Supplementary Materials

S1 Presentation of the GEMMES model

S1.1 Model Equations
S1.1.1 Nomenclature

Table 3: Variable name and description

Variable Description Type Currency
Ye Expected sales Real
i NFCs’ capital stock growth rate Real
y”P Production of NFCs Real
v Desired investment in inventories Real
1%& Desired inventories Real
\% Inventories Real
v Actual investment in inventories Real
yPD Domestic production of NFCs Real
y”P Aggregate demand Nominal  Domestic
y D Aggregate demand Real
C Final consumption of goods Nominal  Domestic
e Intermediate consumption Nominal  Domestic
X Total Investment Nominal  Domestic
X Total exports Nominal  Domestic
Xc Oil and coal exports Nominal = Domestic
Tc Oil and coal exports Real
Xne Non-oil and coal exports Nominal  Domestic
a;(N Target propensity to export non-commodity exports
Oxy Propensity to export non-commodity exports
GDPy  Foreign Gross Domestic Product Real
IM Imports Nominal  Domestic
M Real imports Real
T

OMm,C

Target propensity to import consumption goods



oM,C

UJT\FMC

OM,IC
J]TVI,I

OM,I

GOSp
MIy
GOSp
GOSp.c
GFp

ND
Fe
DF

Dp
Di’UF
DiUEG
Di’UEW
DZ"UF,H

Propensity to import consumption goods
Target propensity to import int. consumption goods
Propensity to import int. consumption goods
Target propensity to import investment goods
Propensity to import investment goods
Domestic productivity

Foreign productivity

Production of FCs

Non-market production of the Government
Non-market consumption of the Government
Gross Domestic Product

Unit cost of production

Historical unit cost of production

Desired production price level

Mark-up on historical unit cost

Production price level

Price of consumption goods

Price of intermediate consumption goods
Price of investment goods

Price of export goods

Foreign price level

Intermediate consumption of NFCs

Insurance services paid by NFCs

Financial commissions paid by NFCs

Target investment of NFCs

Investment of NFCs

Capital stock of NFCs

Profit rate

Utilisation rate of capital

Expected utilisation rate of capital
Employment in NFCs

Wage paid by NFCs

Gross operating surplus of NFCs

Mixed income

Gross operating surplus redistributed to Households
Gross operating surplus redistributed to the Government
Gross profits of NFCs

Net profits of NFCs

Net profits of NFCs net of deposits accumulation
FX deposits of NFCs

Domestic deposits of NFCs

Dividends paid by NFCs

Dividends paid by NFCs to the Government
Dividends paid by NFCs to the RoW
Dividends paid by NFCs to Households
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GO
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal

Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Real
Nominal
Nominal
Real
Real
Real
Nominal

Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal

Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic

Domestic
Domestic
Domestic
Domestic
Domestic
Foreign

Domestic
Domestic

Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Foreign
Domestic
Domestic
Domestic
Domestic
Domestic



REr

TFNp
L?X,B,d

FX,B
L™
FX,W,d
LEXW,

FX.B

DiUB
D’L"UB’H
DZ"UB’W

Dd
Rd

Bgp
LgX,W,d

FX,W
Ly

EX.

Retained earnings of NFCs

Total financing needs of NFCs

Desired FX loans of NFCs with FCs

FX loans of NFCs with FCs

Desired FX loans of NFCs with the RoW

FX loans of NFCs with the RoW

Domestic currency loans of NFCs

Rationing of FCs to NFCs’ FX loans demand
Rationing of the RoW to NFCs’ FX loans demand
Gross operating surplus of FCs

Employment in FCs

Intermediate consumption of FCs

Wage paid by FCs

Social transfers paid by FCs

Investment of FCs

Capital stock of FCs

Gross profits of FCs

Net profits of FCs

Capital required to comply with leverage regulations
Retained earnings of FCs

Own funds of FCs

Dividends paid by FCs

Dividends paid by FCs to Households
Dividends paid by FCs to the RoW

Domestic currency loans

Domestic currency deposits

Domestic currency reserves

Government bonds held by FCs

Desired FX loans of FCs with the RoW

FX loans of FCs with the RoW

Rationing of the RoW to FCs’ FX loans demand
FX deposits of FCs

Desired FX reserves of FCs

FX reserves held by FCs

Total financing needs of FCs

Liquidity Advances

Interest rate on domestic deposits

Mark-down on monetary policy rate

Interest rate on loans to NFCs

Average funding cost of FCs

Target interest rate premium on loans to NFCs
Interest rate premium on loans to NFCs
Interest rate on loans to Households

Target interest rate premium on loans to Households
Interest rate premium on loans to Households
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Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal

Nominal

Real
Nominal
Nominal
Nominal

Real
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal

Nominal
Nominal
Nominal
Nominal
Nominal

Domestic
Domestic
Foreign
Foreign
Foreign
Foreign
Domestic

Domestic

Domestic
Domestic
Domestic

Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Foreign
Foreign

Foreign

Foreign

Foreign
Domestic
Domestic



FX,W
J:]

prempx

FX.R

.FX,R

Interest rate on FX loans of FCs with the RoW
Premium on FX loans

Interest rate on FX loans of NFCs with FCs
Interest rate on FX loans of NFCs with the RoW
Interest rate on FX reserves of FCs

Target monetary policy rate

Monetary policy rate

Central Bank Profits

FX reserves held by the Central Bank

Interest rate on FX reserves of the Central Bank
Disposable income of Households

Total employment

Unemployment rate

Labour force

Wage income

Employers’ social contributions

Workers’ social contributions

Insurance services paid by Households
Financial commissions paid by Households
Target final consumption of Households

Final consumption of Households

Propensity to consume out disposable income
Propensity to consume out wealth

Target investment of Households

Investment of Households

Households’ investment to disposable income ratio
Capital stock of Households

Households’ savings

Total financing needs of Households

Domestic currency loans of Households
Consumption loans of Households

Target consumption credit to disposable income ratio
Consumption credit to disposable income ratio
Mortgage loans of Households

Technical insurance reserves

Domestic currency deposits of Households
Fiscal revenue

Tax revenue

Taxes on income

Taxes on imports

Value-added taxes

Other net taxes on products

Taxes on production

Royalties

Total expenditures of the Government
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Nominal
Nominal

Nominal

Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal

Nominal
Nominal

Real
Nominal
Nominal
Nominal
Nominal

Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal

Domestic
Foreign

Domestic

Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic

Domestic
Domestic

Domestic
Domestic
Domestic
Domestic

Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic



Rem
FDI
FDIp
FDIp
FDIG
FDIN®G

Bgw
[EXW

DFX
RFX
SFX
DFX

eN,e

Primary expenditures of the Government

Final consumption of the Government

Wage paid by the Government

Employment in the Government

Intermediate consumption of the Government
Target investment of the Government

Investment of the Government

Capital stock of the Government

Social transfers received by Households

Social transfers paid by the Government

Interest payments on public debt

Fiscal deficit

Target domestic currency deposits of the Government
Domestic currency deposits of the Government
Target deposits of the Government at the Central Bank
Deposits of the Government at the Central Bank
FX deposits of the Government

Total Financing Needs of the Government

FX bonds issued by the Government

FX loans of the Government

Target share of FX debt in new public debt issued
Share of FX debt in new public debt issued
Domestic currency bonds issued by the Government
Interest rate on domestic Government bonds

Target Int. rate premium on domestic Government bonds
Interest rate premium on domestic Government bonds
Interest rate on FX Government bonds

Interest rate on FX Government loans

Current account deficit

Trade balance

Income account of the balance of payments
Remittances

Foreign direct investment

Foreign direct investment in NFCs

Foreign direct investment in FCs

Greenfield foreign direct investment in NFCs
Non-Greenfield foreign direct investment in NFCs
Domestic Government bonds held by the RoW

FX loans with the RoW

FX deposits

FX reserves

Foreign exchange supply

Foreign exchange demand

Nominal exchange rate

Expected nominal exchange rate
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Nominal
Nominal
Nominal

Real
Nominal
Nominal

Real
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal

Nominal
Nominal
Nominal
Nominal

Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal
Nominal

Domestic
Domestic
Domestic

Domestic
Domestic

Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Foreign
Domestic
Foreign
Foreign

Domestic
Domestic
Domestic
Domestic

Domestic
Domestic
Domestic
Foreign
Domestic
Domestic
Domestic
Domestic
Domestic
Domestic
Foreign
Foreign
Foreign
Foreign
Foreign
Domestic
Domestic



et Real exchange rate
rsk Country risk
W International reference interest rate

S1.1.2 Production, Aggregate Demand and GDP

The market for goods and services produced by Non-Financial Corporations (NFCs)
exhibits disequilibrium dynamics because what is produced is not necessarily
demanded. Hence, firms adjust their sales expectations (A1) based on the gap between
real aggregate demand (Y?") and real expected sales (Y¢) and a forward looking
element proxied by their gross fixed capital accumulation rate (gx).

ye — By - (YD’T _ Ye) +gp-Y© (A1)

g (A2) depends on the real investment of the firms sector (IX) and the greenfield
FDI (FDI§) less the depreciation of the capital stock

G

15 4 EBL
P -5 A2
Kp r (A2)

9K =

We assume that firms have a desired level of inventories (Vy, A3) given by a constant
inventory to expected sales ratio .. Therefore, the desired investment in inventory
replacement (A4) is modelled as a function of the gap between desired (V¢) and actual
(V') inventories.

Vli=q,-Y° (A3)
IV =By - (VE-V) (A4)

The production of the firms (Y A5) depends on real expected sales (Y°) and the
desired investment in inventories (1V9).

YP =ve4+ 1V (A5)

The change in the actual level of inventories (V, A6) is given by the gap between real
production (Y'*) and real aggregate demand (Y 7). This is equal, following the SNA
accounting rules, to the actual investment in inventories (I, AT).

V—yP_yDr (A6)
IV =v (A7)
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Since we assume that all the imports are imported via the firms, domestic real
production (YFP A8) is equal to total real production (Y*) minus real imports (M).

ybD —yP _ pm (A8)

Aggregate demand, net of inventory accumulation, in nominal terms (Y'?, A9) is given
by the sum of final consumption, intermediate consumption, investment and export
expenditures. Accordingly, real aggregate demand (Y'P'", A10) deflates each term by
its respective price index.

YP=C+I1C+I1¥ +X (A9)
c I1c I¥ X

D,r _

Y=ot e TR T ox (A10)

Households and the government are consuming final consumption goods (C, Al1l)
produced by firms.

The demand for intermediate consumer goods (IC, A12) produced by NFCs is driven
by firms themselves, Financial Corporations (FCs) and the government.

IC =p!%  (ICk + ICp + ICg) (A12)

Investment (I K A13) is carried out by the firms, the government, the households
sector, FCs and the rest of the world as greenfield FDI.

K =pF 1K+ 15 +IK + 15 + FDIE (A13)
Exports (X) are split into two groups as shown in (A14)
X =X+ Xnc (A14)

On the one hand, oil and coal exports (X, A15) depend on the real quantity exported
(z..) and the international price index of these commodities (pyy ) expressed in domestic
currency using the nominal exchange rate (e’¥). Then, we assume that real oil and
coal exports grow at the exogenous rate o, as presented in A16

Xe=uac-pl - eV (A15)
To = Qg - To (A16)
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On the other hand, non-oil and non-coal exports (Xn¢, Al7) are determined by a
time-varying fraction of world GDP. This propensity to export (ox, ) adjust towards
its target value (U;(N, A18) at the speed fx, (A19). The target propensity to export
depends on the real exchange rate (ef*) and the foreign tariff rate (17) as a measure-
ment of price competitiveness and the gap between foreign (ay ) and domestic (ap)
labour productivity as a proxy of non-price competitiveness.

Xno =o0xy -GDPy -p¥W - eV (A17)
R \% S
T X ex g x (6p\*
Xy T (1 +TW) T (CLW) (AL8)
é'XN = ﬂXN : (O'g;N - O'XN) (Alg)

Nominal imports (IM, A20) are equal to real imports multiplied by their respective
foreign price index and the nominal exchange rate. Real imports (M, A21) are deter-
mined by time-varying propensities to import out consumption (o), intermediate
(oa,1¢) and capital (opr,1) goods. As in the case of exports, these propensities adjust
towards their target values (o7, ;, A22 to A24) at the speed fr; (A25 to A27). The
target propensities to import are a function of the real exchange rate, the domestic
tax rate on imports and the gap between foreign and domestic labour productivity.

IM = M-p" . eV (A20)
C e I
M=opc- (pcv> +om10 - pl> +omr- <pK> (A21)
T M R M\~ pic M aw \ “¢
oM = Opc [e . (1 + 7 )] Ct o0 E (A22)
T M R MY\~ €prc M aw \ “'¢
OM,IC = Op,1C° [6 : (1 +7 )] B O fo ap (A23)
T M [.R M\~ M (aw ™
OM,1 =0p1" [e . (1 + 7 )] A E (A24)
om,c = Bum,c - (Uﬂ,c — o) (A25)
om,1c = Bum,1c (Uﬂ,zc —owmic) (A26)
onmr = Bur- (01?471 —omr) (A27)

It is worth mentioning that domestic labour productivity grows at a constant rate ap
(A28).

ap =ap-ap (A28)
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FCs produce financial services other than Financial Intermediation Services Indirectly
Measured (FISIM) on demand (A29), which can be split into insurance services and
commissions. Both are demanded by firms and households, however, as intermediate
consumption in the former and final consumption in the latter.

YB = INSy + INSg + Comy + Comp (A29)

The government conducts non-market production (Y'¢, A30) which refers to the goods
and services provided by the public sector to households free of charge or at a price
well below their market value, such as education and health. As in the SNA, the model
calculates the value of non-market production at the cost of production which is equal
to the sum of wages and employers’ social contributions, intermediate consumption
and capital consumption.

Y9 =(1+1wg) we- Lo +p'C ICq +6q-p* - Kg (A30)

Following the SNA, the government demands its own non-market production as final
consumption (G¢, A31).

Go=YC (A31)

GDP (A32) is equal to the sum of final consumption of NFCs and FCs products, the
government market and non-market consumption, investment and the trade balance.

GDP =C + (INSg 4+ Comp) +Go +Cg +I* + X —IM (A32)
Pricing
Firms have a desired price level (p?, A33), modelled as a time-varying mark-up over
the historical unitary cost. The actual production price (p) follows its target level at
the speed 3, as shown in A34.
pl=(1+p) HUC (A33)
p=Bp- (0" —p) (A34)

The mark-up (u, A35) reacts to the gap between the actual and target inventory-to-
output ratio to capture demand pressures in the goods markets.

V
u= o — 1 - (Yve - 051)) (A35)
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The historical unitary cost (HUC') adjusts towards the unitary cost of production
(UC) for an open economy at the speed A36. The unit cost is made up of wages and
employers’ social contributions, intermediate consumption and taxes on production

paid by the firms (A37).

HUC = Byyc - (UC — HUC) (A36)
1 . - L 1C I Y . YP’D
vo = Lrmwr) L CEtTr (A37)

The price indices for final consumption (p©, A38), intermediate consumption
(p'¢, A39) and investment (p’, A40) are a linear combination of the domestic and
foreign price levels weighted by their respective propensity to import. The domestic
component levies the VAT rate (7¥) on consumption and the other indirect taxes rate
() on intermediate and investment goods, while the foreign component always levies
the import tax rate (7).

" =1+7") [ =ome)p + (1 +7Y) - one-p" -] (A38)
p'=1+7") [A=omic) p + (L +7Y) onre-p" el (A39)
P =1+7") [L—oms) p +(1+7Y) ong-p" - eV] (A40)

The exports price index (p~, A41) is calculated as the ratio of nominal to real exports.

X
.’Ec+JXN-GDPW ( )

Non-Financial Corporations

Firms demand goods produced by themselves as intermediate consumption (ICp,
A42), which is modelled as a constant fraction of real production.’

ICp =010p - YT (A42)

Financial services other than FISIM demanded by the firms are also intermediate
consumption. Insurance services (INSr, A43) depend on the firms’ capital stock, while
commissions (Comp, A44) depend on the firms’ stock of domestic currency loans.

INSp =Opms,r-p* - Kp (A43)
ComF = QCom,F : L% (A44)

SNote that in practice this should be expressed as a fraction of production net of imports but this would
create a circularity which would prevent the simulation, we hence used total production instead.
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The target real investment (5", A45) of the firms is a function of the profit rate net

of inflation. The actual investment of the firms adjusts towards its target level at the
speed Brp (A47) and drives the evolution of the capital stock as presented in (A48).

InT = [/ﬁo-i-m . <7“F—§)] -Kp (A45)
! (A46)
K =
0 (1 + exp(ko1t — Ko2)))(Ko3 — Kozkoa) + Ko3koa

1§ = e (157 = 1F) (A47)

; FDISG
KF:IgﬂLTF—(sF'KF (A48)

p

The profit rate (rp, A49) is defined as the ratio between net profits and the capital
stock.

Ir

rr
The employment level in NFCs (Lp, A50) depends on real domestic production and
labour productivity, following a Leontieff production function.

YP’D
Lp =

(A50)
ap

The average nominal wage paid by the firms wp grows as a function of the labour
productivity growth rate, the employment rate relative to its average value wr o and
the inflation rate (A51). The employment gap term captures the tightness or slack in
the labour market.

a L )
Wp = <wp70 2 + wp - ( - CUF72> + wp3 - p) CWE (A51)
ap pop p

The gross operating surplus of NFCs (GOSE, A52) is equal to the aggregate demand
after subtracting imports, indirect taxes (VAT, imports, and other taxes on prod-
ucts), taxes on production, intermediate consumption, wages and employers’ social
contributions.

GOSp=YP —IM —-TF —TM TV _ Y F . yPD _ ¢ 10, —INSE...
...700mF7(1+TW7F)'wF~LF (A52)
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A share of the gross operating surplus of the firms is redistributed to households (A53
and A54) and the government (A55). We make the distinction in the former case
between mixed-income (M Iy) and pure gross operating surplus (GOSF, ). We follow
this approach because in the model, unlike the SNA, NFCs carry out all production
in the economy except for financial services and government non-market production.

MIy =0y - GOSp (A53)
GOSpy =0y - GOSp (A54)
GOSp.¢ = Oce - GOSp (A55)

Gross profits of NFCs (GFr, A56) are given by the gross operating surplus minus
net interest payments, royalties, and mixed-income and gross operating surplus
redistributed.

GFF:GOSF—FZ'?'DF—Z'%-L%—Z’?X’B~L§X’B-€N...

— FXW L EXW N _ Roy — MIy — GOSpy —GOSpa  (A56)

Net profits of NFCs (Fr, A57) are equal to gross profits minus the corporate income
tax. Then, equation A58 shows net profits net of the accumulation of domestic and
foreign currency deposits held as working capital (F I{Y D A58).

Fp=(1-1}) GFp (A57)
FNP = Fp — DEX . eN — Dp (A58)

NFCs accumulate domestic currency deposits (Dp, A59) in order to have the short-
term liquidity to cover a fraction np r of the wage bill.

Dp = Bpr - (mp.r - (1+1w,r) wp-Lp — Dp) (A59)

On a similar basis, NFCs accumulate FX deposits (DEX, A60) to maintain in liquid
form a fraction 775,)% of their stock of FX loans.

DEX = B (k- (77 + 1Y) - DEY) (A60)

NFCs save a constant fraction of their net profits net of deposits accumulation and
distribute the remaining as dividends (Divg, A61).

Divp = (1 —sp) - FYP (A61)
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Firms distribute dividends to the government (Divp g, A62 ), the rest of the world
(Divgw, A63) and households (Divg s, A64). Dividend payments are sensitive to
the ratio of oil and coal exports to GDP to account for the effect of Ecopetrol (i.e.,
the major state-owned oil company) and the fact that FDI are concentrated in oil and
mining sectors, hence leading to return on investment for the rest of the world.

Divp g = {COG + Cic - (G)gjp )] - Divp (A62)

DiUFW = |:COW + ClW . <)%>:| : DiUF (A63)
’ GDP

Di’UEH = DZ"UF - Di’UEG - DZ"UF,W (A64)

Retained earnings of NFCs (REr, A65) are given by the profits saved minus other
transfers.

REp =sp - FYP — Op (A65)

The other transfers of NFCs (O, A66) are modelled as a constant fraction of domestic
production. This item captures some minor SNA transactions not explicitly included
in the model that affect the net lending/borrowing position of all the institutional
sectors.

Op =vp-p-YPP (A66)

Since retained earnings allow to self-finance a portion of firms investment at the
macroeconomic level, the total financing needs of NFCs (T'FNp, A67) are given by
the difference between investment and retained earnings.

TFNp =p® - IE — REp (A67)

Firms cover a share of their financing needs by borrowing in foreign currency. They
demand a fraction n?X’B of their total financing needs as FX loans with FCs (A68).
L?X’B’d) is above the FX loans actually
tp~

However, the desired FX loans demand (

supplied (L?X’B, A69) since FCs apply credit rationing standards (ratz™ , more details

in A92) to the firms.

; TFN,
L£X7B,d _ nng ) F (A68)
en
L?X’B = (1 — rath) . L?X’B’d (A69)
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Firms also demand a fraction 775 """ of their total financing needs as FX loans with

foreign banks. Similar to the previous case, the desired FX loans demand (L?X’W’d,
A70) is above the actual supply (LgX’W, AT1). Here, the credit rationing parameter

(ratEX, A72) is modelled as a sigmoid sensitive to the country risk premium (rsk).

; TFN,

FX ,W.d FX W F
LF =Nr ’ eN (A7O)
LgX,W _ (1 _ Tath) A LgX,W,d (A?].)

1
14 exp (feI@X . (Tsk — XII::X))

rathX = LBEX + -(UBFX —LBEX)  (AT2)

Firms’ demand for domestic currency loans (L.%, A73) acts as a buffer in the model. It
is equal to the financing needs in excess of FX loans provided by domestic and foreign
banks.

Ld = TFNp — LEXB LN _ [TXW N (A73)
Financial Corporations
The gross operating surplus of FCs (GOSpg, A74) is given by the production of financial

services already shown in A29 net of intermediate consumption, taxes on production,
wages and employers’ social contributions expenditures.

GOSB:YB*pIC~[CBfT§~YB*(1+TW,B)'wB'LB (A74)
The employment level in FCs (L, A75) grows at the constant rate Ap.
Lg=M\g-Lg (A75)

We assume a constant technical relation between labour and inputs in FCs. Hence, real
intermediate consumption (/Cp, A76) equals a constant fraction of the employment
level.

ICp=01c5- LB (A76)

The average nominal wage wp paid by FCs grows ( A77) in response to the labour
productivity growth rate and the domestic inflation rate.

wip — (wB,O Dy p) w0 (AT7)
ap p
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Nominal investment (I, A78) is modelled as a constant fraction of FCs production
and drives the evolution of the real capital stock as shown in A79.

IBZKB~YB (A78)
. T
Kp= p—i —65-Kp (AT79)

Social transfers paid by FCs (STp, A80) represent a constant fraction of the total
transfers received by households (see A161 for more details).

ST = (1—ssrc) ST (A80)

Gross profits of FCs (GFp, A81) equals the gross operating surplus minus net interest
payments and social transfers paid to households. On the one hand, FCs receive inter-
est on loans to households and NFCs, their holdings of government bonds and their
FX reserve assets. On the other hand, FCs pay interest on deposits, their FX loans
with the rest of the world, and the liquidity advances received from the central bank.

GFp = GOSp + it - LY + ik - LE + 558 LEXE LN LB Byp ...
i L REX LN P Do —ib) Dy —i2 - Dp ...

i W LRV LN P A STy (A81)

Then, net profits (Fp, A82) equals gross profits after paying the corporate income tax.
Fp=(1-15) -GFp (A82)

FCs must have a certain amount of own funds to meet solvency requirements (A83),
which are given by a constant capital adequacy ratio car to total loans granted. Con-
sequently, they retain profits (REp, A84) in response to the difference between target
and current own funds. These retained earnings allow them to raise their own funds
(A85).

OF™ = car - (L% LY 4+ LENB. eN) (A83)
REg = Bor - (OFS™ — OFp) (A84)
OFp = REp (A85)

Dividends distributed to households (Divg g, A86) equals net profits exceeding
retained earnings and other transfers.

DiUB’H = FB — REB - OB (A86)
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As in the case of NFCs, the other transfers (Op, A87) are modelled as a constant
fraction of domestic production

OB =VvBp-p- YP’D (A87)

FCs respect a liquidity ratio and thus accumulate liquid reserves at the central bank
(A88) as a constant fraction of the domestic deposits accumulated by NFCs, the
household sector and the government (A89).

Rd = lr - D? (A88)
Dd:DF+DH+DG (A89)

FCs have a desired demand for FX loans with foreign banks (LgX’W’d, A90), which
depends on their own funds acting as collateral and the stock of FX loans granted
to NFCs. As in the case of NFCs, the FX loans actually supplied by foreign banks

(LgX’W7 A91) are lower since they ration credit based on the country risk premium
(A92).
. OF .
FX,W,d FX,L B FX,B
Ly =ng" " —_§ tLp (A90)
LgX,W _ (1 _ mth) _LgX,W,d (A91)

1
1+ exp (—egx . (rsk — XEX))

rathX = LBEX + -(UBEX — LBEY) (A92)

FCs supply domestic currency loans (I;d7 A93) to NFCs and households on demand
Ld =L+ LY (A93)

FCs finance the government (A94) by purchasing all domestic bonds issued that are
available in the market after foreign investors have made their respective purchases.

Bgp = Bg - Bgw (A94)

FCs accumulate FX deposits (Dgx , A95) to keep in liquid form a constant share n5*
of the stock of FX loans borrowed from the rest of the world.

DEX = 8% - [nE> - LEY — DEX (A95)
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As a consequence of a strict no open position rule, the desired accumulation of FX
reserves by FCs (A96) is equal to the desired demand for FX loans minus the FX
deposits accumulated and the FX loans granted to NFCs.

REXd = [FXWd _ pbx _ pFXB (A96)

To the extent that we account for credit rationing in the model, the actual FX reserves
accumulated (REX, A97) by FCs differ from those desired. Hence, in line with the
balance of payments identity, the FX reserve assets accumulated by FCs equal the FX
reserve assets accumulated by the whole economy minus those accumulated by the
central bank.

REX — RFX _ REX (A97)

The total financing needs of FCs (T'FNp, A98) arise from the difference between
accrued assets (use of funds) and liabilities (sources of funds) in domestic and foreign
currency.

TFNg = [Ld + Byp + Rd + IB} _ [(1 4 Ir)- D+ OFp + FDIy + TI'RH}
o [DEX N 4 LOP N REX N - LN ] (A98)

The central bank acts as a lender of last resort in a way that it provides liquidity
advances (A99) whenever FCs are running positive financing needs.

A=TFNp (A99)

Regarding interest rates, the interest rate on domestic currency deposits (i, A100)
is modelled as a mark-down over the monetary policy rate. This time-varying mark-
down (md, A101) is sensitive to the ratio between the stock of advances and deposits
collected as an indicator of liquidity in the banking sector.

iP = (1 —md) - (A100)

P1
md = py — (A101)
1+ exp(—p2 (7§d —p3))

To better match the interest payments observed in the data for each sector, an addi-
tional constant mark-down over this rate is applied for households (A102) and NFCs
(A103).

=1 —mdy)-i (A102)

i -D
= (1 —mdp) -i" (A103)

CIVESLS

7
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The interest rate charged on domestic currency loans to NFCs (ik, A104) is given by
a premium (prempg) over the domestic average funding costs of FCs (AFC, A105).
This time-varying premium adjusts towards its target value (premk, A106) at the
speed ,BET (A107). We model the target premium as sensitive to the ratio of firms’
indebtedness to domestic production.

ik = AFC - (14 premp) (A104)
D D D P

A 'DG+ZH'DH+ZF-DF+Z A
AFC = A105
Di+ A ( )

Pr
prem; = E‘rO + P Ld +ilFX=B.eN+LFX»W.eN (A106)
1+ EXTP (_ Fr2 . ( = £ pYP.D E ))

premp = 5 - (prem}, — premp) (A107)
The interest rate charged on FX loans to NFCs (i;X’B, A108) is modelled as a constant
premium over the interest rate on FX loans that foreign banks charge to FCs (igx’w).

i =i (14 0 prem) (A108)

The interest rate charged on domestic currency loans to households (i%, A109) is
modelled as a premium (premy;) over the interest rate on domestic loans to NFCs.
This time-varying premium also follows its target value (prem};, A110) at the speed
BE (A111). The target premium is sensitive to the households’ debt to disposable
income ratio.

it =ik (1 +prempg) (A109)
Pr
prem’, = oV + gl o (A110)
trew (~of - (v37))
premy = B (premf; — premy) (A111)

Central Bank

The central bank has a target monetary policy rate (i7>7, A112) that follows a simple
inflation-targeting Taylor Rule. Then, the actual policy rate follows its target value at
the speed f;p, as shown in A113.

iPT = Lo+ 1ty - (ﬁ - LQ) (A112)

P = By (i7T —i") (A113)
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Central bank profits (Fep, All4) are equal to the interest received on liquidity
advances and FX reserve assets minus the interest paid to the government on their
deposit holdings. The profits are fully transferred to the government

Fop =i A+ iby™ - REX —iBy - DSP (A114)

The central bank has a target of FX reserves equal to a constant fraction 6px ps of
imports in normal time, plus a reaction term in case the reserve ratio approaches a
precautionary lower boundary. When the actual stock of FX reserves is below the
normal-time level,or approaches the prudential reserve ratio the central bank inter-
venes in the FX market to accumulate FX-denominated assets (A115). This reaction
term was added to be able to run the model on extreme regions of the sensitivity
space. Together with Equation A146, it mimics the behaviour witnessed in Turkey
over recent balance-of-payment crises, and supposes the existence of swap lines akin
to those that prevailed during the Covid crises (REF). The reaction curve shows in
Figure 8.

Rg)é = max [QFX,M . M-pW — Rg)é . (1 — pr,cbtanhWFX(@FX — 7“68)),0]
(A115)

Households

Equation (A116) describes the different components of households’ disposable income,
wage income, financial income, social contributions and social transfers and remit-
tances as income and social contribution, interest payments and financial consumption
as expenses.

YDy = (1—7yy) - wL+ MIy + GOSy + ESC + ST +ify - Dy + Divpp . ..

...+ Divg g + Rem - e —WSC — ity - L% — INSy — Compy + Oy
(A116)

The unemployment rate (unem, A117) depends on the level of employment relative
to the labour force. Total employment equals the sum of employees in NFCs, FCs and
the government (A118), while the labour force grows at the constant rate ap (A119).

L
unem =1 — — (A117)
pop
L=Lpr+Lg+ Lg (A118)
pOp = aup - pop (A119)
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Accordingly, the total wage bill (wL, A120) and the total employers’ social contribu-
tions (ESC, A121) received by the household sectors are paid by NFCs, FCs and the
Government.

wL =wp-Lp+wp-Lp+wg-Lg (A120)
ESC =tw,rp-wp-Lp+Twp-wp L+ Twg-wag- Lg (A121)

Workers’ social contributions (W.SC, A122) are paid to the government. They equal
employers’ social contributions plus an additional levy charged to households as a
fraction 7g¢ of the total wage bill.

WSC = ESC + 15¢ - wL (A122)

As in previous cases, the other transfers of households (Og, A123) are modelled as a
constant fraction of total domestic production.

Oy =vy-p-YPP (A123)

Similar to what has been done for NFCs, households’ demand for financial services is
divided into insurance (IN Sy, A124) and commissions (Comp, A125). The first term
depends on the capital stock and the second on the stock of loans.

INSH =0rns,m P~ - Kg (A124)
Comp = O0com,u - L (A125)

Households’ target consumption (C%, A126) depends on a time-varying propensity
to consume out of disposable income, a time-varying propensity to consume out of
wealth, and the flow of consumer credit. Then, the actual consumption level slowly
moves towards its target level at the speed S as presented in (A127).

Ch =my YDy +my - (D + TIRg +p - Ki) + LEC (A126)
Cu = Bo - (Ch — Cn) (A127)

The time-varying marginal propensities to consume, m; (A128) and ms (A129), are
modelled as sigmoids sensitive to the real deposit rate.

1
my = LBY" + , -(UBEP — LB},P)
1+ exp (—EED : ((zg — %) — XED>)
(A128)
my = LBYY + ! -(UB} —LB})) (A129)

Lt ean (- (- 2) )



Households’ target investment in housing (1%, A130) is modelled as a time-varying
fraction (kg, A131) of the disposable income. This fraction negatively depends on
the interest rate and the unemployment rate since they are indicators of borrowing
costs and the business cycle, respectively. As in previous cases, the actual investment
adjusts toward its target value at the speed Sry (A132) and drives the dynamic of
the capital stock (A133) .

15 = ky YDy (A130)
Kp = Ko — KH1 15 — Kga - unem (A131)
Iy = Bru - (I — In) (A132)
Ky = % — 0y - Ky (A133)

We now define savings (Sg, A134) as the difference between disposable income and
consumption.

Sy =YDy — Cy (A134)

It can be seen in (A135) that households will exhibit positive total financing needs
whenever investment exceeds savings, while they will show a net lending position in
the opposite case.

TENy = Iy — Sy (A135)

The demand of households for domestic currency loans (A136) is split into consumer
and mortgage loans. In the first case (A137), the demand for credit is adjusted to keep
the ratio of consumer loans to disposable income stable. In the second case (A138),
mortgage credit demand is a constant fraction of housing investment.

Ly, =LEC + LY (A136)
. dC

Ly =Brcu- (77LC YDy — Li}c) (A137)
Ly =nwr In (A138)

Households allocate their savings in two assets. First, in the form of insurance, pensions
and standardised guarantee schemes (SGS), which is modelled as a constant fraction
of the wage bill (A139). Second, in the form of domestic currency deposits (A140),
the value of which is determined as residual from the difference between the sources
of funds (savings (or minus total financing needs) and loans) and the uses of funds
(investment and insurance, pensions and SGS).

TIRH =MNTIR wlL (A139)
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Dy = -TFNy + L% — TIRy (A140)

Government

Fiscal revenue (F'R, A141) is made up of tax revenue, royalties, gross operating surplus
redistributed by NFCs, workers’ social contributions, interest payments on deposit
holdings, and dividends paid by NFCs.

FR=Tr+ Roy+ GOSg + WSC +iP - Dg +ify - DSP + Divpe  (Al41)
Tax collection (T, A142) is divided into five types of taxes.
Tp=T'+TM 4+ 7V 4+ TP 4 TV (A142)

Taxes on income (T, A143) are levied on the wage bill and gross profits of NFCs and
FCs with differential taxes rates.

T! =1l - wL+ 15 -GFp+ 15 -GFp (A143)

Import taxes (T™, A146) are levied at a uniform tax rate on real imports plus a
premium if the reserve ratio of the economy approaches a lower bound. This equation
also aims at stabilising the model in border cases, together with Equation A115.
Reaction curve shows in Figure 8

Tar = oo (1 + 7z tanh(yr,, (Fes,, —res))) (A144)
it = By (Thr — Tar) (A145)
™ =M. IM (A146)

VAT (TV, A147) is levied only on consumer goods at the 7V rate

V.C'[(l—O'Myc)'p +(1+TM)'O'M7C'pW'€N}

v _
T =71 o0

(A147)

The revenue of other taxes on products net of subsidies (77, A148) depends on a
uniform tax rate on final consumption, intermediate and investment goods

C- [(1—01\/1,0)'17 + (1+TM)'O'M70']9W'6N]

TP — P o
p IC- [A—onmc) - p + (1+7M) - orc-p" - eV
T 10
RN (R PR (PSP R
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Taxes on production net of subsidies (7Y, A149) are paid by NFCs and FCs.
T =73 p-YPP 475 .VP (A149)

Royalty collection (Roy, A150) is modelled as a constant fraction 67 of oil and coal
exports.

Roy = 60" - X¢ (A150)

Total government expenditure (Gr, A151) is divided into primary expenditure,
interest payments on public debt and other transfers.

Gr =Gp+ Grp + Og (A151)

Primary expenditures (Gp, A152) consist of final market consumption, the wage
bill, employers’ social contributions, intermediate consumption, public investment and
social transfers paid to households.

Gp = C(;+(1+TW7(;) -wqg - Lg —‘y—plc -ICq —I—pK g+ STq (A152)

The government has a target demand for final consumption goods (CZ, A153) that is
modelled as a constant fraction g ¢ of GDP. As in previous cases, the actual value
of consumption moves towards the target at the speed Sc¢ as presented in (A154).

CL =60 -GDP (A153)
Ce = Bec- (CE-Cg) (A154)
Regarding the determinants of the wage bill, the nominal wage paid by the government
(wg) grows in relation to the labour productivity growth and the inflation rate (A155).

Whereas the level of employment (Lg, A156) is determined as a constant fraction of
the labour force.

G — (wG,O Dy s - P) v (A155)
ap p
L =0c,1 - pop (A156)

We assume a constant technical relation between the real intermediate consumption
(ICq, A157) and employment in the government sector.

ICq =b1c¢ La (A157)
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The government has as a target to invest a constant fraction kg of the capital stock
(A158). This target serves as an attractor for the actual level of investment which
converges at the speed Br¢ (A159) and, simultaneously, determines the dynamics of
the capital stock (A160).

IL = kg - Kg (A158)
I = Bre - (IE - Ic) (A159)
Ko =1 -6 -Ka (A160)

Total social transfers received by households (ST, A161) depend on population and
unemployment dynamics. Of this amount, the government takes over the constant
fraction ¢sr,¢ (A162), while the remaining part is paid by FCs as shown in (A80).

ST = fgo,sT - wr - (pop — L) + 0g1,s7 - wF - pop (A161)
ST =ssr,a - ST (A162)

The government pays interest (Gyp, A163) on domestic currency bonds, FX bonds
and FX loans.

-B, FX
> - B

Gjp:ig-Bg—&—zG gt X e (A163)

L,FX
gFX~eN—|—zG’ - L

As in previous cases, the other transfers (O¢g, A164) of the government is modelled as
a constant fraction of total domestic production.

O¢=vg-p-YPP (A164)

At this point, we define the fiscal deficit (F'D, A165) as the difference between total
expenditures and revenues after taking into account the central bank profits.

FD=Gr—FR-Fep (A165)

Consequently, the total financing needs of the government (T'F'N¢g, A166) are equal
to the fiscal deficit plus the deposits accumulated as cash funds.

TFNg = FD + Dg + DEB + DEX . N (A166)

The government accumulates domestic currency deposits at FCs (A167) and the
central bank (A168) to hold in liquid form a fraction npe and nE% of its total
expenditures, respectively.

D¢ = Bpa - (npG - Gr — Da) (A167)
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DSE = BRE - (n5e - Gr — DEP) (A168)

Similarly, the government accumulates FX deposits (A169) to retain in liquid form a
constant fraction n5% of the stock of FX debt.

DEX = BES - (nhs - (Bg™ + Lg"™) — DEY) (A169)

Domestic currency bonds issuance (Bg, A170) is determined as a residual from the
difference between total financing needs and the currency financing raised from abroad
via bonds and loans. The latter flows will be explained in the next subsection.

Bg=TFNg — BgFX .eN — [gFX . N (A170)

Domestic currency bonds pay the interest rate (iZ, A171), which depends on the
monetary policy rate and a time-varying risk premium (premg). The risk premium
moves gradually towards its target value (premZ, A172) at the speed 5%, (A173).
Lastly, the target premium is modelled as a sigmoid sensitive to the government debt-
to-GDP ratio.

iZ =it + premg (A171)
Pr
T Pr i
preme = ¢gp + (A172)
1+ exp (—¢gr2 . (Bg"ngFXC.;e[I)\/]j_LgFX‘eN ))
preing = 5, - (prems = prema) (A173)

Rest of the World
World real GDP grows (A174) at the constant rate a}y .

World labour productivity (A175) grows at the constant rate ayy .

aw = aw - aw (A175)

In terms of prices, the foreign GDP deflator (p""') and the price index for non-oil and
non-coal exports in FX (p¥') have an inflation rate of o (A176) and apw (ALTT),

respectively. Similarly, the international oil and coal price index (pg/) has an inflation
rate of ay,w (A178).

pV =a,w - p" (A176)

PX = -PX (A177)
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pe = gy -pe (A178)

The current account (CAD, A179) deficit is given by the trade balance and the income
account.

CAD =—(TB+1A) (A179)
The trade balance (T'B, A180) equals exports minus imports.

TB=X—-IM (A180)

The income account (I A, A181) is equal to receipts from remittances, interest on

reserve assets and other transfers minus outflows from interest payments on the bond
holdings of foreign investors, interest payments on FX loans and dividend payments.

N ;FX,R pFX _N , .FX,R pFX _N _ .B, FX FX N
IA=Rem-e” +i,5" -Rep-e" +ig 7 -Rg™ -e" —ig “Bg" " et L

L, FX FX _N _ B FX,W ;FXW N
=g -Lg" " -e” —ig-Bgw — iy - Ly e L.

=i WL EXSW N Divpw — Divgw + Ow (A181)

Remittances (Rem, A182) are modelled as a constant fraction ggas of nominal world
GDP.

Rem = QRE]\/I . GDPW 'pW (A182)

Other transfers of the rest of the world (Ow, A183), as done for the other institutional
sectors, are modelled as a constant fraction of total domestic production.

Ow =vw -p-YPP (A183)

To begin with the description of flows of funds with the rest of the world, FDI (A184)
is assumed to be a constant fraction ¥ 7 of the investment carried out by the firms.

FDI =P pK . I (A184)

»EPT represents the share of FDI allocated into the NFCs sector (A185). This flow
can take the form of greenfield FDI (A186) which adds to the capital stock and non-
greenfield FDI (A187) which is only a source of funding

FDIp =¢EPT . FDI (A185)
FDIE = EPT . FDIy (A186)
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FDIN® = (1 —EPT) - FDIp (A187)

The remaining share (1 — ¢5EPT) of total FDI inflows is allocated into FCs (A188) as
non-greenfield FDI

FDIg = (1—ypP") - FDI (A188)

The stock-flow consistency can be seen in the fact that FDI allows the rest of the word
to accumulate equities against NFCs (A189) and FCs (A190).

EQ» = FDIp (A189)
EQy = FDIy (A190)

We assume that the rest of the world purchases domestic currency bonds (B §W7 A191)
issued by the government on the basis of a constant relation with the trade balance.

Bgw = —ngw - TB (A191)

We also assume that the government tends to seek more currency financing when the
economy faces a stronger balance of payment imbalances as a way to cope with and
ease the external constraint. Precisely, QEX determines the percentage of the trade
deficit that the government is willing to finance through FX public debt operations.
This fraction moves towards its target value (Q(F;X’T7 A192) at the speed Brx,¢ (A193),
which depends positively on the current account deficit as a percentage of GDP.

CAD
OEXT _ Qap - ——r A192
P co + Qa1 GDP (A192)
OFX = frx - (05T - 05) (A199)

Hence, equation (A194) shows the FX bonds issued by the government (ng ), which
are fully purchased by foreign investors. While equation (A195) indicates the FX loans

demanded by the government (LEX), all of which are granted (i.e., no credit rationing)
by foreign banks.

. TB

BgFX = —¢EX. <Q£X . 6N> (A194)
. TB

LgFX = — (1-¢E%) - (ng . eN) (A195)
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To simplify further definitions, equation (A196) shows the total flow of FX loans
supplied by foreign banks (LFX:W) to NFCs, FCs and the government.

; FX,W FX,W FX,W
LEXW = L. + Ly + L, (A196)

Conversely, equation (A197) presents the total accumulation of FX deposits (DF X)
by these three sectors against the rest of the world.

DFX — pEX 4 pEx 4 pkx (A197)

The balance of payments identity is guaranteed by (A198). Basically, it specifies that
the economy will accumulate FX reserve assets when in the balance of payments
inflows exceed outflows, while FX reserve assets will fall in the opposite case.

) TB IA FDI . : : Bg .
RIX = —7 4 S5 4+ T8 4 BFX 4 LgFX 4 AW 4 29IV pix (A198)
e e (& e

In line with the above, the demand for foreign exchange (D¥X, A199) is driven by the
outflows in the current and financial accounts of the balance of payments.

DFX _ IM+ g FX B L. FX LFx_i_ig'Bng

+z
eN

FX,W LFXW FX,W LFXW Divpw  Divpw FX,d

Nt~ T
(A199)

otip +ip

The supply of foreign exchange (S¥X, A200) , on the other hand, is given by the
inflows in the current and financial accounts of the balance of payments.

X
SFX: 7+R€m+OW+ZFXR RCB_’_ZEXR RFX
FDI B .
cb e+ BgPX 4 L g LPAW g S5 QW — REX (A200)

The dynamic of the nominal exchange rate (eN , A201) is driven by the relative excess
demand for foreign exchange. Thus, the exchange rate will increase with an excess FX
demand and it will decrease with an excess FX supply.

FX _ gFX
DS) e (A201)

eNzﬁeN’ ( SFX
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Accordingly, the real exchange rate (ef*, A202), as the ratio of the foreign price index
expressed in domestic currency to the domestic price level.

=P ¢ (A202)

Now, before starting the description of interest rates, it is important to mention that
the country risk premium (rsk, A203) depends on the ratio of imports to FX reserve
assets.

MW &1
P ) (A203)

b (L

In turn, the country risk premium affects the overall premium on FX borrowing
(prempx, A204) that affects the borrowing costs of all the sectors, albeit to different
magnitudes

prempx = gX + (/)fX . (rsk)d)gx (A204)

The interest rate charged by foreign banks to FCs (igx’w, A205) depends on the
international risk-free rate (i) and the overall premium (prempgyx) on FX borrowing.

ig " = iw +prempx (A205)

The interest rate charged by foreign banks to NFCs (i?X’W, A206) also depends on
the international risk-free rate and a multiple QII:X’W greater than one of the overall
premium on FX borrowing. Our assumption departs from the fact that firms are

normally charged with higher borrowing costs in comparison to financial institutions

FXW
i =

tw + g?X’W -prempx (A206)
The interest rates on FX reserve assets held by the central bank (A207) and FCs
(A208) are given by some constant premiums, QgX’R and gggﬁ, over the international
risk-free interest rate, respectively.

R 4 g0 (A207)
icp" =iw + ooy (A208)
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The interest rate on FX government bonds (ig’FX, A209) also depends on the inter-

national risk-free rate and a multiple Cg FX Jower than one of the overall premium on
FX borrowing. This is consistent with the fact that governments set the floor on bor-
rowing costs and, accordingly, are charged with lower interest rates than the private
sector.

BFX iy + CBFX . prempx (A209)

Last but not least, the interest rate on FX government loans (ié’FX, A210) applies

a mark-down (é’FX over the FX bonds rate. We assume this since multilateral and
development banks that typically provide FX loans tend to offer more favourable
borrowing costs vis-a-vis raising currency financing in capital markets.

iLFX = (1 _ CCL;’FX> BTX (A210)

Indicators

. GDP P4.3r capita
perCapita = ————— income
pop-¢e" -p (Nominal)

(A211)

Inflation rate
(Nominal)

(A212)

Foreign
RIz . eN reserves
GDP (Nominal,
%GDP)
(A213)
’ B B;«“X N+ Lg’x ceN 4 L§X7B ceN 4 LI;X,W ceN 4 Lg‘X,tr LeN Foreign. debt
foreignDebt = (Nominal,
GDP %GDP)
(A214)

LA L [EX . N [FXW N | 1d Private debt
it e i ¢ *lu (Nominal,

GDP %GDP)
(A215)

Bg + BFX (N { [FX N 4 [FXy. N BTR Public debt
g g g g (Nominal,

GDP %GDP)
(A216)

inflation = L
D

reserves —

privateDebt =

pubDebt =
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. Ia _pLrpTip F F F
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S1.2 Reaction Curves

Reactions to low reserve ratios
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Fig. 8: Reaction curves for central bank FX intervention and import taxes
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S1.3 Calibration values

S1.3.1 Initial values

Variable Value Meaning

y© 1674.564  Real expected sales (¥*Real*, *Flow*)

v 127.1373  Inventories (*Real*, *Stock*)

ky 2213.68  NFCs’ capital stock (*Real*, *Stock™*)

ke 0 Green capital stock (*Real*, *Stock™)

ik 104.17 NFCs’ investment demand (*Real*, *Flow™)

Ome 0.12 Propensity to import final consumption goods (*Real*, *%*)

Omic 0.095 Propensity to import intermediate consumption goods
(*Real*, *%*)

Omk 0.29 Propensity to import investment goods (*Real*, *%*)

T tr 0.574 Propensity to import transition goods (*Real*, *%*)

Txn 0.0012 Propensity to export non-oil and coal (¥*Real*, *%*)

huc 0.715 Historical unitary cost (*Nominal*, **)

D 1.087 Producer price level (*Nominal*, **)

Wg 11.443 Average wage paid by NFCs (*Nominal*, **)

Dy 82.931  NFCs’ domestic deposits (*Nominal*, *Stock*)

DIX 16.738 NFCs’ FX deposits (*Nominal*, *Stock*)

Lgf 21.544 NFCs’ FX loans with FCs (*Nominal*, *Stock*)

Liw 97.223  NFCs’' FX loans with the Rest of the World (*Nominal*,
*Stock™)

L? 234.187  NFCs’ domestic currency loans (*Nominal*, *Stock*)

Ly 0.348 FCs’ employment level (*Real*, **)

krp 9.9171 FCs’ capital stock (*Real*, *Stock™*)

Wy 47.09 Average wage paid by FCs (*Nominal*, **)

REX 40.273 FCs’ FX reserves (*Nominal*, *Stock*)

DfX 11.718 FCs’ FX deposits (*Nominal*, *Stock*)

Ly~ 69.915  FCs’ FX loans with the Rest of the World (*Nominal*,
*Stock™)

Aq 8.55 Liquidity advances (*Nominal*, *Stock*)

Bab 254.865 Government domestic currency bonds held by FCs (*Nomi-
nal*, *Stock*)

Rq 102.482  Cash plus bank reserves at the Central Bank (*Nominal*,
*Stock*)

OF, 105.95  FCs’ own funds (*Nominal*, *Stock™*)

Ty 1.66 NFCs’ premium on domestic currency loans rate (*Nominal*,
*O %)

™, 0.44049  Households’ premium on domestic currency loans rate (*Nom-
inal*, *%%*)

ip 0.058 Monetary policy rate (¥Nominal*, *%*)

Ch 686.604  Desired households’ consumption (*Nominal*, *Flow*)

krn 368.889  Households’ capital stock (*Real*, *Stock™)
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Variable Value Meaning

Iky, 49.722 Households’ investment demand (*Nominal*, *Flow*)

Dy, 173.869  Households’ domestic deposits (*Nominal*, *Stock*)

LY 198.497  Households’ domestic currency loans (*Nominal*, *Stock*)

I1PS), 506.068  Households’ insurance, pensions and SGS (*Nominal*,
*Stock™)

Lf’i 62.111 Households’ mortgage loans (*Nominal*, *Stock*)

Oin 0.322 Consumption loans to households’ disposable income ratio
(*Nominal*, *%*)

W, 29.596 Average wage paid by the Government (*Nominal*, **)

Ik, 36.683 Government’s investment demand (*Nominal*, *Flow*)

Cy 21.601 Government’s market-consumption (*Nominal*, *Flow*)

krg 498.487  Government’s capital stock (*Real*, *Stock*)

D, 50.705 Government’s domestic currency deposits at FCs (*Nominal*,
*Stock™)

D¢y g 7.943 Government’s domestic currency deposits at the Central Bank
(*Nominal*, *Stock*)

DF* 8.6 Government’s FX deposits (*Nominal*, *Stock*)

B, 338.851  Government domestic currency bonds (*Nominal*, *Stock*)

BfX 147.843  Government FX bonds (*Nominal*, *Stock*)

By 83.986 Government domestic currency bonds held by the Rest of the
World (*Nominal*, *Stock*)

LEX 59.731 Government FX loans (*Nominal*, *Stock*)

L?X“ 0 FX green loans (*Nominal*, *Stock*)

By 0 Domestic green bonds (*Nominal*, *Stock*)

B, 0 Domestic green bonds held by the RoW (*Nominal*, *Stock™*)

Bl 0 Domestic green bonds held by FCs (*Nominal*, *Stock*)

Tgd 0.012 Premium on public domestic bonds rate (¥*Nominal*, *%*)

RFX 171.885  Total FX reserves (*Nominal*, *Stock™*)

DEX 32.2015  Total FX deposits (*Nominal*, *Stock*)

REX 131.612  Central Bank’s FX reserves (*Nominal*, *Stock*)

€n 1.195 Nominal exchange rate (*Nominal*, **)

a 74.45 Domestic labour productivity (*Real*, **)

y 80 Foreign labour productivity (*Real*, **)

Qgr 74.45 Domestic labour productivity in green industries (*Real®, **)

A, gr 80 Foreign labour productivity in green industries (*Real*; *¥*)

Dw 0.951 Foreign imports price level (*Nominal*, **)

Dwz 0.555 Foreign GDP deflator (*Nominal*, *¥*)

PO 4.038 Implied oil and coal price level (*Nominal*, **)

GDP, 88952.636  Foreign real GDP (*Real*, *Flow*)

pop 49.319 Scaled due to population definition

LF, 24.405  Labour force (*Real*, **)

LYe 236.386  Households’ consumption loans (*Nominal*, *Stock™*)

st 0.0232  Short-term external interest rate (¥*Nominal*, *%*)
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Variable Value Meaning

OFX 0.04 Share of public debt issuance in FX (¥*Nominal*, *%*)
xro 19.093 Fossil fuel exports (*Real*, *Flow*)

adj ik, 0 Adjustment parameter for green capital investment
Tm 0.0641 Tariff or import tax rate

NB: All values are rounded to 1e-8 or 1le-4 depending on the value

S1.3.2 Parameter values

Non-financial corporations

Parameter Value Explanation

By 3 Speed of convergence of expected demand

Qy 0.0783 Ratio of desired inventories to expected sales

Bivd 0.1630 Speed of convergence for desired inventory accumulation

Nict 0.4063 Intermediate consumption technical coefficient from NFCs

Ko 0.2 Autonomous parameter in NFCs investment function

K1 0.5 Sensitivity of NFCs investment to real profit rate

Biks 1 Speed of convergence for NFCs investment

Of 0.04 Depreciation rate of NFCs’ capital stock

Ope 0.1297  Linear term in price effect on propensity to import final
consumption goods

OpcNew 1 Size of the shock on the propensity to import final consumption
goods

€1lc 0.7543  Price elasticity for propensity to import final consumption
goods

Oac 0.00025 Linear term in productivity effect on propensity to import final
consumption goods

€9¢ 1.5758  Productivity elasticity for propensity to import final consump-
tion goods

Bome 0.5858  Speed of adjustment for propensity to import final consump-
tion goods

Opic 0.1009  Linear term in price effect on propensity to import intermedi-
ate consumption goods

OpicNew 1 Size of the shock on the propensity to import intermediate
consumption goods

€lic 0.6912  Price elasticity for propensity to import intermediate consump-
tion goods

O aic 0.00085 Linear term in productivity effect on propensity to import
intermediate consumption goods

€9ic 2.0637  Productivity elasticity for propensity to import intermediate
consumption goods

Bomie 0.6411  Speed of adjustment for propensity to import intermediate

consumption goods
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O'pk

OpkNew
€1k
Oak

€2k

Borumi
OmSpeed
Omlnit
Oxnp
€xnl
Oxna
€xn?2
Boren
OxnpNew
OxnSpeed
Oxnlnit
Ko

23

Bhuc

Pp

fcn
Oae
BHmi

wto
wr1
we2

wr3
awf

0.3049

1
0.4454
0.00022

0.241

1.7765
0.3

4
0.0014
0.6
0.00025
1.3745
1

1

0.4

)
0.5914
0.0132
15
0.75
0.0972

0.0057

0.3800

1
0
0.8797
1
0.1642

Linear term in price effect on propensity to import investment
goods

Size of the shock on the propensity to import investment goods
Price elasticity for propensity to import investment goods
Linear term in productivity effect on propensity to import
investment goods

Productivity elasticity for propensity to import investment
goods

Speed of adjustment for propensity to import investment goods
Speed of the shock on propensities to import

Initial period of the shock on propensities to import

Linear term in price effect on the propensity to export

Price elasticity for propensity to export

Linear term in productivity effect on the propensity to export
Productivity elasticity for propensity to export

Speed of adjustment for propensity to export

Size of the shock on the propensity to export

Speed of the shock on the propensity to export

Initial period of the shock on propensities to export
Autonomous parameter in mark-up function

Sensitivity of the mark-up to inventory accumulation

Speed of convergence of historical unitary cost

Speed of convergence of prices

Share of NFCs’ gross operating surplus distributed to House-
holds

Share of NFCs’ gross operating surplus distributed to the
Government

Share of NFCs’ gross operating surplus distributed as mixed
income to Households

Sensitivity of NFCs’” wage curve to productivity

Sensitivity of NFCs’ wage curve to unemployment
Employment rate as reference for wage curve

Sensitivity of NFCs’ wage curve to prices

Share of NFCs’ wage bill paid as social security contributions
to Households

NB: All values are rounded to 1e-3 or 1e-4 depending on the value
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Financial Corporations

Parameter Value Explanation

By 3 Speed of convergence of expected demand

Qy 0.0783  Ratio of desired inventories to expected sales

Bivd 0.1630  Speed of convergence for desired inventory accumulation

Aicf 0.4063 Intermediate consumption technical coefficient from NFCs

K 0.2 Autonomous parameter in NFCs investment function

K1 0.5 Sensitivity of NFCs investment to real profit rate

Bkt 1 Speed of convergence for NFCs investment

g 0.04 Depreciation rate of NFCs’ capital stock

Ope 0.1297  Linear term in price effect on propensity to import final
consumption goods

OpcNew 1 Size of the shock on the propensity to import final consumption
goods

€lc 0.7543  Price elasticity for propensity to import final consumption
goods

Oac 0.00025 Linear term in productivity effect on propensity to import final
consumption goods

€2¢ 1.5758  Productivity elasticity for propensity to import final consump-
tion goods

Bome 0.5858  Speed of adjustment for propensity to import final consump-
tion goods

Opic 0.1009 Linear term in price effect on propensity to import intermedi-
ate consumption goods

OpicNew 1 Size of the shock on the propensity to import intermediate
consumption goods

€lic 0.6912  Price elasticity for propensity to import intermediate consump-
tion goods

Oaic 0.00085 Linear term in productivity effect on propensity to import
intermediate consumption goods

€2ic 2.0637  Productivity elasticity for propensity to import intermediate
consumption goods

Bomie 0.6411 Speed of adjustment for propensity to import intermediate
consumption goods

Opk 0.3049 Linear term in price effect on propensity to import investment
goods

OpkNew 1 Size of the shock on the propensity to import investment goods

€1k 0.4454  Price elasticity for propensity to import investment goods

Oak 0.00022 Linear term in productivity effect on propensity to import
investment goods

€2k 0.241 Productivity elasticity for propensity to import investment
goods

Boe 1.7765 Speed of adjustment for propensity to import investment goods
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OmSpeed
Omlnit
Oxnp
€xnl
Oxna
€xn2
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OxnpNew
OxnSpeed
Oxnlnit
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Bhuc
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Ocn
Oce
BHmi
wro
wf1
wr2
wr3
awf
Qa
Qpop
Low
Liw
LOg

ng

Sf
Nat

Bpt

Tafxt

BDfx
Mifxfb

0.3

4
0.0014
0.6
0.00025
1.3745
1

1

0.4

)
0.5914
0.0132
15
0.75
0.0972

0.0057

0.3800

0.8797
0.1642
0.02
0.005
0.02
1.0956
0.0190
0.8483
0.4610
0.35

0.14

0.04

Speed of the shock on propensities to import

Initial period of the shock on propensities to import

Linear term in price effect on the propensity to export

Price elasticity for propensity to export

Linear term in productivity effect on the propensity to export
Productivity elasticity for propensity to export

Speed of adjustment for propensity to export

Size of the shock on the propensity to export

Speed of the shock on the propensity to export

Initial period of the shock on propensities to export
Autonomous parameter in mark-up function

Sensitivity of the mark-up to inventory accumulation

Speed of convergence of historical unitary cost

Speed of convergence of prices

Share of NFCs’ gross operating surplus distributed to House-
holds

Share of NFCs’ gross operating surplus distributed to the
Government

Share of NFCs’ gross operating surplus distributed as mixed
income to Households

Sensitivity of NFCs’” wage curve to productivity

Sensitivity of NFCs’ wage curve to unemployment
Employment rate as reference for wage curve

Sensitivity of NFCs’ wage curve to prices

Share of NFCs’ wage bill paid as social security contributions
to Households

Productivity growth rate

Labour force growth rate

Autonomous term on NFCs’ dividends distribution towards
the Rest of the World

Sensitivity of dividends distribution to fossil fuel exports
towards the Rest of the World

Autonomous term on NFCs’ dividends distribution towards
the Government

Sensitivity of dividends distribution to fossil fuel exports
towards the Government

Saving rate of NFCs

Share of NFCs’ wage bill used to determine NFCs’ target
domestic deposits

Speed of convergence of NFCs’ domestic deposits

Share of NFCs’ FX loans used to determine NFCs’ target FX
deposits

Speed of convergence of NFCs’ FX deposits

Share of NFCs’ financing needs asked in the form of FX loans
from FCs
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Mextw

ﬂriskFFX
UBFFX

LBFFX
MPFFX
Ly

0.13

30
1.1188
0.0299
0.08
0.08

Share of NFCs’ financing needs asked in the form of FX loans
from the Rest of the World

Elasticity of NFCs’ rationing to country risk

Upper bound for rationing of NFCs’ FX loans

Lower bound for rationing of NFCs’ FX loans

Country risk reference for NFCs rationing

Country risk reference for NFCs rationing

NB: All values are rounded to 1e-8 or 1le-4 depending on the value
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Central Bank

Parameter Name Value Explanation

Lo 0.04852755 Autonomous term for monetary policy rate

L1 2 Linear term for monetary policy rate on inflation
Lo 0.03 Target inflation for policy rate

Bip 0.5 Speed of convergence for monetary policy rate
T fo -0.003146882 Mark-up on official reserves return rate

T fab 0.01935873 Mark-up on FCs reserve return rate

ORfab 0.74 Share of imports to determine FX reserves target

of the Central Bank

NB: All values are rounded to 1e-3 or 1e-4 depending on the value
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Households

Parameter Name Value Explanation

Dsc 0.0159  Social contribution rate on households wage bill

Beon 1 Speed of convergence for Households consump-
tion

Ao -6 Elasticity of marginal propensity to consume to
the real interest rate

Al 0.013 Target real deposit rate in propensity to consume

mpcy B 0.97 Upper bound of the marginal propensity to con-
sume

mpcrp 0.87 Lower bound of the marginal propensity to con-
sume

BLdch 12 Speed of convergence for consumption credit
demand

013 0.127 Share of Households’ investment borrowed

Kho 0.073 Autonomous term in Households’ propensity to
invest

Kh1 0 Sensitivity to the interest rate of Households’
propensity to invest

Kh2 0 Sensitivity to the unemployment rate of House-
holds’ propensity to invest

Brh 1 Speed of convergence for Households’ investment

On 3.2e-06  Depreciation rate of Households’ capital stock

Citr 0.035 Share of Households’ wage bill saved as insurance,

pensions and SGS

NB: All values are rounded to 1e-8 or 1e-4 depending on the value
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Rest of the world

Parameter Value Explanation

ORem 0.0002356  Share of World GDP distributed as remittances

Stdil 0.2 Speed of the shock on the FDI entering the
economy

Sfdi2 1.3 Initial period of the shock on the FDI entering
the economy

Stdis 0.3666 Initial FDI entering the economy as a share of
NFCs investment

Stdid 0.68 New FDI entering the economy as a share of
NFCs investment

Caf 0.7763 Share of FDI towards NFCs

shrgreenFiela  0.4841 Share of NFCs FDI that is greenfield

V1 0.0085 Linear term in country risk premium

Vo 2 Elasticity of country risk to the imports to official

FX reserves ratio
Share of the trade balance

Chbg 0.016 determining the purchase of domestic public
bonds by the Rest of the World

Ben 2.5 Speed of convergence of nominal exchange rate

Biwst 1 Speed of convergence of external short-term inter-
est rate

Qi 0.02 Foreign productivity growth rate

Olgw 0.03 World real GDP growth rate

Olpw 0.03 Foreign inflation rate

apo 0.03 Inflation rate of oil and coal prices

NB: All values are rounded to 1e-3 or 1le-4 depending on the value

Calibration Procedure

The calibration of GEMMES-Colombia involves setting initial conditions and param-
eter values so that the model replicates the average behaviour of empirical time series
in levels and moments. Following [2], initial conditions match observed state variables.
Parameters with available data (e.g., tax rates, productivity growth) are calibrated
by averaging over 2014-2019, while others are estimated using CMA-ES [39] to min-
imise deviations from observed dynamics. Additional parameters, such as the fossil
fuel export decay rate, are calibrated to fit the baseline scenario.

Validation

We propose a two-step validation procedure. First, we assess how GEMMES-Colombia
approximates the moments of historical series, and provide some sense of the per-
formance of the CMA-ES algorithm. We then compare the short-run forecasting
performances of GEMMES against a well-established macroeconometric model used
by the Colombian Economic Ministry [40, 41].
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Historical Validation. We validate GEMMES against the moments of historical data
(2005-2019) at annual and quarterly frequencies, focusing on autocorrelation and
cross-correlation structures of key macroeconomic indicators. All GDP components
are logged, while unemployment and inflation and kept as ratios. We trim the start of
the model simulation (2019-2021) to control for model haggling. In accordance with
common practice, moment matching is performed on the cyclical component of the
filtered data. We use a Hodrick-Prescott filtering [42]. Note that we are aware of the
discussions on the general merits of the Hodrick-Prescott filter compared to other
alternatives, like the procedure proposed by Hamilton [43], which has been favoured in
many studies. Halmilton famously highlighted that the HP procedure was subject to
spurious relationships across variables, while performing badly at endpoints. However,
the literature has highlighted that the Hamilton filter also has important drawbacks,
notably its need for very well-behaved time series. Hodrick [42] notes that it might
notably be unsuited to small datasets or to time series that may fall short of classical
properties, like being generated by classical ARIMA or random walks. Given the small
time-series length on historical data (14 years), the HP procedure might be preferred.
[44] also highlights the superiority of the HP decomposition on aggregate economic
outputs, most of all at a quarterly frequency. Hence, we stick to the HP procedure,
with a smoothing parameter A set to 1600 for quarterly data and to 6.25 for annual
data, as in [45].

Figures 9 and 10 present GEMMES’s performance on annual data. Autocorrela-
tion is generally preserved, with GEMMES showing greater persistence, especially for
investment, likely reflecting the model’s slow adjustment dynamics.

Autocorrelation - Annual
GDP Unemployment Investment

1.0

0.5

Lag
Inflation

1.0 1.0

0.5 0.5
0.0 0.0

-0.5

= = Baseline Simulation —— Historical Data

Fig. 9: Autocorrelation structure — Annual
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Cross-correlation - Annual
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Fig. 10: Cross-correlation structure — Annual

The cross-correlation time structure is also broadly preserved. Performance is some-
what weaker for relationships involving inflation, GDP components, and unemploy-
ment. While the overall structure remains similar, the absence of a Phillips-curve-type
mechanism in the model—which is difficult to identify in Colombian data [46] and
is therefore not included—may limit the model’s ability to reproduce these correla-
tions accurately. It is also possible that, because the model is in continuous time and
calibrated at a short time step, its precision for annual variations is mechanically lower.

This conjecture is verified on quarterly data. Figures 11 and 12 show the moment
structures for quarterly data. The picture is the same as for annual data, with much
more precision on both auto-correlation and cross-correlation. The baseline displays
some temporal shifts with respect to historical behaviour, but these are within ranges
reported by other well-established SFC models [47]. All in all, GEMMES Colombia
matches moments remarkably well, giving confidence in the projections underlying our
MORDM exercise.
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Autocorrelation - Quarterly
GDP Unemployment Investment

= = Baseline Simulation —— Historical Data

Fig. 11: Autocorrelation structure — Quarterly

Cross-correlation - Quarterly
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Fig. 12: Cross-correlation structure — Quarterly

Note that the smoothing parameter could significantly affect our results. For quar-
terly data, we repeated the exercise with two additional A values drawn from [44],
12016 and 18736, which are much more restrictive. With these, correlation structures
are less well-preserved, but the results are still very satisfactory (Figures 13 and 14).
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(a) Autocorrelation structure A = 12016
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(b) Cross-correlation structure A = 12016

Fig. 13: Moment structure — A = 12016

Projection validation

We complement this validation with a projection exercise. More precisely, we compare
GEMMES'’s short-to-medium run projection performances against those provided by
a well-established macroeconometric model of the Colombian economy [40] under the
Ministry’s MFMP (Marco Fiscal Mediano Plazo) process [41]. The latter aims to
provide medium-run projections to guide Colombian policymakers. Results are shown
in Figure 15.
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(a) Autocorrelation structure A = 18736
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(b) Cross-correlation structure A = 18736

Fig. 14: Moment structure — Alternative Smoothing parameters

Projection Comparisons against MFMP

a - Real GDP growth rate (%) b - Unemployment rate (%) ¢ - Trade Balance (% GDP) d - Current account deficit (% GDP)
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Overall, GEMMES exhibits projections in line with it macro econometric coun-
terpart, with relatively more convergence with the MFMP2022. For most indicators,
GEMMES stands between the MFMP2022 and 2023, notably on public finance met-
rics. For monetary indicators like inflation or nominal depreciation, GEMMES yields
similar results to its counterpart. However, GEMMES’ estimates of read growth, unem-
ployment and external constraints are not in line with the MFEMP. For real GDP and
unemployment, this can be explained by GEMMES’s long-run nature, which makes
for slower adjustments — and indeed GEMMES converges in the long run to values
close to the MFMP’s.

Conclusion

In summary, despite inherent limitations in calibration, GEMMES-Colombia achieves
satisfactory validation performance. Given the model’s purpose of long-term prospec-
tive analysis, some deviation from the exact replication of historical moments and
levels is acceptable. In contrast to short-term forecasting exercises, where precise pro-
jections are critical, our focus lies in capturing broad dynamic patterns. While further
improvements to the calibration procedure are under consideration, pursuing an exces-
sively precise fit may constrain the model’s ability to explore dynamics not present
in historical data, thereby narrowing the range of potential trajectories. Moreover,
as emphasised by [48] and [49], the replication of historical moments is not necessar-
ily a robust validation criterion, particularly given the substantial degrees of freedom
available in many economic models, including those achieving high precision.

S2 Additional Methods
S2.1 Clustering method

Clustering was performed on the set of performances with Z-score scaling. Given the
poor performance of linear K-means and the non-normal distribution of performances,
we used kernel clustering. The Laplacian kernel with automated sigma estimation
showed the best results. To choose the best number of clusters, we applied the algo-
rithm for three to six kernels ten times and chose the clustering that exhibited the
highest Calinsky-Harabasz Index [50]. This index is a synthesis of the usual within-
sum of square and Dunn index that respectively measure the density of a clusters
and the ratio of the minimum distance between clusters and the maximum distance
across clusters. The number of minimum and maximum clusters was chosen to avoid
too many clusters and to impose a minimum degree of contrast across policy options
by avoiding a two-way classification. We then post-processed this best cluster by reap-
plying the Laplacian kernel method with the chosen clusters as centres ten times,
and selecting again the clustering that yielded the highest Calinski-Harabasz Index.
This post-processing step allowed us to handle outliers that may have been incorrectly
assigned to a given cluster. Figure 16 shows our best clustering across policy levers in
a 3D scatterplot for our main exercise.
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Fig. 16: Policy space delineation after policy clustering

S2.2 Definition of the cost function

We reproduce Table 1 in the main body of the text that describes our Safe Operating
Space (SOS). This SOS consists of bandwidths. These can first be either static of
dynamic.

Static bandwidths describe policy goals for stationary outcomes, like ratios or rele-
vant growth rates in macroeconomic, like inflation. They can be can be uni-directional
or bi-directional.

Uni-directional bandwidths gather objectives that should only remain below or
above a given threshold. For this proof of concept, these thresholds are largely arbi-
trary, but they would be refined to match relevant decision-makers’ preferences or
actual legal constraints. For instance, we assume that the Colombian Foreign Debt (in
% of GDP) is safe below 40%, and that the country becomes more fragile above this
threshold.

For an objective X, let x4 ;, be the value of the corresponding quantity at time ¢
for state of world ¢ and instrument p. Supposing that X is problematic only from an
upper threshold T onward, let us define the cost Cx ¢ p:
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—y/100(Z2ie) if gy, < T

T

Cx,tip= =
“P 100 <M> otherwise.

x

(A220)

In other words, the cost associated with going beyond the threshold at time ¢ is
expressed as percentage deviation from the threshold. Costs are assumed to be linear
above the threshold to keep values within workable ranges. Conversely, we reward
remaining below the threshold, but only concavely, by applying a square root operator.
This cost could be defined symmetrically for a downward threshold z:

—/100(F2=2) if x> @
(FH2=) iy (A221)

100 (w#) otherwise.

Cxtip =

To compute our total cost metric, we consider:

1 T
Cx.ip= ?/0 Cx 1,5 pdt. (A222)

The average performance over the run as our main cost metric. We purposefully
do not discount to avoid under-weighting late periods.”

For bidirectional bandwidths, we adopt the same approach, but by considering
that, in this case, the economy is safest when it is the farthest away from the band-
width’s boundaries, i.e., closer to the barycenter of the interval. Defining z and T the
lower and upper bounds, we can define

z+T

2
the barycenter of the bandwidths. The cost metric is therefore defined as:

1S3}

100 (552 )  ifag, <o

—/100(F2=2)  if @y, > x and @y, < &

Cxtip= 75_% -
—J100(T5E) if gy > F and @y, < T
100 (%_gi) if 24ip 2.

And taking the average over time as in the above.

Finally, dynamic thresholds are meant to evaluate non-stationary variables, or
variables whose stationarisation does not lend itself to an easy interpretation. In the
problem at hand, per-capita GDP and real consumption fall require a moving SOS.
To do so, we consider the value for both variables at the start of the transition xq, and
apply a constant growth rate gy, defining a reference trajectory z; = (1+ gm)t_toxo.
Costs will be computed as relative deviations from this reference trajectory. The
threshold are downward, and therefore measure the Colombian economy’s ability to
achieve a minimum growth requirement

"Note that the cost metric is capped at 100% upward to ensure that it remains within workable ranges.
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Cx.tip = L
“P 100 (M> otherwise.

This cost is then averaged over time.

Note that we normalise in this case by the length of the bandwidth — dynamic
or static, and costs are expressed as percentages of the bandwidth’s length.® In what
follows, we consider any positive cost metric calculated as above as “overshooting”.
Averaging is on the period 2023-2050, with 2023 the effective thart of the transition
in the model.

|

S2.3 Robustness metric

For this proof of concept, we adopt a rather conservative definition of regret proposed
by [10]. For a given policy in a SOW, regret on an SOS dimension is defined as a
deviation, taken as a Z-score for normalisation purposes, from the best-performing
policy in the SOW. For each SOS dimension, we consider the 90th percentile of the
regret distribution across SOW to enforce a conservative criterion, and we consider
the maximum value of these SOS-dimension-specific 90th percentiles.

Ry = max ¢ Crsi —ming Co g i
seS O'(Ci’s)

The choice of taking a maximand instead of, for instance, an average, is meant
to increase the conservativeness of the metric. Defined as it is, this regret approach
selects policies that will perform acceptably across all SOS dimensions and all SOWs,
without any prior knowledge of the probability of a given SOW occurring.

(A225)

S3 Diagnostics
S3.1 Diagnostics

We develop here a diagnostic of our results by breaking down key macroeconomic
channels. Notably, we explore how our two main causality channels, exchange rate
depreciation and the changes in domestic interest rates, affect our SOS outcomes. We
display these corresponding variables in Figure 19.

Currency depreciation (Panel a) is the largest in the conventional-funding baseline.
The Fiscal Domestic Reliance and Weak Green Funding clusters limit it modestly,
while other clusters exhibit a stronger relative appreciation. This relative appreciation
is attributable to increased foreign borrowing in the “Policy mix” and “Foreign Expo-
sure” clusters, hence leading to more foreign currency entering the country, easing the
tension on the foreign currency market. This lower level of depreciation of the currency
drives import demand higher, which worsens the trade deficit (Panel (b)). Further-
more, it reduces the value of dollar inflows, which is not compensated for by the higher

8This normalisation is equivalent to the one we used for unidirectional bandwidths if we consider that
unidirectional bandwidths are defined implicitly on a (0,z) or (0,Z) interval. Note that for downward
bandwidths, this would require adopting a different, but equivalent cost definition to the one above, by
penalising values within the bandwidth and rewarding values that are outside.
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overall inflow of currency. As a result, the income account also worsens (Panel (c)).
Since the Trade and Income accounts are components of the Current Account Deficit
(CAD), the clusters favouring a stronger currency mechanically exacerbate the CAD.
This deterioration leads to a decline in household employment (Panel (d)), which in
turn reduces consumption and slows GDP growth (Panel (e)). The appreciation also
directly affects per capita GDP in foreign currency growth (Panel (k)).

The appreciation also affects debt emission. As modelled (see Supplementary Mate-
rial S1.1.2, Equation A192), the government responds to the current account deficit
by issuing more foreign debt (Panels (f) and (g)) to secure foreign currency inflows
and limit exchange rate depreciation. However, this also increases interest payments
(Panel (h)) and Total Financing Needs (Panel (i)) in the medium to long run. Further-
more, as public indebtedness increases, the premium on government debt augments
(Panel (o)), leading to higher total financing needs of the government (TFNG), inter-
est payment and, eventually, debt. Note that this goes hand in hand with a reduction
in country risk on private debt (Panel (p)), confirming that the government pays the
cost of a higher peso. As a result, the fiscal deficit and public debt increase, push-
ing also upward total domestic foreign debt upward, as the government emits more
debt in foreign currency. This contrasts with tax-based clusters, which mechanically
decrease financing needs and, therefore, public debt and deficits.

Regarding the decrease in domestic interest rates, the precise causality depends on
the cluster. For debt-based strategies, the effect goes more through currency appre-
ciation. This reduces the total financing needs of banks by making foreign funding
cheaper. This reduces the need for central bank advances and therefore reduces banks’
average funding costs. This effect is increased by the change in the structure of gov-
ernment debt emissions, which is more directed towards foreign investors (Panels (f)
and (g)). For tax-based strategies, the effect is higher simply because overall debt
emission decreases thanks to higher tax proceeds. Average funding costs serving as
the basis for interest rate setting, these RMSs have, in general, the effect of reducing
domestic interest rates (Panel (1), which lowers fragility indicators. These channels are
summarised in Figure 17.

Finally, the effect of tax policies, because they directly affect consumer prices,
have an increasing effect on inflation and depresses real consumption. Mechanically,
strong peso strategies decrease inflation and allow per-capita consumption to recover
by making imports cheaper (Panels (n), (m)). These channels are summarised in Figure
18.

70



Exchange rate

Imports
M Exports v

Value of dollar
inflows v

Green Domestic
Debt

Premium public
debtt

Real GDP v [+

Fig. 17: Causality channels — Tax policies

Consumer price

4

Real GDP v

Real Imports ¥

Exchange Rate

Deficit v

Bank Financing

v
Bond supply NSedal

Domesting rates v

Fig. 18: Causality channels — Tax policies



Deviation from baseline in absolute terms

Diagnostic indicators

Policies are chosen as the best representative of their policy cluster.
The vertical line denotes the starting time of the NDC path.
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S4 Additional results

S4.1 Performances on SOS indicators

We display here the dynamic performances of cluster representatives, both on row
SOS indicators and on SOS costs.

Raw performances (SOS Dimensions)

Policies are chosen as the best representative of their policy cluster.
The vertical line denotes the starting time of the NDC path.
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Fig. 20: Performance on SOS indicators

S4.2 Alternative Regret Measure

In the main body of the text, we focused on a particular definition of Regret, which
considers robust a decision that minimises regret over all possible states of the world:

Ry = max ¢ Crsi —ming Cop s
seS O'(Ci)s)

This definition implies that the policymaker does not hold any prior on future
states of the world. Hence, it is naturally a very conservative metric. Yet, policymakers
do hold priors. In particular, the baseline calibration on which robust candidates were
designed can be considered as having more weight than other possible states of the
world. It can therefore serve as a basis of comparison:

(A226)

73



RY = max @°Crsi — Cé,k,b.
keK O'(Ck)

Where b indicates baseline, and where, unlike for Ry, we scale by the standard

deviation cost performances across all SOWs. Although it is not as homogeneous as the

normalisation of the main regret metric, since we compare performances from different

distributions, this regret metric can still be interpreted as a multiple of the whole-SOW

item-specific standard deviation. This method also has the advantage of controlling for

items with a very low standard deviation in baseline, like reserves.? Again, this choice

is made to retain some comparability across objectives, while allowing for negative
cost performances. We report results in Figure 21.

(A227)
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Fig. 21: Robustness - Regret I

In this case, relevant RMSs belong to the “Foreign Exposure”, “Fiscal Funding”
and “Policy mix” clusters, with the MRP being in the latter cluster — however, given
its positioning, it is most likely on the border between the “Policy mix” and the “Fiscal
Funding” clusters. Compared to the our main regret metric, this Policy Mix measure
exhibits a much higher tax rate (around 80%) and with a close to full foreign exposure
on the residual, which amounts to 20% of the funding. Hence, while it relies more on
taxes, this strategy relinquishes conventional funding. Figure 22 shows that the main
source of regret for this formulation is clearly reserves. While more foreign exposure,
by allowing foreign inflows, can help keep the reserve ratio high, better robustness
performances seem to be achieved by instead preventing strong dollar outflows, which
would occur notably through higher import demand. This is precisely what high-tax
strategies do. By limiting real consumption, they temper the multiplier effect of NDC
funding and therefore limit import demand growth.

As a result, a policymaker with a higher prior on the baseline, and therefore
desirous to remain as close as possible to the baseline’s performances, should consider

9Scaling by the standard deviation across all SOWs did not change the results
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higher tax rates. This suggests that the baseline assumption might be optimistic in
terms of external constraint, and that it would be much higher in other SOWs. A
sensible hedging strategy, in this case, is to limit the overheating coming from NDC
spending.

S4.3 Satisficing

Another way to think about robustness is to measure a policy’s ability to fulfil some
minimum threshold, or at least to maximise the probability to meet said thresholds.
For illustrative purposes, we define a quite restrictive satisficing function as the prob-
ability for an RMS to remain within the SOS across all states of the world. With the
indicator function:

I = H{Chei <0}
Taking the sum, we obtain the ”sustainability value” (SV) of the RMS on SOW i:

(0]



SVi=> I
k

We define this other indicator function:

Sei = 1{SV; = 12}.

We consider the expectation value of this indicator function over all SOWs:

S = % Z Se,is

where N is the size of our sensitivity space.
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Fig. 23: Satisficing performances

Results are displayed in Figure 23. It is obvious that since our criterion is highly
restrictive, its scores are very low. Indeed, we reach no more than a 0.2% chance to
remain within the SOS across our 1,000 sensitivity calibrations. This indicates once
again that the policies we study are at best of second order, and that maximising this
satisficing metric would require much more ambitious and concrete policies. However,
it is interesting to see that a population of RMSs has non-negligibly higher satisficing
performances than others. Strikingly, they are mostly found in clusters that were left
aside in previous studies: Weak green funding and Fiscal Domestic Reliance. These
RMS groups are closer to the conventional funding baseline: low taxes and a modest
to high green loan taking. This suggests that the plain NDC spending could well be
“satisficing” in terms of SOS compliance across SOWs, or at least close to it, and that
a certain level of greenium can favour this SOS compliance. However, the robustness
analysis showed that these strategies were very inferior in terms of robustness. This
finding highlights the trade-off that may exist between maximising SOS compliance
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and allowing for some overshoot to avoid too high SOS variation. In the present case,
given the very low SOS-compliance probabilities, this trade-off is easy to solve, but it
could be more intricate in the presence of other policies.

S4.4 Adding a discount rate
S4.4.1 Cost transformation

We finish our analysis by adding a discount rate p to our cost function. For all costs
defined in SupMats S2.2, we apply the following transformation:

Cx.tip = exp(—pt)Cx i p (A228)

We apply a recent estimate of the social discount rate for Latin American countries.

[52] reports a value of 12% for Colombia. With this adjustment, we reproduce the

same analysis as in the main body of the text. We conserve the time averaging: as a
result, the discount rate simply underweights late periods.

S4.4.2 Results from Borg

Figure 24 shows the outcome of the Borg optimisation and the characterisation of the
policies.

The overall cost profile is similar to the exercise without a discount rate, while
absolute levels are lower due to discounting. Only three clusters are necessary, which
nonetheless span the arbitrages of the main exercise. These results highlight that most
of the effects detected in the main specification belong to the short run, and that
long-run dynamics do not matter much in the characterisation of the qualitative trade-
offs. Note, nonetheless, that fewer policies are chosen, highlighting that the account
of long-run dynamics gives more degrees of freedom in minimising SOS costs as the
unwinding of the NDC investment compensates for short-run losses by bringing the
Colombian economy closer to a steady-state path.

S4.4.3 Regret Analysis

We also provide a regret analysis, using our main regret metric. Results are displayed
in Figure 25.

Results highlight that the MRP is very close to conventional funding. In other
words, prioritising a resilience to short-run development leads to a policy with very
little green funding, very little taxes and very little foreign exposure. This high sen-
sitivity of results to the discount rate is hardly surprising, as it is indeed a common
issue in climate economics and beyond [53]. That RMSs under a high discount rate
be conservative is highly reminiscent of the sensitivity of climate action itself to the
discount rate [54]. RMSs beyond conventional funding do generate short-run costs to
the economy, and they indeed entail fragility over a transitory period. However, in
comparison to the results obtained in our main exercise, policy mixes yield long-run
resilience gains. These results highlight the importance of the temporal nature of our
SOS performances.
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Fig. 24: Resource Mobilisation Strategies - With Discounting. Cluster representatives
were determined by considering the policy closest to the cluster’s centroid,i.e, min-
imising distance to the set of average within-cluster performances.

This directly questions the viability of such high discount rates like the one we
used: with such a number, outcomes beyond 2030 are discounted at more than 70%,
which greatly diminishes their significance. Meanwhile, the low-carbon transition is a
long-run effort, which may call for lower interest rates, closer to 5%, similar to global
market rates [55], or even market rates with a markdown, as it is often done for public
policy projects [56]. Social rates have been notoriously considered as lower than market
rates [57]. Finally, justice dimensions may call for even lower rates [54], or even zero
over finite time spans, like we do in the main exercise.
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Fig. 25: Result of regret analysis - 12% discounting

S4.5 Alternative NDC Trajectories

In our exercise, the NDC investment path is exogenous. Although it was calibrated
to match existing plans [21] reasonably, it is somewhat arbitrary, as other curves
could have been used. We therefore provide robustness results on three other NDC
investment paths. Note that we are aware that MORDM, in principle, is amenable to
differentiated scenarios within the process itself [59]. For clarity, and in the sake of
space, we preferred to stick to parametric uncertainty in our main robustness analysis,
while using differentiated scenarios to assess more clearly how the RMS choice could
be affected by different NDC investment shapes.

S4.5.1 Alternative Shapes

Figure 26 contrasts our NDC curves with our main specification. All these curves were
generated by modulating the parameters ruling the investment curve’s law of motion
in GEMMES under the constraint that the integral of investment should correspond
to 3% of GDP in real term. This process allowed us to iron out three alternative plans.

The alternative plans offer a gradient of transition sharpness. While in our main
exercise we chose a relatively smooth path, the alternative plans show stronger effort
in the short run. Note that we do not change the starting point of the transition, as
we set ourselves in the situation where the decision maker commits to their plan from
today onwards. We display some insights on a delayed transition later on.

In what follows, we proceed as in the main body of the text. First, optimal candi-
dates will be derived from Borg, and then we will assess their robustness properties.
We do not disclose the vulnerability analysis, which showed comparable results to
those of the main exercise.

S4.5.2 Borg Results

Figures 27-29 show that different NDC paths give rise to various clustering patterns,
which, however, do not differ too much from the base case. The most different one,
for the Moderate scenario, retains the clear separation between Foreign Exposure,
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Fig. 26: Alternative NDC paths

Fiscal Funding and domestic debt-based funding, the latter two cases being divided
into two more clear-cut categories in the main exercise. Otherwise, the underlying
arbitrages are very similar across NDC path shapes, with the only changes being on
the magnitude of the SOS-overshoot scores and, mechanically, on the policies’ ability
to remain within the SOS. It confirms that while funding policies can affect scores
somehow, the bulk of the effect transits through the NDC path.

S4.5.3 Regret Analysis

Figures 30-32 show our regret analysis for various transition shapes. Strikingly, the
RMS choice is quite different from our main result with a smoother transition path.
In all cases, a sharper transition, even moderate, calls rather for a maximisation of
foreign exposure and a low tax financing.

This comes first for the overall lower costs to GDP in these trajectories. Indeed, an
ambitious investment pathway in the short run implies significant multiplier effects,
which translate in turn into higher inflation and fragility indices. As a result, arbitrages
across regret dimensions go more in the direction of these metrics, which are minimised
altogether by maximising foreign inflows by the emission of foreign bonds on the
market.

S4.6 Extension of the MORDM Analysis to the alternative
trajectories

Finally, we adopt a different angle by considering the NDC pledge as a source of
uncertainty. To do so, we consider the policies derived from the base NDC path and
run them on the uncertainty space, but with the parameterisation of our alternative
NDC paths. This creates 3,000 additional uncertainty points on which can compute
robustness, either altogether or NDC path by NDC path.
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(b) Performance of RMS candidates.

Fig. 27: Resource Mobilisation Strategies — Moderate NDC Path

S4.6.1 NDC path-wise regret analysis

We first examine the regret properties of our robust candidates across scenarios, i.e,
we do as if the NDC shape changed unexpectedly without the possibility to reconsider
the RMS. This approach bears resemblance to the scenario-based MORDM proposed
by [60]. Results are shown in Figure 33.

Results are close to those of subsection S4.5.1. As soon as a sharper NRD invest-
ment path is implemented, most-bust RMSs move to the ”Foreign Exposure” cluster.
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Fig. 28: Resource Mobilisation Strategies — Sharp NDC Path

Mechanisms are similar: investment pathways introduce important multiplier effects in
the short run, shifting the pressure on inflation and financial fragility. Hedging policies
thus favour a stronger peso. These results suggest that if the policymaker is uncertain
of the pace of its NDC path, notably if they push for more ambition in the short run,
a safer strategy is to increase foreign exposure and use green debt as instruments.
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Fig. 29: Resource Mobilisation Strategies — Very Sharp NDC Path

S4.6.2 All-paths robustness analysis

We close by looking for the least-regret RMS policy while taking NDC investment
paths as uncertainty, i.e, we aggregate all results from sensitivity calibrations across
NDC investment paths and consider the minimum-regret RMS based on our main
metric. This corresponds to a total of 3,900,00 simulations (1000 sensitivity calibra-
tions times 975 policies times 4 pathways — we include the smooth path used in the
main exercise). Results are displayed in Figure 34.
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Fig. 30: Regret performances across RMSs - Moderate Sharpness. Only policies in
the bottom 90% of regret are highlighted.

Results are very close to the above, with the same interpretation.
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