculated endogenously to meet the
emissions target (Table 5). For each scenario, we use the results from
MEMO for 2025 and 2030. Thus, we simulate the distributional effects of
the carbon tax 5 and 10 years after its introduction.

The three scenarios differ with respect to how the carbon tax revenue
is spent. They are as follows:

@ The lump-sum (reference) scenario. The revenue from the carbon tax
is distributed as a lump-sum transfer to each individual. The tax is at
the level of 126 PLN (29.4 EUR) per ton of CO2 in 2025 and 355 PLN
(82.5 EUR) in 2030. The transfer amount is 36.0 PLN and 62.5 PLN
per person in 2025 and 2030, respectively.

@ The price subsidy scenario. The revenue from the carbon tax is used
to subsidise the increases in the prices of energy and fuels for
households. The carbon tax rate is the same as it is in the lump-sum
scenario. The remaining part of revenue, equal to 12.2 PLN and 12.4
PLN for 2025 and 2030, is distributed as an equal lump-sum transfer
to household members. Because of the price subsidy, the prices of
energy and fuels faced by households in this scenario are essentially
the same as they are in the baseline scenario with no carbon tax.

@® The double dividend scenario. The entire revenue from the carbon
tax is used to reduce the labour tax. As a lower labour tax increases
the supply of labour, which is endogenous in our model, it increases
GDP. As a result, the level of carbon tax required to achieve the same
reduction in emissions is higher (by 3-8 PLN).
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Table 5
CO2 emissions reduction and the required carbon tax level.
2025 2030
lump- price double lump- price double
sum subsidy div. sum subsidy div.
CO2 13.2 13.2 13.2 28.2 28.2 28.2
reduction
in %
CO2 tax rate 29.4 29.6 30.0 82.5 82.7 84.6
in EUR/t
CO2 tax rate 126 127 129 355 356 364
in PLN/t

Source: Own calculations based on the DSGE model.

4. Results and discussion

In the first subsection, we discuss the macroeconomic effects of
introducing a carbon tax in Poland; and in the second subsection, we
present the distributional effects.

4.1. The aggregate effects of carbon tax

The macroeconomic effects of introducing a carbon tax differ
depending on how the revenue is used. This is due to the varying eco-
nomic incentives created by the revenue recycling schemes.'* In each
scenario, GDP, investment, and consumption are lower than they are in
the baseline scenario of no carbon tax (Table 6).'° However, the decline
is smaller in the double dividend scenario (0.4% in 2025 and 0.8% in
2030) than in the lump-sum and price subsidy scenario (0.6% in 2025
and 1.4-1.5% in 2030).

In the double dividend scenario, the reduction in the labour tax raises
the supply of labour. This increases the marginal productivity of capital
and leads to higher levels of employment and investment than in the
other two scenarios. As a consequence, labour income (after tax) is
noticeably higher in the double dividend scenario than it is in the other
scenarios (see Table 6). Moreover, employment and labour income in
the double dividend scenario are even slightly higher than they are in
the baseline scenario of no carbon tax.

At the same time, the carbon tax rate necessary to achieve the target
GHG reduction is higher in the double dividend scenario than in the
remaining scenarios (Table 5). This is the result of a higher level of

Table 6
Effects of carbon tax on selected macroeconomic variables in 2025 and 2030 for
three recycling scenarios - deviations from the baseline (no carbon tax), in %.

2025 2030

lump- price double lump- price double

sum subsidy div. sum subsidy div.
GDP -0.6 -0.6 —-0.4 -1.4 -1.5 -0.8
Investment -2.1 —-2.4 -1.5 —4.1 —-4.8 -29
Employment -0.1 -0.1 0.3 -0.4 -0.4 0.6
Consumption -0.7 -0.7 -0.5 -1.9 -1.9 -1.1
Labour income  —1.6 -1.6 2.5 -3.7 -3.9 5.0

after tax

Price of energy ~ 7.67 7.73 7.84 16.17 16.26 16.57

Source: Own calculations based on the DSGE model.

14 In each scenario, we assume the same path of GHG emission reductions — i.
e., a 13% reduction by 2025 and a 28% reduction by 2030 — which is consistent
with a 95% reduction in GHG emissions by 2050 (relative to the baseline sce-
nario of no carbon tax).

15 We observe a decline in consumption even for the lump-sum scenario.
However, the transfer to households helps to mitigate this drop, which is mainly
due to the decline in GDP.
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economic activity and private benefits from GHG emissions.

If we use the carbon tax revenue to subsidise the energy consumption
of households (compensating for the increase in energy prices due to the
carbon tax), its distortionary effects on firms are the strongest. Thus, the
declines in GDP, investment, and employment are largest in this scenario
(Table 6). In comparison to the lump-sum scenario, the price subsidy
scenario increases the consumption of fuels and decreases the con-
sumption of other goods. Moreover, higher demand for energy and fuels
increases the market (pre-subsidised) prices of those goods, and thus
increases the costs of production for firms (which do not receive any
subsidies). As a result, demand, investment, and output decline more in
the price subsidy than they do in the lump-sum scenario. However, the
differences with respect to the lump-sum scenario are minuscule, at least
in the 10-year horizon that we study (1.5% vs. 1.4% decline in GDP by
2030).

4.2. The effects of carbon tax on various income groups and inequality

Next, we discuss the effects of a carbon tax on household incomes,
distinguishing 10 groups based on the deciles of equivalised household
income, and on overall income inequality, as measured by the Gini co-
efficient and the ratio between the ninth and the first decile of the in-
come distribution (D9/D1 ratio).

We find that the overall distributional effect of a carbon tax is
largely driven by how the revenue is spent. Distributing the carbon tax
revenues as a lump-sum transfers to households reduces income
inequality, while spending the revenues on a reduction of labour taxa-
tion increases inequality. In the lump-sum transfer scenario, the total
income of households with (initially) below-median incomes increases
in comparison to the baseline, because the gains from the lump-sum
transfer more than compensate for the losses resulting from the higher
prices of energy and other goods (Fig. 4). In the double dividend sce-
nario, the income gains from higher employment and lower labour
taxation are larger for higher decile groups, which means that inequality
widens. In the price subsidy scenario, inequality shrinks, but to a much
lesser extent than it does in the lump-sum scenario (Table 7).

In the lump-sum scenario, the direct effects of a carbon tax are
clearly regressive in relative terms. Among the poorest 20% of house-
holds, the direct effect amounts to a 2.1% income loss in 2025 and a
4.1% income loss in 2030. Among the richest 20% of households, the
effects are about half as large. In absolute terms, the higher-income
households are affected to a greater extent because their energy con-
sumption is higher. At the same time, the indirect effects are positive.
This means, however, that households reduce consumption of goods
other than energy in order to compensate for the higher costs of energy
goods. Although in absolute terms the size of this effect increases with
income, in relative terms it decreases with income. Importantly, the total
effect related to price changes is clearly regressive. Among the poorest
20% of households, these effects amount to an income loss of about 0.9%
in 2025 and of 2.0% in 2030, while among the richest 10% of house-
holds, the direct and indirect effects almost cancel each other out
(Fig. 4).

In the lump-sum scenario, the employment effect reduces incomes
across the income distribution. However, it affects the richer households
to a greater extent in both absolute and relative terms. This outcome is
attributable to two labour market features. First, lower demand for
carbon-intensive sector goods (energy, mining and manufacturing)
translates into lower wages in these sectors. This effect results in a drop
in inequality, because workers in carbon-intensive sectors belong to
high-income households. Carbon-intensive sectors, in which labour de-
mand tends to decrease after the introduction of a carbon tax, offer
higher wages than sectors that are more resilient to the introduction of a
carbon tax, such as public services, hospitality, and retail. Second, the
poorest households are more likely to be jobless and to live off of pen-
sions and other benefits (which we assume are unaffected by the carbon
tax). As a result, among the bottom 20% of households, the income
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Fig. 4. The effects of the lump-sum transfer scenario of carbon tax introduction on income by decile income groups in Poland, in absolute (top panel) and relative

(bottom panel) terms.
Source: Own simulations based on the DSGE model and the microsimulation model.

Table 7
Results for selected inequality statistics for scenarios.
data 2025 2030
lump-sum price subsidy double div. lump-sum price subsidy double div.
Gini coeff. 27.92 27.47 27.60 28.20 27.17 27.41 28.67
D9/D1 ratio 3.36 3.29 3.30 3.43 3.24 3.28 3.52

Source: Own calculations based on the DSGE model and the Polish HBS data.

decline driven by the employment effect is only 0.2% in 2025 and 0.5%
in 2030. The respective figures for the top 20% of households are 1.2%
in 2025 and 2.7% in 2030. Overall, the market mechanisms (direct and
indirect consumption effects and the employment effect) reduce the
disposable income of all of the household income groups, but to the
greatest extent among households that have above-median incomes, but
that do not belong to the top 10%.

Importantly, if the revenue is distributed as a lump-sum transfer,
80% of households benefit from higher incomes, and only the house-
holds in the top 20% record an income decline. The overall impact of the
carbon tax is to reduce inequality: the Gini coefficient, as well as the D9/
D1 ratio, are lower than they are in the baseline scenario of no carbon
tax (Table 7).

In the price subsidy scenario, the revenue from the carbon tax is first
distributed according to the household spending on energy goods, and
the remaining funds are distributed as a lump-sum transfer. Thus, the
direct effect is close to zero (Fig. 5). The direct effect comes only from
the reduction in consumption of energy and fuels, and is small (from
0.1% among the top 10% of households to 0.3% among the bottom 10%
of households). As the energy and fuel prices paid by firms are not
subsidised, the changes in the prices of other goods and the indirect
effect are virtually the same in this scenario as they are in the lump-sum
scenario. The lump-sum transfers are positive, but are substantially
lower than they are in the lump-sum scenario because 66% and 80% of
the carbon tax revenues are spent on price subsidies in 2025 and 2030,
respectively. As a consequence, the lump-sum transfers play a much
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Fig. 5. The effects of the price subsidy scenario of carbon tax introduction on income by decile income groups in Poland, in absolute (top panel) and relative (bottom

panel) terms.
Source: Own simulations based on the DSGE model and the microsimulation model.

smaller role in the final outcome.

The incomes of the below-median households increase more than in
the reference scenario, but less than in the lump-sum scenario. The
difference is the most pronounced for the first decile. At the same time,
the incomes of the above-median households are higher in this scenario
than they are in the lump-sum scenario, as these households benefit
more from energy price subsidies than the below-median households.
The overall level of income inequality is lower than in the baseline
scenario (no carbon tax), but is higher than in the lump-sum scenario
(Table 7).

In the double dividend scenario, the revenue from the carbon tax is
used to finance a reduction of the labour tax. As there is no price subsidy
in this scenario, the direct and indirect effects are virtually identical to
those in the lump-sum scenario. They are marginally lower (by 0.2 pp.
on average) because using the revenue from the carbon tax on an
equivalent reduction in the labour tax leads to higher GDP, and, in turn,
to higher disposable incomes than in the lump-sum scenario. However,
the main difference between these scenarios is in the employment ef-
fect (Fig. 6). A lower labour tax tends to increase employment, and the
resulting gain in labour income rises in line with the household’s posi-
tion in the income distribution (especially in absolute terms). As a result,
the incomes of households that had below-median incomes before the
introduction of the carbon tax remain virtually the same as in the
baseline scenario of no carbon tax. However, the incomes of households
that had above-median incomes increase in comparison to the baseline

10

scenario. Moreover, the size of this income gain increases with income in
both absolute and relative terms. Thus, compared to the other scenarios,
the double dividend scenario is characterised by both the highest GDP
and employment levels, as well as by the highest income inequality
levels (Table 7).

5. Conclusions and policy implications

Implementing climate change mitigation policies poses many chal-
lenges for policymakers wishing to reduce carbon emissions. This is
especially true for Poland, a major producer of fossil fuels used in its
carbon-intensive energy generation. In this context, understanding the
overall impact of energy and climate policies requires looking beyond
changes in fuel and energy expenditures. In particular, labour market
considerations such as job losses, wage adjustments, and worker real-
location across sectors are critical. Policymakers aiming to strike the
right balance between aggregate macroeconomic efficiency and welfare
outcomes should consider these impacts to ensure a smooth and fair
decarbonisation.

Our key contribution is to develop a framework to incorporate the
heterogenous employment effects in a study of distributional conse-
quences of a carbon tax. We have used a macroeconomic model of the
Polish economy with labour market frictions, which we have soft-linked
with a microsimulation model detailing the financial situation of
households. We have gauged how changes in the prices of energy goods,
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Fig. 6. The effects of the double-dividend scenario of carbon tax introduction on income by decile income groups in Poland, in absolute (top panel) and relative

(bottom panel) terms.

Source: Own simulations based on the DSGE model and the microsimulation model.

changes in consumption patterns, and shifts in the labour market affect
the income of households. We have shown that the employment channel
is quantitatively relevant and qualitatively different from the price and
behavioural channels that affect consumption. The employment effect
tends to reduce inequality, while the price and behavioural effects tend
to widen it. Moreover, we have shown that the overall distributional
impact of carbon tax depends on another critical feature of its design,
namely on how the revenue from it is recycled. We have studied three
scenarios of revenue recycling and highlighted fundamental differences
between them in aggregate and distributional outcomes. We have
identified a trade-off between aggregate economic efficiency and
inequality, which can aid policymakers in choosing the design of the
carbon tax policy that meets their desired objective.

Policymakers focused primarily on the level of aggregate economic
activity should opt for spending the carbon tax revenue on reducing
other distortionary taxes, such as the tax on labour. Our results show
that such a scheme would mitigate the drop in GDP brought about by the
carbon tax and would increase total employment. However, lower la-
bour taxation would mainly benefit households with higher incomes - in
our simulations, the top 10% experience the largest income gain from
such policy package. As a result, such scenario would widen income
inequality and exacerbate the disparities in living standards.

Policymakers concerned with inequality or energy poverty should
favour spending the carbon tax revenue on a lump-sum transfer to all
households. Such a scheme would result in the poorest households
receiving the largest income gains. While rising energy prices would
widen income inequality, the lump-sum transfer would outweigh this
effect, and, as a result, inequality would decline. This would come at the
expense of aggregate outcomes. The drop in average wages, total
employment, and GDP would be more pronounced than in the scenario
of lowering the labour tax.

11

We have also considered spending the carbon tax revenue on subsi-
dizing the increase in energy expenditures for households.'® We have
found that such a policy design is inferior to a lump sum transfer; i.e., it
would lead to a slightly larger drop in GDP and employment, and to
higher inequality. The policy makers opting for an energy price subsidy
rather than a lump-sum transfer should, therefore, justify it on grounds
other than income equality or fairness (understood as supporting the
poorest households).

Our study has limitations warranting future research. We have dis-
cussed which groups of workers (by deciles of the income distribution)
face lower labour incomes after introducing a carbon tax. However, we
did not quantify potential welfare loss due to the reallocation costs
affecting workers who would lose a job. Neither have we considered
welfare effects of involuntary unemployment which go beyond income
loss, for instance those related to increased stress. Moreover, we did not
consider social transfers targeted to specific sub-populations. Such
transfers may be considered by governments with a high institutional
capacity to identify groups in need, and to target social policies to them.
Finally, we did not study how externalities from the carbon tax (such as
lower congestion or pollution levels) would benefit different income
groups and whether these outcomes would magnify or attenuate income
distributional effects. Neither did we account for regional disparities nor
the spatial distribution of gains and losses resulting from the introduc-
tion of a carbon tax.

16 Such energy price subsidies have been discussed in Poland and other
countries.
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Appendix

Description of DSGE model used to simulate the macroeconomic effects of the carbon tax

The main goal of the appendix is to sketch the DSGE model which we use to obtain the macroeconomic results that are used as input for the
microsimulation model. We used a simplified version of the model developed by Antosiewicz and Kowal (2016). The structure of the model relies on
the sectors’ relationship derived from the input-output matrix. We highlight the main features needed for our microeconomic simulations.

Model structure

The model assumes a small open economy with four agents: (a) households, (b) firms, (c) government, and (d) the foreign demand sector. These
agents interact in three markets: (1) labor (2) capital, and (3) goods market.

Households

There are many identical households in this economy that form a representative household that chooses consumption from maximizing an inter-
temporal CRRA utility function. There is no leisure in the utility function.

The usual budget constraint applies. The household uses labor income, firms’ profits, the return from previous savings to pay for consumption,
value added and income taxes, quadratic search costs in the labor market expressed in terms of consumption good. The working age population is
divided between employed and unemployed workers.

Firms

The model is composed of 11 sectors: (1) agriculture, (2) mining which produces three distinct products: coal, oil, and gas, (3) light manufacturing
industry, (4) manufacturing of coke and refined petroleum products, (5) energy-intensive manufacturing, (6) advanced manufacturing (7) energy
production, (8) construction services, (9) transport services (10) market services, and (11) public services. It must include raw materials and energy
sectors, given the nature of our problem (the macroeconomic effects of a carbon tax). The calibration of the production function and the relations
across sectors comes directly form the input-output matrix.

Firms produce a basic sector good under monopolistic competition, employing capital, labor, materials and energy as production factors. There are
trading firms that purchase this good and sell it to domestic and foreign sector markets. The agents that buy this good are: (i) (as intermediate demand)
producers of basic goods (in each sector); (ii) (sector) export firms, which distribute domestic production in foreign markets; and (iii) three types of
domestic final goods producers, providing investment, government, and private consumption goods. Final production is traded on the goods market
with households, basic producers and government in accordance with the flows established from the input-output matrix.

1 eyt . ) t_:‘,
KLEM: = [(1 ~ O, ) (KLE!) % + (03,)™ (Mg)Z‘T} v ©

Y = & x KLEM

where KLEM is an aggregate production factor that uses capital (K), labor (L), electricity (E) and materials (M). This is constructed using CES
aggregator between K and E, then we add L, and finally M. Y} represents output of sector s at time t, ¢,,, represents the share of materials in the
production process of the basic good and &}, is the elasticity of substitution between materials and the capital-labor-electricity (KLE) composite
production factor. £ is an economy-wide productivity shock that we use to calibrate the dynamics properties of the model.

Materials play a key role in the model to estimate the CO2 emissions. Intermediate material used in sector s, M; is obtained from a composite of
fuels (FUELS;) and a composite of all other intermediate inputs.

EMF.
emp—1

! emp—!

;= | (0 (UL 1 (5, 00 % 0o

where ¢, and 6y, denote the share of fuels and other material in the intermediate input, with &g, + 63,0, = 1, while ey represents the elasticity of
substitution between inputs. In turn, combining materials M;, in a Leontief production function generates the composite MO}, used from all the basic
goods sectors: M, = ¢ MO;

where ¢, (with ), ¢6;, = 1) denotes the shares of intermediate good i in overall material consumption in sector s. Note that this specification
allows for the introduction of energy material input into the composite MO For the purpose of calibration, energy only enters in the production of
electricity and raw materials, to replicate the high volatility of these two energy inputs observed in the data.
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Raw materials intermediate goods (different from fuels, e.g. coal, oil gas, etc.), use raw materials in a Leontief production function. In the case of
fuels, a CES aggregator combines all the relevant types of fuels needed for their production.

s
‘FLS

5
FLS

FUELS; = {Z (9;,)’?'“ (Mk)}L an

keFLS

where {FLS} is the set of fuels, Mj., denotes input of k-th type of fuel, 8}, is the share of k-th fuel type in fuels intermediate input composite, and &};
denotes the elasticity of substitution between different fuels in sector s. Since, this is a small open economy, M, is also a composite good produced with
inputs made at home (M;;;,) and abroad (M), combined according to the Armington aggregator.

-8
The final basic good in sector s, Y, is a composite made of intermediate goods produced in the way just described. The final firm produces the final
good using the Dixit-Stiglitz aggregator and selling it in a perfectly competitive market.

Y, = (/0 (ri@)” di) (12)

where parameter p° sets the markup.

Investment decisions
Firms make capital accumulation decisions in a way which maximizes the profit.

Government
The government collects value added tax, corporate income tax, labor income tax, other taxes and carbon emission tax. The revenue is spent on
public goods, transfers to households and interest on public debt.

External sector
Given the small open economy assumption, the economy is a price taker in international markets for exports and imports. There is open capital
account, which defines external assets (debt) accumulation.

Crucial aspects of the model
We must highlight two relevant features of the model: the modelling of the CO2 emissions and the labor market frictions.

CO2 emissions
Firms and households produce CO,. Firms in sector s produce CO;, as a byproduct while using intermediate goods. Formally:

CO2} = Oy cop, x Y] + ZH;.COZJ X <M;,H.r + M;,F.r) 13)

JET

where 6} -, , defines the amount of CO in sector s by using j-type material produced in home (H) or foreign country (F). The main assumption is that
only fuels consumption generates COo, in other words 6}; ¢, , # O for j € {FLS}. Moreover, chemical processes other than fuel combustion can also
produce CO,. We assume that such CO, emission is proportional to the amount of goods and services produced in a given sector and is controlled by the
parameter 6 o, , Similarly, the amount of CO2 emitted by households is equal to:

CO2M = 30, MO a4

jer

Labor market

Wages in the model are sector specific. They are determined in general equilibrium, and hence they react to changes in sector demand induced by
climate policy. The sector demand for labour is determined in the optimization of representative firms in all sectors. To model labour supply curves at
sector level we assume the existence of an intermediary between representative worker and sector firms that allocates workers to different sectors
using constant elasticity of substitution technology. In addition, we let the intermediary decide on the total number of vacancies in the economy,
which we use to determine the unemployment rate.

The intermediary optimization problem is given by:

L L L
max V/ =7 +4.V,,
{Ny.ni Vac,}i2

subject to:

L 55
= E win; — w,N; — vy, Vac,
s
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ep
T
e -1

N, = wy Zw}, (nf)T (15)
N, = (1 = 6.)N,_; + ®,Vac,

where V¥ is the discounted sum of profits, zT is the profit in period ¢, A, 1 is the discount factor (determined endogenously based on the interest rate), w
is wage in sector s, i is the supply of workers in sector s, w; is the aggregate wage (received by representative worker) and N; is the total demand for
labour, vy, is the cost of having an open vacancy (which could be interpreted as a search cost), Vac, is the number of open vacancies, oy and o}, are
parameters calibrated to ensure that number of workers in each sector and total number of workers are the same as in input-output matrices for
Poland, ¢ is the elasticity of transformation between sectors, §y, is a job destruction rate (exogenous in the model) and @, is the probability of filling the
vacancy.

The intermediary takes aggregate wage (wy), sector wages (w;) and probability of filling the vacancy (®,) as given and decides on total demand for
labour (N, its allocation across sectors (i.e. supply of labour at a sector level, n}) and total number of vacancies (Vac,). Sector wages are set by equating
sector labour supply with labour demand generated in each sector.

Matches
Given unemployment rate in the last period and number of vacancies opened by the intermediary, we determine number of matches, J;. We assume
a standard, log-linear matching function (see e.g. Mortensen and Pissarides (1994):

J, = (pVac,l"" Uy, ae)

where ¢ and ¢; are parameters and U;_; is the number of unemployed in period t — 1.
Given the number of matches we determine the probability of filling the vacancy:
Ji
=t 1
"7 Vac, an
and the probability of finding a job:

U

v,

Here, we assume that worker who was unemployed at time ¢t — 1 has a chance to become employed at the beginning of period t.

Wage setting
Wage is set in the wage bargaining process. To describe the negotiations between workers and firms, we first specify the value of being unem-
ployed:

VV=b Ay (P VY, + (1= Pu)VY)) 18)

1+t

where b is the value of home production (which enters utility function) expressed in monetary terms.
We also specify value of being employed

VY= (1 —0)w, + At (1 = 8V + 814 VY, (19)

where 7 is a tax on labour. We assume that the destruction of job could happen at the end of period t.
Finally, we define value of filling the vacancy for the intermediary:

VE=m, —w, + (1 = 8)A VE, (20)

where m; is the marginal productivity of labour in period t, which is determined using the shadow price of N associated with the constraint (15) (the
shadow price is determined in the solution of the model).
We assume that the total surplus from a match is split between workers and firms and that the share of the surplus that goes to the intermediary is
constant and given by parameter o®. This means that the ratio of the surplus for the intermediary to the surplus for the worker is constant and given by:
viee  af
| A

@D
Equations 18-21 determine wage as a function of last period unemployment.

Unemployment rate
Current period unemployment is determined using the dynamic equation:

U, = ActivePop, — N,

where ActivePop;, is the active workforce (sum of unemployed and employed workers), which we assume to be constant.

14
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Calibration

Parameters wj, are calibrated using the sector shares in total employment. wy is calibrated by setting the sum of sector shares equal to the total
employment in the steady state. We set high elasticity of transformation between labour in different sectors (e;, = 1.1). In other words, we assume that
it will be easy for workers to change sector of employment. In the context of our study this will be the case if climate policy is supplemented by
reskilling policies assisting the workers in carbon-intensive industries to find jobs in other sectors.

We use equations (17) and (16) to link ¢ and probability of filling the vacancy (®,). Next, we fix probability of filling the vacancy in the steady state
and use the link to calibrate ¢. We assume that in the steady state the probability of filling the vacancy is equal to 0.9, as suggested by Andolfatto
(1996). We also assume that job destruction rate is 3%.

We set cost of posting vacancies (Vyqc) to 0.3% of GDP and firms bargaining power to 0.4. These values are comparable to the values chosen by
Cheron and Langot, 2004 (0.5% and 0.6 respectively). The elasticity of the matching rate with respect to number of vacancies () is set to 0.7. This
value was chosen in order to obtain realistic reactions of unemployment to productivity shocks. It is comparable to the estimates by Blanchard and
Diamond (1989) who suggested the value of 0.5.

Share of active population (ActivePop) in the model is fixed and computed by deducting share of inactive population from unity. According to
national statistics the average share in the period 2009-2018 was 45.1%.

The parameter b determining value of being unemployed (relative to value of consumption) in the utility function is calibrated using share of
unemployed workers in the steady state.

One period in the model is one quarter. The discount factor used to discount future utility and profits (1) for all firms and consumers is set to 0.99,
which is consistent with a steady-state real interest rate of 1 percent (per quarter).

Demand and productivity parameters are calibrated to ensure that sector output and use of inputs in each sector in the steady state of the economy
is matched exactly to the statistical data for Poland. The primary source of these data is the input-output table from year 2015.

We set elasticity of substitution between electricity and capital to 0.24 and between fossil fuels and other materials to 0.11. Okagawa and Ban
(2008) and Kuper and Van Soest, 2003 suggest that the elasticity of substitution between energy and capital is not significantly different from zero. On
the other hand, studies that focus on the long-run reactions of the economy suggest that the value of this elasticity is close to unity (Hassler et al.,
2012). Since our study concentrates on short- and medium-run, we decided to choose a value which is closer to zero. For the same reason we also
assume low intra-fuel substitutability (elasticity equal to 0.21).

Most share parameters (productivity, demand parameters, unemployment) are calibrated to statistical data for Poland. Elasticity parameters (e.g.
elasticity of substitution between capital and energy) are taken from international literature (see the paragraph above). We decided to use these
estimates for the Polish model because they comes from recognized publications and because they reflect the potential of technologies (e.g. the
possibility to substitute energy with capital), which is global in nature. Finally, in some cases (e.g. cost of vacancies as a fraction of GDP) we use the
estimates from international literature because, to our knowledge, estimates for Poland are not available.
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