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Abstract

We assess the macroeconomic impact on Polish economy of the diversified
package of about 120 different GHG mitigation levers, which were identified
in the bottom-up sectoral analysis. For this purpose, we constructed a large
scale, multi-sector dynamic stochastic general equilibrium (DSGE) model of
Polish economy. Despite its size (compared to most of the other models in
this class) our model has been directly calibrated on the latest statistical data
for Poland and the EU. This applies both with respect to the calibration of
its steady-state and dynamic properties. In the second stage, we focused on
empirical moments and among them on relative standard deviations and inter-
variable correlation structure, as those two aspects are of primary importance
for model’s predictive quality. We managed to adjust our model to dynamic
properties of the data with only few macroeconomic shocks. In our opinion,
this means an important step forward as compared to the other large scale
DSGE models like seminal Smets-Wouters one. Good empirical properties
of our model justify its application as a macroeconomic policy assessment
tool in medium and long term horizon. In contrast to the traditional CGE
approach, DSGE modeling enables us to analyze full dynamic, year-by-year,
macroeconomic response to the GHG abatement policies over the entire 2010-
2030 period. We present conditional macroeconomic projections of the entire
abatement package as well as its decomposition into several major subgroups
including: investments in energy capacity (fuel switch), industry or agricul-
ture interventions, and energy and fuel efficiency improvements. We consid-
ered alternative government tax and expenditure closures in order to compare
the macroeconomic results depending on the fiscal policy measures. This al-
lowed us to construct detailed macroeconomic versions of marginal abatement
curves which show the macroeconomic effects related to carbon abatement for
Poland’s economy for every individual levers and the package as a whole.

Keywords: Muti-sector DSGE models, GHG abatement, CO2 mitigation,
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1 Introduction

It is argued by many scientists that the observed rise in a global temperatures
in the last 200 years should be associated with the anthropogenic emission of large
amounts of CO2 and other greenhouse gases (GHG) mainly by industrial economies
of the West. It is also believed that without significant shift in the environmental
policy and limiting the emissions there is a serious danger of large and permanent
rise in the earth temperatures in the next 100 years. Major example is the Intergov-
ernmental Panel on Climate Change fourth Assessment Report (IPCC, 2007) that
states that global warming is certain phenomenon despite the fact that projected
temperatures rise ranges from 1-6 degrees Celsius in this period. Significant increase
in the frequency of natural disasters such as droughts, floods or hurricanes is ex-
pected to occur as a consequence of global warming together and systemic changes
in the sea level and ice covers can seriously endanger the existence of many very
populated coast areas around the world, leading to the non negligible socio-economic
losses.

This kind of reasoning encouraged policy makers to undertake actions that aim
at significant reductions of CO2/GHG emissions in Europe. It is now openly stated
in the "EU 2020" document that European economic policy should be much more
"green oriented" than before. Despite the fact that the other major global players
(e.g. USA, China, India, Russia) are less proactive with respect to these issues,
EC seems to be determined to enforce its strategy. After the relative failure of
late 2009 Copenhagen summit the EU plans to run unilateral climate policy while
trying, unsuccessfully so far, to convince the rest of the world to undertake emission
reduction commitments for the medium and long term.

This policy can be challenging to implement for most of the New Member States,
as those countries are much more dependant on traditional heavy industry branches
and coal power plants than their west European partners and at the same time their
catching-up process with the most developed economies of the World is far from
ending. Therefore the European climate action agenda is criticized and debated
in those countries and in particular in Poland that belongs to the most coal based
economies in Europe. One major question mark can not be ignored in this context
is the overall macroeconomic and welfare cost of potential GHG abatement policies
for relatively less developed and at the same time more coal oriented economies of
Central Europe. This question mark is especially sound if we take into account
that Northern Europe in general and Poland in particular could rather benefit from
global warming due to higher humidity and longer vegetation period. If this casual
claims materialize bearing the social and economic costs of mitigation policy can be
unattractive option for Polish society especially if those costs will be too large to be
balanced with benefits of non-economic nature like improvement un the international
position and/or perception of the country. Having this in mind the quantitative,
multidimensional ex-ante impact assessment of macroeconomic costs/benefits from
the implementation of climate policies in the NMS in general and in Poland in
particular, is crucial for the success of the EU climate policy on the continent scale.

In the literature there is a very wide range of quantitative studies that try to
assess a potential costs and/or macroeconomic impact of proposed environmental



policy changes and understand what kind of causal chains are present between var-
ious GHG abatement options and their consequences. As this kind of policy is an
ongoing issue, classical ex-post empirical analysis is not a viable option. There-
fore those studies are normally composed of counterfactual ex-ante comparisons,
comparing the costs/outcomes of the reforms in place with what would have hap-
pened had they not been undertaken. Their primary focus is purely economic as
they concentrate either on the careful microeconomic cost-benefit analysis or gen-
eral equilibrium macroeconomic impact on GDP level and growth. At the same
time only very limited rigorous policy impact assessments have been prepared for
Poland being the largest and most coal-oriented economy among the New Member
States. An example of the microeconomic non-general equilibrium approach could
be found in the McKinsey country report published in the early 2010 called " Assess-
ment of Greenhouse Gas Emissions Abatement Potential in Poland by 2030". On
the other hand macroeconomic type of ex-ante research performed with the simple
CGE type of model was presented in the Energsys report ("Impact of the Proposed
EU Energy and Climate Policy on the Polish Energy Security", Synthesis 2008).
None of them takes into account welfare and alternative costs analysis significantly
reducing our understanding of short, medium and long term impact of these policies
on Polish economy. As a result the information basis for wise public decision making
is substantially limited.

Research on CO2 mitigation options that is broadly represented in the contem-
porary literature in the field normally starts with the choice of modeling tool that
will be used for counterfactual policy assessment. Three main decisions must be
undertaken: (i) sectoral details of the model against its macroeconomic relevance,
(ii) degree of direct utilization of statistical data, and (iii) the richness of behav-
ioral assumptions for economic agents. As there is always a trade off between those
dimensions, different authors made different choices of their methodology usually fo-
cusing only on one of them. Although in general, there is no macroeconomic model
type, which perfectly answers to all demands of multidimensional, economy-wide
climate policy impact assessment, there is often stated in the literature that only
general equilibrium models are capable to provide sound and flexible backbone for
such analysis. Throughout the years the computable general equilibrium (CGE)
modeling framework became dominant in the literature of the field. Its major weak-
ness is however the limited dynamic structure and perfect foresight approach. In
this article we would like to show that fairly good compromise between large sectoral
disaggregation, data proximity of the model and detailed, realistic representation of
the economic agents behavior can be achieved in the DSGE type of model. Major
limitation of DSGE methodology i.e. the model size limit must have been overcome
in order to construct the large scale, multi-sector macroeconomic model of this class.
Because of this limitation the multi-sectoral structure based on Input-Output flow
tables, typical for CGE modeling, have been incorporated in DSGE models only
exceptionally and in the limited way. We show that large scale DSGE model can be
successfully fitted to both short and long term data, and its perturbation solution
utilized to form the conditional forecast of economic policy and shock transmission
in the economy. In that way we try to step ahead of contemporary literature by
applying the fully dynamic and stochastic type of model to the climate policy is-



sues and simultaneously explaining the interlinks between origin and spending of
environmental measures and calculating their impact not only on macroeconomic
variables like GDP, employment and unemployment but also on agents’ welfare.
The dynamic structure of the DSGE model let us perform all necessary cal-
culations in the dynamic way e.g. in different time horizons important from the
perspective of policy makers. In contrast to the typical research in the field we
make conditional macroeconomic projections for the 2010-2030 period focusing our
attention not on the purely macroeconomic measures like carbon taxes but rather
on the detailed microeconomic package consisted of potential GHG abatement op-
tions identified by McKinsey in their report on Poland. In particular we consider
seven major types of mitigation levers including: investments in energy capacity
(fuel switch), industry or agriculture interventions, and energy and fuel efficiency
improvements. We are able to construct the macroeconomic versions of marginal
abatement curves which relate the macroeconomic impact of individual policies with
their abatement potential. All effects are analyzed in alternative fiscal frameworks
as different government tax and expenditure closures are considered. In that way
we show that overall assessment of the climate policy packages may, especially in
the medium term, strongly depend on the way it is composed and implemented.

2 Model structure

2.1 Main model segments

Model is divided into three main blocks: (i) households, (ii) firms, and (iii)
government. Those blocks are interconnected one with another on three separate
markets: (i) labor (ii) capital, and (iii) goods market (see Figure 1). Households
supply labor, decide on the level of their consumption as well as for government
bonds and firm stocks. Households communicate with producers on labor market
where wages are negotiated and vacancies filled. This market is operated by a spe-
cial intermediatory firm that buys labor from households and sells it to firms in
eleven production sectors: (1) agriculture with food industry, (2) light industry, (3)
heavy industry, (4) mining and fuels, (5) energy, (6) construction, (7) trade, (8)
transport, (9) financial services, (10) public services, (11) other services. In each
sector there are firms producing basic goods using capital, labor and materials (in-
cluding energy) as inputs. The structure of the production process is presented in
figure 2. In exchange for they work and savings they receive dividends and wages
from firms and interest payments from government, paying at the same time taxes
directly imposed on them by government. Firms produce final goods that are later
consumed by households, re-invested by producers or utilized by government. Both
production and consumption evoke green house gases (GHG) emission, that is mod-
eled on sectoral and household level. In the production process, that we describe
in detail in section 2.3, firms employ labor, capital, intermediate goods and energy.
As they are owners of capital, and have some monopolistic power their profits are
positive allowing them to pay dividend for their shareholders. Apart from it they
also pay income and value added taxes to government. Government divides its tax
income and EU funds subsidy into public investments, public consumption and so-



cial transfers to households for unemployed and retired. In the goods market prices

Figure 1: Main blocks of the model and their interrelations
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for consumption, investment and intermediate goods are set. Firms purchase mate-
rials and investment goods from other companies and utilize them them as inputs
in the production process. Furthermore, the latter may be bought by the govern-
ment to improve economical environment for the firms and households. In the labor
market the wages are set to equalize labor market and supply. Labor market is
non-Walrasian as a job search mechanism and centralized wage negotiations be-
tween employees and employers are implemented. Therefore, unemployment rate is
higher than zero. Capital market allows borrowing through the issue of bonds. Fur-
thermore, companies may share their profits with households paying out dividends
and rise capital issuing stocks. Thus capital market allows for streaming sources
of financing from households to firms and smoothing consumption over time of the
former. Formal description of the model is presented in following sections.



2.2 Households

In time ¢ > 0 our model economy is populated with POP; consumers that
form a representative household consisted of employed and non-employed (either
unemployed or non active) members. Household maximizes expected discounted
utility from a stream of consumption that can be recursively written as:

_ U\
Ui =ur+ B8 x E |Ua UL
t
Ul =¥ x UL+ (1 —wY) x Uiy
uy = Ny x u(CY, L) + NE; x u(CY, LY)
1 o
[[Co(Le)) =7 = 1]

u(Cy, Ly) = — .
where LF and LY denote leisure time of persons employed and unemployed respec-
tively. Similarly V; is a number of employed and NE;, = POP, — N, is a number of
not employed household members, that consume respectively, C}¥, and, CY, in time
t. Note that, although in the steady state utility U; reduces to the standard form, its
dynamic properties are modified because of the term (Ut+1 JUE )EU that incorporates
lagged utility UF. Its presence strengthens the intertemporal substitution effect and
increases the response of labor supply to shocks. Elasticity parameter ¢; controls
this effect.

We assume that there is no perfect diversification of risk concerning loss of a job
between working and not working members of a household that the government pro-
vides non-retired, non-employed household members with net transfer 7. Formally
it means that:

1+ xcy=cP+a-7"yWwW, -1} (1)
Q+7)yxcf =¢f - + 11 (2)

where CP denotes the base consumption of an individual given by the following
equation:

C B 1 D hh Bthh hf qu B?f
P-CP7 = 1— I, + B, — — + B, | —— — 3
t 't POPt X ( T ) x 1y + t—1 Rt + t—lqtf_1 QtR{ ( )

where PC is a price of a consumption good, II, is a profit of household-owned firms,
B! is a number of domestic and Bf ! number of foreign non-risky assets (government
bonds) owned by a household at time ¢. Profit is non-zero because firms are owners
of capital. Moreover, , Ry = 1 + r; and R{ =1+ 7"{ are real interest rates on
domestic and foreign bonds respectively, g; is risk premium on foreign interest rate,
W is a real gross wage per 1 hour of work, 77 is a profit tax rate, 7" denotes total
wage tax rate whereas 7 is a general tax rate described in the government section
below. Moreover, TN and T/NE, denote mutual transfers inside the household to

people employed and non-employed accordingly, that satisfy the following equation:

Ny x TN + NE, x TN =0 (4)



In case of perfect diversification of unemployment risk those transfers would be set
in such a way, that marginal utility of consumption of employed and non-employed
would be equal. However, an extent of these mutual insurances is reported to be
limited. Therefore, it is assumed in the model that T = TV¥ = ( in the steady
state which means that only the base consumption is distributed among the members
of a household while labor profit and government transfers finance the consumption
of, accordingly, employed and non-employed members exclusively. This condition
implies that there exists a constant w? such that:

aCv aCN

inducing the steady state values of CV and O to be set in such a way that TV =
TNE = 0 (no diversification of risk within household). For the sake of simplicity,
it is assumed that representative household may change only an extensive labor
supply, N;, whereas intensive labor supply can fluctuate only with response to shocks
LE = LP+¢f | where €L is an intensive labor supply shock that we use for calibration
purposes of our model dynamics. On the other hand labor search intensity hY of
non-employed is not constant and can be adjusted to shocks. It affects leisure time

of non-employed in following way
LV =1 & (' (©

where Y is a leisure elasticity with respect to search effort AV and &Y is a parameter
set in such a way that AV = 1 i steady state i.e. it is equal to long term labor
search intensity of non-employed household member measured in hours. Decisions
concerning labor supply is affected by labor market frictions implied by inefficiencies
of matching between jobs offers posted by firms and unemployed consumers looking
for a job. Consequently, when calculating shadow price of labor supply, I';, household
takes into account that:

Ny=(1-6")Ny_y +®NE;_; x Y (7)

where probability of finding a job, ®;, is exogenous from the point of view of the
household (but not from the point of view of the economy). Finally, total consump-
tion of household sector, C}, is defined as

C, = NCF+ NE,CY +TF (8)

where T/ denotes the government transfers to retired household members. Hence,
for the sake of simplicity we assume that there is a fixed number of retirees that
consume their entire income. Their behavior is not modeled explicitly. Total con-
sumption expenditures CFX? = PEC let us to define the welfare loss/gain WE

U, —U
WtL = UtC (9)
US = XeCFXP + B Uf (10)



In other words welfare loss is defined as a deviation of the total utility U; from its
steady state U equivalent to the permanent change in consumption expenditure UL
Note that a Lagrange multiplier A\{ recalculates consumption expenditure to utility
units.

2.3 Firms
2.3.1 Production structure

There are eleven sectors in the model: (1) agriculture and manufacture of food
products (AGR), (2) light (manufacturing) industry (LIND), (3) heavy industry
(HIND), (4) energy and heat production (ENG), (5) coal mining and fuel production
(FLS), (6) construction services (CST), (7) transport services (TRN), (8) financial
services (FIN), (9) public services (PUB), (10) retail and whole trade services (TRD)
and (11) other services (SRV). Production is divided into four stages (see 2). In the
first stage basic sectoral good is produced by a perfect competitive firms that employ
capital, labor, materials and energy as production factors. This good is thereafter
differentiated by price setting firms and sold to the trading firms operating both
on domestic and foreign sectoral market. Finally, production of trading firms is
bought by basic good producers (in the form of intermediate demand) and three
types of final good producers yielding (1) investment (2) government and (3) private
consumption good. Final production is traded on the goods market with households,
basic producers and government according to the flows established from the input
output matrix.

2.3.2 Production firms

In each sector s € S there exists a representative firm producing basic good Y;*
and selling it for a price P?. Extent of monopolistic power of the firm is denoted as
0;. During the production process firm uses the capital, K;“, labor , N, materials,
M} and energy ENG}, as input factors. Firms are imposed to pay CIT and VAT
taxes. Decision process is based on a maximization of expected discounted cash-flow
from production:

max EoIl, , ﬁ‘g = Z AT (12)

where II denotes temporary cash-flow obtained at time ¢ and A; = represents

AL
Y;
the stochastic discount factor mirroring preferences of the househola 1owning the
firm, where Lagrange multipliers, A¢, are related to household budget constraint 3.
Therefore, temporary cash-flow of a firm is equal to PY,® plus government subsidy
to production StG ** minus investment expenditure, P/I$, labor force expenditure,
N;WE, cost of purchasing intermediate goods and energy, C'M; minus imposed
taxes EXCY, CITY and VATY. Intermediate goods M;, are mainly used to pro-
duce materials, M}, which are required input factors to a production technology.
Formally:

I = PYY; — N;W; = P/I; = CM;g = CIT; — EXCy = VAT, + 57 (13)



Figure 2: Production process
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where N7 represents labor demand reported by sector s. P/ is a price of investment
good, I} denotes investment demand of firm s while M7, is an intermediate demand

reported by sector s for good (priced PtOE’S) produced in sector ¢ by trading firms.
Taxes paid by the firm to government are defined in the following way:
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where Ttv’s, ¢ and TtE’S are efficient value added, corporate income and excise tax
rates accordingly. Moreover KgA * stands for book value of fixed assets of a firm
which may be financed (share of 1)*) by external capital constituting a tax shield for
the firm. Cost of materials bought by firms operating in sector s are given by:

CM; = PPPIMy, + IME* (17)
€S

where [ MtE * is a shift of demand towards imported goods and is defined in section
2.3.4. Level of accumulated assets registered in the company books, KtA ?, 1s implied
by the following equation:

K" = (1= 6K + I} (18)

where 0} is the rate of depreciation which may differ across sectors due to the
specificity of fixed assets involved in the production of each of them. Book capital
differs from production capital due to investment frictions. Investment influences
the accumulation of the production capital in the following way:

s

"
Ke = (1= 00K+ () K (19)
t—1
where 7 is elasticity mirroring an extent of investment rigidities. Capital, intermedi-
ate goods, energy and labor are involved in the three-stage production process of the
basic good Y;® (see bottom of Figure 2). In the first stage capital, K7, and energy
, ENGY{, are used to produce composite good K E; according to the following CES
production technology:

s _1q S _1 5 _
1 ‘E 1 ‘E ENG,s | €B~1

KE; = (1= 0pna) F (KD)F + (0pne) F(ENG))F x 57 x e
(20)

where 07y denotes intermediate consumption if energy in sector s and €3, is the
elasticity of substitution between capital and energy. With shocks £ and Sf NG,
we implement changes in energy efficiency and shifts in intermediate demand respec-
tively. In the second stage good K E; together with labor N; are used to produce
another composite good:

€5

s _1 S 1 5
1 N N ers | N !
¢

1
KLE] = [(1=03)% (KE) & 4 (03) % (V) & xe (21)
where 6% sets share of labor in the production technology and €3 sets the elasticity
of substitution between labor and capital-energy composite. Sectoral, technological
shock, §tY * directly influences labor productivity in sector s. In the final stage
aggregate of labor, capital and energy, K LE}, and composite material good M}
are used as an input factors in the production of basic good, Y;*, according to the
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following production technology:

S
‘M

KLEM; = | (1 03,)% (KLE}) & + (03,) % (M;) & (22)
§Y Ktl) cxp
Y =e X KLEM; x (ﬁ) (23)

where analogically 65, represents a share of materials in a production process of
basic good and €}, is the elasticity of substitution between materials and labor-
capita-energy composite good. Note that production of sectoral good benefits from
externality from public capital, K7, i.e. capital accumulated in a public sector.
Moreover & is an economy wide productivity shock that we use to calibrate the
dynamic properties of our model. Elasticity of product to public infrastructure is
exp. Aggregate intermediate material M} is produced with Leontief technology
from materials M7, bought by the producer of basic good in all sectors (apart from

energy):

M3, = 0;M; + &y (24)

(2

where af with 37, (pyey 07 = 1 defines the share of intermediate good ¢ in overall

material consumption in sector s. Shock f%z enables us to model shifts in the
intermediate demand in sector s towards goods of sector i. Let us underline that
parameters 07 ,, for i € S — {ENG} and 0% allow us to represent fully the inter-
sectoral flows exhibited in the I/O matrix.

2.3.3 Price setting firms

In each sector basic good produced in stage one is blue-marked by the price
setter that entertains certain monopolistic power on the sectoral level. In other
words, basic good producer is confronted with demand function of the form

Y
P s
V== ¥ 25
() =

where relation ﬁf = P/ is taken into account as a market clearing condition in
equilibrium, although it is not a part of firm’s optimization problem described in the
last section. Parameter that measures the monopolistic power (market integration)
in sector s i.e. 73, is set on the level that guarantees that in the steady state a
relation of economic profits II5, to the sectoral value added V A® reflects the data,
where economic profits and value added are defined as follows

by AV )
5, = L — ’ Yy 26
o= (T~ s ) ¥ (26)
VAS = PY — CM; — VAT (27)

otls . . . .
where A}, = 754 is a shadow price (marginal cost) of production in sector s.
’ t
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2.3.4 Trading firms

Firms producing basic goods may sell their products home or abroad. The trade
is made by sector trading firms which are maximizing the current one-period profit
of the form:

HtOE,s _ PtOE,sY;OE,s . Ptsy;H,s o (1 + TtV,S)PtF,sqf‘XtF,s (28)
where Hto B is a profit of trading firm operating in sector s, PtOE’S is a price and YtOE’S
is a volume of product sold. Moreover, PtSYtH’S denotes a cost of goods purchased
at home and PtF’Sqf XtF ** denotes cost of goods purchased abroad where qlf is a real
exchange rate of one unit of foreign good for a good produced at home and PtF’S is a
price of foreign good valuated in a foreign currency. Good produced at home, Y;H’c,
and good produced abroad, XtF ®are used as input factors in a production process

of sector aggregate good Y;OE’S using the following CES technology:
OFE e D e ES:%
VOB = |(B3)% (V1) 4 (1 37 () (29)

where similarly 607, sets the share of home production in sector s and €7, is the
elasticity of substitution between home and foreign goods in sector s.

Foreign economy is represented in the model only through aggregates. Because
of that it is assumed that the volume of export is determined by exogenous demand
(exogenous from the point of view of the model), DEM/**, that one can relate
to foreign GDP. Export volume is influenced by the external terms-of-trade and
monopolistic power of the home country in sector s determined by the parameter
pur. Formally speaking:

POE,S HE
v = ( ) DEM/* (30)

(1+ Tt )PFS F

We assume that DEMtF’S — DEMPs x €& | where steady state level of foreign
demand DEM?"* calibrates the volume of export in sector s and & is the foreign
demand shock that we use for calibration purposes of our model dynamics. Level
of foreign demand can deviate from its steady state value in response to foreign
demand shock influencing domestic economy through trade channel. Similarly we
assume that the price on a foreign market is fixed and equal to the steady state
level of its domestic counterpart PtF’S = P°. If this price is shocked, external terms-
of-trade will change. Introduced notions allow for definition of value of export,
EX}, and import, 1M}, as well as value added tax paid by importers, VATtI’s, and
refunded to exporters, VATtX’S, are defined in the following way:

. r POE s »
IM; = PPl (X + €)), BEX =Y ” (D
VAT = 7 1M, VAT = 7/ °EX} (32)

Note that shock & defines the shift in import, ITM* = P/** F( ;) introduced in
section 2.3.2. Summing up by all eleven sectors we get aggregated values of import,
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IM;, export, EX;, and related VAT payments, V AT/ and , VATX. This allows us
to calculate gross domestic product in each sector:

GDP? = PY}? — CM; + VAT — VAT (33)

Moreover we can also define current and capital account balances as

CAt — EXt - -[Mt (34)
f fh hf
4y f fh f B; B,
KAt:thl—_Q—lB _1+qt - +EUt (35)
' Q{—1 ' ' Q{Rt QtR{

where EU; denotes level of (net) EU funds absorbed by economy. We assume that
foreign interest rate is fixed on the steady state level of its domestic counterpart i.e.
R{ = R. Risk premiums for holding foreign debt are defined as follows

B _ ght

lnot = —p=t— —

ngl = —=pp (36)
B/" — B™

ol = —p—t———

where B" is a steady state level of foreign debt of domestic households and and
B'" is a steady state level of domestic debt of foreign households. Similarly GDP, =
Y ses GDPY is a gross domestic product of the whole domestic economy in equilib-
rium set to one. And GDPF =3 V;"* is a gross domestic product of the whole
foreign economy.

Trading firm operating in sector s sells its product to firms producing final good
(final demand), firms producing basic good (intermediate demand) and abroad.

2.3.5 Production of final goods

There are three distinct types of final goods specified in the model: consumption,
CNS, investment, INV and government good, GOV. Consumption goods are pur-
chased by households, investment goods take part in a process of accumulation of pri-
vate and public capital and finally government goods are purchased by government
in order to provide public consumption. Let us denote F = {CNS,INV,GOV'}.
For f € F the firm producing good f maximizes the following functional at time ¢:

maxI1f = P/Y) = P57y (38)

seS

where Hf is a final profit of a firm producing good f € F, which is equal to an
income P/Y,” minus cost of sector aggregates Y oses PPEsY s where Y,/ is a final
demand for sector good s € S reported by the final sector f € F. Like before,
technology of production is of CES type:

1 e?—l €

s s\ el 5\ b
Y/ = 1D 07+ &) (vl o (39)

SES
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where parameter, 65°%, is a share of sector s good in the production of the final good

f, whereas, e? , is the elasticity of substitution between input factors produced by

specified sectors. Shock fﬁf shifts final demand in final sector f towards sectoral

good s. In policy simulations we implement this shock solely to shifts in consumption

demand e.g. for f = CNS.

2.4 Labor market
2.4.1 Matching firm

Households offer aggregated labor supply N; to a perfectly competitive firm
serving as an intermediary in the labor market — the matching firm. The firm
maximizes expected discounted profit of the form:

—~1L ~ e
max Eglly ,  IIg* =) AL} (40)
t=0

where IIZ is a temporary profit at time ¢ defined in the following way:

If =Y WiN; — W,N,. (41)

seS

where N, is a households’ labor supply, W; a wage offered, while N and W} are
realized demand for labor and wage paid in sector s accordingly. Moreover:

1

i
Ny = wy X (Z wfv(Ni)”> fuy x Y, (42)

seS

Ny=(1—6")Ny_y + U, V. (43)

where parameters w® mirror the preferences of workers and impose the structure
of labor supply in each sector while €7 is the elasticity of substitution of these
preferences. Moreover parameter, vy, sets the cost of vacancy measured by a cost
of work of recruiting employees who do not create any value added directly. The
recruitment cost is equal to CV; = W,vy'V;. In other words only N; — vy x V; of
employees produce basic goods and employees involved in the recruitment process
earn C'V;. Parameter U; determines the probability of filling open vacancy, and
is treated by the matching firm as exogenous. Note that similarly to household
problem also labor market intermediator does not take into account employment
dynamics in its optimization problem as a constraint, but only calculates first order
condition with respect to /NV; in order to establish the shadow price of employment
for the firm, ;. Parameter wy is set in such a way that equilibrium condition
Ny =Y s N7 is satisfied.

2.4.2 Dynamics of employed and non-employed

Search and matching process in the model is based on Mortensen (1989) and
Pissarides (1990) results. Firstly, employers post an unfilled vacancy. Unemployed
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apply for work by sending work offers to firms. Matching process is not perfect
hence the number of filled vacancies, J;, is lower than demand of employers and
supply of employees. It is assumed that:

Jy = 0PV (NE b)) (44)

where V is an overall number of unfilled vacancies at time ¢, 9] is a proportionality
coefficient determining effectiveness of the matching process and \; determines rel-
ative weight of supply and demand of labor in the matching process. Consequently,
both probability of filling a vacancy, ¥,, in sector s and probability of finding a job
in this sector, ®;, are equal to:

Jy =V, x V,, J,=® x NE,_hY (45)
At the same time the matching process’ is described by the following equation:
Ny=(1-")Ny + Ji. (46)

which is taken into account during the wage negotiations.

2.4.3 Negotiation of wage and work time

In each period t employees negotiate their wages with employers in the Nash
bargaining procedure. Let us denote households’ surplus (shadow price) due to one
additional member working (measured in units of lifelong utility) and surplus of the
firm in sector s due to one vacancy filled by I'; i ¥; accordingly. It follows that:

r, — 8E0L{OC’ 5, = 8E0H£.

0N, 0N,

Workers and matching firm negotiate the contract which specifies expected wage
in the future. Negotiations follow the Nash bargaining scheme in which both sides
maximize overall surplus from filled vacancy. The maximization process takes into
account first order conditions of the firm being an intermediary in the matching
process and household due to individual optimization with respect to level of em-
ployment N;. Influence of wage and work time on consumption and, indirectly, on
utility of already employed people is also taken into account. Formally speaking,
optimization problem related to negotiations between employees and employers con-
cerns the maximization of the total surplus from the contract measured in utility
units of a household. It takes following form:

mVI?X(Ft)\t)nN (Zt)linN (48)

(47)

when the maximization is performed in the presence of equation 47. As vacancies
are not entirely filled we can define unemployment rate in our model as

Ut
UR, = 49
TN+, (49)
U =(1-¢"/3)x NE, (50)

where the U; denotes the number of unemployed sampled in one month from non-
employed pool N E;.

(51)
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2.5 GHG emission

In our model emission of green house gasses is modeled for firms and households.
In the first case GHG is emitted as a byproduct of intermediate goods consumption.
Let GHG,; denote total emission of green house gases in the economy. Than

GHG,=>» GHG; +GHGN® (52)

seS

where GHG; denotes an emission level in sector s and GHGENS emission level

in households. We assume that both variables depend solely on the level of fuel
consumption. Formally:

GHG,s

GHGS = 0256 MPTH % e (53)
GHGtCNS _ QgggY;CN&FLS (54)

where parameters 6%, and 0552 calibrate emissions in every sector, whereas shocks

GHG, . . . . .. . .. .

. 7% reflect shifts in those levels i.e. changes in emission intensities of production
technologies in firms or consumption of households, when energy efficiency measures
are introduced.

2.6 Government

The government accrues a tax revenue from consumption, V AT;, labor, PIT;,
corporate incomes, C'I'T;, dividends paid, DIV}, excise duties £ X C, and other taxes,
TAX,, where:

VAT, =Y VAT; + VAT/* — VAT;}** (55)
seS
TAX, =77 x (N, x CF + NE, x C/) (56)
PIT, = 7V x W, x N,, CIT, =) CIT; (57)
seS
DIV, = 7P x 11, EXC, =Y EXC; (58)
seS

European Union funds, EU;, are additional sources of government’s income. This
income is spent for purchase of public goods, PEOV G, transfers T; to households,
investments in general public capital, P/IF, subsidies to energy sector investments
P! Itp P subsidies to other capital expenditures of firms and households, StG K and
finally subsidies to firms, S¢. In consequence, the budget constraint of the govern-

ment takes the form GFXP = GINC — GPEF where
GPXP = PEOVG, + T, + PINV(I] + I1P) + S7 + SPF (59)
GNC = EU, + VAT, + EXC; + PIT, + CIT, + DIV, + TAX, (60)

Bhh B/
t t—1 R, t—=12¢—1 tp{Rt ( )
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where T, = NE; x TH + TF and TF = 6% x T is a transfer to persons who are
not active in the labor market (e.g. pensioners), permanently set to its steady state
level. Share of pension transfers in total transfers is calibrated according to data.
We assume that Public debt B; = B + q{Btfh is constant e.g. B, = B. At the
same time, equations

——_ (GDP\ ¢
PEOV@G, = w% x GDP (gDPt) x e (62)

GDP,\ "
t) x &t (63)

EU, = w" x GDP (_

GDP

relate government consumption and EU incomes to the level of GDP. Variable £¢ is
an exogenous stochastic processes describing the discretionary part of governmental
expenditure policy that we use to calibrate dynamic behavior of our model. Similarly
government subsidies to energy sector investments, P/ ItP ¥ subsidies to other capital

expenditures of firms and households, StG % and subsidies to firms, S¢ are given by
PIIPP = ¢PF < GDP, (64)
S¢=>_ 8" (65)
s€S

GG-K _ pLIND gG.KL | pHIND gG.KH (66)

t -t t t t

where

PtLINDStG,KL _ E,KL « GDPt (67)
PtHINDStG,KH _ E,KH « GDPt (68)

with §tS KL and fts K eing the expenditure shock to public subsidies for private
expenditures on light and heavy industry products. We assume that in steady state
their value is zero. However, they play important role in modeling of public GHG
abatement policy considered in next sections. Public capital is accumulated with
accordance with classical equation

K =1 - pr)K{ + 1} (69)
PINVIP — KPP 5 GDP x 4" (70)

where w®?” determines the steady state share of public investment in GDP and &/”
is an expenditure shock to its value.

On the other hand it is assumed that efficient taxes rates, TtV’S, W, ¢, P,
and 7, are implicitly defined by

7 = w4+ g7 (71)

where parameters w™? determine steady state levels of relevant tax revenues to GDP.
Note that those parameters can be shocked by th " in order to analyze economy
response to changes in government fiscal policy. Endogenous part of the policy is
implicitly determined by the government’s objective function, which means that it
may respond to macroeconomic shocks by adjusting deficit and transfers level.
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2.7 GHG mitigation policies

Shocks that are incorporated in the model can be divided into two categories.
To the first category belong four shocks that drive model’s cyclical behavior. These
are: (1) economy wide & and sectoral £° productivity shocks, (2) intensive labor
supply shock &, (3) government consumption shock £ and (4) foreign demand
shock &f'. In section 4.3 we argue that our model is able to explain major business
cycle properties of the data solely with these four shocks.

To the second category we include shocks that let us to implement all types
of GHG abatement policies we consider later. These are: (1) shift in material

demand f%’s (2) import demand shock &*) (3) shock to energy efficiency ¢FF,

(4) shift of energy demand fﬁNG’S, (4) shift of consumption demand for good s,

s (5) shock to emission intensity of production, &7 (6) shocks to public
subsidies for material and consumption expenditures of households and firms for
light ff L and heavy §ts P industry products, (7) changes in public subsidies for
energy investments, &7, (8) shocks to tax rates &7 for Z € {V, W, C'}. We assume
that individual shocks are represented a autoregressive stochastic processes of order

one:

& =pr&a+e (72)
where 5f represent independent stochastic disturbances drawn from normal distri-
bution N(0,0%). Those disturbances are filtered in the Kalman filter procedure in
policy scenarios described later on.

2.8 Market equilibrium

Market equilibrium conditions impose the clearing of supply and demand in the
goods, labor and international exchange markets. Equilibrium in the basic goods
market s € S means that the demand reported by the trade-firm, which acts as an
intermediary in the process of exchange of basic goods home and abroad, must be
equal to its volume sold hence Y;"* = Y;?. In turn, the trade-firms offers the basic
good to sectors producing the final good (final consumption), sectors producing
basic good (intermediary consumption) and foreign sectors (export). As a result the
following balance equation is satisfied:

YORr =Y v e Y Vi s (73)
feF (S

where SO = 0 for s € S\{HIND, LIND}, S&** = S%** for s = HIND
and StG K — StG KL for s = LIND. Market producing final goods must be in
equilibrium as well. Therefore demand and supply of investment good must be
equal, V,/NV = ItP—I—ItP’E—i—ngs I, and public consumption must be equal to supply
of government good, Y;%°V = G;. Note that total expenditures on investment and
government goods on the economy are given by INV,® = PINVYINV and GF =
PEOV@G,. Equilibrium in the consumption good sector is ensured due to the fact
that the price of the consumption good is a reference to all the prices in the model
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(hence the consumption good is so called numeraire). Total consumption is equal
to:

Ci=NxCY+NE, xC/ +Tf (74)

Total profit transferred by firms to households is equal to total profit of all firms
hence:

=Y I+ (I + 1075%) + 107 (75)
feF 1€S

As it was already said, all prices in the model are relative to the price of the con-
sumption good (being a numeraire), hence an assumption Ptc’C = 1 does not affect
the generality of the results of the model. Therefore also total expenditure on private
consumption are equal to CF = C}. The last equilibrium condition is the clearing
of the exchange market, CA, + KA; = 0.

3 Numerical algorithm

3.1 Model specification and solving

We solve model in the special modeling environment called FORMA, that we
have developed in the Institute for Structural Research. FORMA is a symbolic and
numeric computing package specialized in solving optimal steering, deterministic
and stochastic problems. It enables efficient solving of DSGE models with number
of variables of 10-50 thousands - much more than 2000 needed for the MEMO model
described here. CGE models as a special case of DSGE class are therefore also sup-
ported by the package. Its particularly useful feature lays in the symbolic language
that enables the user to specify dynamic, stochastic optimization problems directly
e.g. in the form of dynamically constrained maximization. FORMA automatically
computes derivatives of any order of the relevant sets of Langrangeans equations.
In particular first order conditions and jacobian matrixes necessary for the pertur-
bation solution algorithm are derived in the FORMA environment automatically.
General procedure that we apply is as follows

1. Formulation of the CGE/DSGE model in FORMA symbolic language;

2. Automatic derivation of the relevant FOCs and JACs by FORMA symbolic
package;

3. Solving the model for steady state solution by FORMA solver that involves
Newton method of solving non-linear equations;

4. Find the linear approximation of the model solution by the perturbation al-
gorithm.
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Formally any DSGE (as well as static or dynamic CGE) model can be written as
the set of general optimization problems of the form

max Fy{U
{yt,Ue}2, o1Us}
s.t. 0= f(Ut—kh ey Ut-}—k) U*, Wt—ky ooy Wik, w*, (o Et—k‘a ey Et+k;) (76)
0 - gu(Ut—lW ceey Ut-}—k) U*7 wt—k‘7 e awt-f—k) w*a O', Et—k‘a vy Et-i—k‘)

wy = col(y, )

for p = {0,1,....m} it = 0,1,...,00, where f, g are scalar functions, Uy is
target function, that depends both on current and future levels of modeled variables
through f and g*. We denote steering variables by y and exogenous (also stochastic)
variables by z. Steady state values are represented by U*, w* = col(y*, z*), y* and
2*. Scalar functions f and ¢g* can include conditional expectation operators F;; for
li| <k, where k is constant. Expectations are formed conditionally to information
sets Iy = {Us, Ys, 2s ?:0 Moreover o denotes small parameter.

From the problem 76 one can derive relevant Lagrange’a functions and by proper

differentiation first order conditions of the form
0= Eth(vtfka e Utk U*a g; Etfka R Et+k) (77)

where v; = col(Uy, U1, z¢). This equations can be reduced in stepwise procedure to
the form

0= Eh(ziq, x4, 2001, 2% ,0) + Ueg + Wz + Zo (78)

that sets the basis for establishing the steady state solution together with the linear
approximation around it. Endogenous variables we denote by x, exogenous by z
and stochastic i.i.d shocks by e. We solve problem (78) utilizing the perturbation
method that can be briefly described as finding the exact solution for ¢ = 0 and
approximate solution for ¢ = 1 by expanding the exact (78) into the power series
around ¢ = 0. Procedure of finding the perturbation solution of the model we
utilize is non standard in that sense that it does not need predetermined set of state
variables from the user. In consequence both deterministic and stochastic part of
the solution is derived automatically. Final, matrix solution of the DSGE model can
be written as

= Py + Qe (79)
yr = Ry + Sie (80)

where z; is a state variable, 1, is a control variable and ¢, is a stochastic disturbance.

3.2 Conditional forecasts

In this article we present conditional forecasts of the possible impact of the
climate package on the modeled Polish economy. We do this by utilizing the Kalman
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filtering/smoothing algorithm to the model in the form 79. In other words for the

time horizon T" > 0 and for k =1,...,T, we have
T = Pprp1 + Qpey, (81)
Yk = Rip—1 + Skey, (82)
2k = Myyr + Kpxp—1 + Npeg + Vi (83)

where equation (81) is called the state dynamics equation, equation (82) is a control
equation and an equation (83) is an observation equation. As previously, zj € R,
ng > 1, is a state variable, y, € R"™, n, > 1 is a control variable, z;, € R"*, n, > 1
is a observation variable. Variables ¢, € R"* and 7, € R" represent stochastic
measurement components of the variable z. About stochastic variables ¢, and 7, we
assume that they are independent from their past draws and state variables x, for

s=0,...,k—1, and that their distribution is normal:
€k Qk 0
~N|{ 0, 84
(o 15 e &
where information set I = {z1,..., 2,0}, Kk =1,2,...,T. By 6 we understand all

model parameters that is matrixes Py, Qg, Ry, Sk and € from equations (81) and
(82) (e.g. matrizes of the unobserved part of the model) as well as matrixes My, K,
Ny, Vi 1 Wy present in the equation (83) (e.g. matrizes of the observed part of the
model).

As a prediction of any modeled variable oy, k > 1 we understand the conditional
expectation Flagi1|lx] and covariation D[zg,q|lx]. As a filtracji of variable ay,
k > 1 we understand the establishment of E[ay|l] and D[zg|l]. Both problems are
solved jointly in the same recursive procedure (Kalman filtering algorithm for model
79). When all relevant variables are filtered, the smoothed conditional forecast can
be computed e.g. the forecast formed on the full information set, Eloy|I7].

4 Model calibration and properties

4.1 Introduction

The model is being parameterized directly on Polish economy data. Following
the DSGE modeling methodology, the parameters may be divided into three main
classes: (1) parameters determining level of variables in the steady state, (2) param-
eters controlling elasticities of substitution and relative standard deviation between
specified variables, (3) parameters determining the exact form of exogenous stochas-
tic shocks, and lead-lag structure of endogenous variables. The first class is composed
mainly of parameters determining shares of input factors in production technologies
described above which influence: value of import relative to GDP, (03;), intermedi-
ate consumption relative to value added, (03, and 6%), and share of labor in final
product, (6%). Additionally, the class includes parameters determining the structure
of final demand for sector products (Qlf ), and intermediate demand for materials,
(62 1), parameters setting the long run level of employment(0"), investment, (63 ),
and export, (DEMT*). The first class concludes with the parameters describing
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the fiscal policy of the government therefore influencing public consumption, trans-
fers, tax revenues in the steady state: tax rates, 7% for X € {V,C, W} and share
of public consumption in DGP, w®. Second class includes all elasticities in above
mentioned firms’ technology of production functions: (e% for X € {E, N, M, P, H}
and e{,, in utility functions of households: ¢, w and @, and parameters determining
adjustment costs, 7. The third class is composed by the parameters determining
exact form of the exogenous stochastic processes (means, standard deviations and
correlation coefficients) which influence the dynamic properties of the model.

4.2 Model long-term, steady state properties

As most of the model parameters determine its steady state, their values are
implicitly imposed by the values of directly observable variables. All links between
observable variables and parameters are either directly obtained or derived from
GUS/EUROSTAT databases (national accounts, labor market indices, and so on)
and EU-KLEMS database ( I/O matrices disaggregated to 6 sectors specified in
the model ). Determination of values of the parameters associated with directly
observable variables is performed by replacing the initial theoretical model by its
calibration-adjusted version. All parameters belonging to the f