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The E-SFC modelling approach: an overview

o The ecological stock-flow consistent (E-SFC) modelling approach has emerged
as an increasingly prominent tool in ecological macroeconomics.

e E-SFC models combine:

@ the post-Keynesian SFC approach of Godley and Lavoie, which provides a holistic
perspective to the interaction between the real and financial spheres of our economies;
and

@ the ecological economics tradition that goes back to Georgescu-Roegen and
highlights the limits that physical laws and a finite planet pose to macroeconomic
activity.

o This provides a solid modelling framework for analysing ecological
macroeconomic dynamics from a systems point of view.
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The E-SFC modelling approach: an overview

o E-SFC models are characterised by two types of principles:

@ National accounting and physical accounting principles for avoiding
black holes in the modelling of environmental and macroeconomic variables.

@ Post-Keynesian and ecological economics principles for modelling
macrofinancial and ecosystem processes (and their interactions).

o E-SFC models have been increasingly used to analyse green
macroeconomic policies and the effects of climate change on financial
stability, as well as the trade and exchange rate implications of the green
transition (e.g. Dafermos et al., 2017; Bovari et al., 2018; Carnevali et al.,
2019, 2021; Cieplinski et al., 2021; Dunz et al., 2021; D’Alessandro et al.,
2025; Morlin et al., 2025; Yilmaz et al., 2025).

o E-SFC models have also been increasingly used by policymakers around the
world.
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Outline

o Accounting principles for stock-flow consistency

e Principles for modelling macrofinancial and ecosystem processes
© DEFINE-SIMPLE: model development and calibration

@ DEFINE-GOV: model development

@ DEFINE-GLOBAL: land and water

@ Areas for future research
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Outline

o Accounting principles for stock-flow consistency




Accounting principles
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The distinction between monetary and physical stocks and flows

Monetary stocks and flows refer to economic assets and transactions measured in
monetary units (such as dollars, pesos or rupees), while physical stocks and flows
refer to stocks and flows of natural resources measured in physical units, such as
tonnes, joules or cubic metres.

A central feature of the E-SFC approach is that natural resources do not need to
have a price to be taken into account in economic decisions.

Instead, the components of the ecosystems are expressed in physical units — this
makes it easy to identify how human activity might lead to the exceeding of
planetary boundaries and what this implies for social and macrofinancial stability.

Monetary accounting matrices capture monetary stocks and flows, while
physical accounting matrices represent physical stocks and flows.
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Accounting principles
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Accounting principles for modelling monetary stocks and flows

To capture monetary stocks and flows, E-SFC models rely on the following
standard national accounting principles: (i) low consistency; (ii) stock
consistency; (iii) stock-flow consistency; (iv) quadruple entry
principle.

These principles are applied by developing the balance sheet matrix and

the transactions flow matrix.

The balance sheet matrix captures the assets and liabilities of the economy.
Assets are denoted by a plus sign, while liabilities are denoted by a minus sign.

The transactions flow matrix records all the transactions that take place
between the different sectors. For each sector, inflows are denoted by a plus
sign, while outflows are denoted by a minus sign.
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Accounting principles
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Accounting principles for modelling monetary stocks and flows

Balance sheet matrix

Households Firms Commercial banks Total
Deposits +D; -D; 0
Green loans -Lgy + Ly 0
Conventional loans Loy +Ley 0
Green capital + Koy +Kcy
Conventional capital + Koy +Kco
Total (net worth) +D; +Vry 0 + K

Source: Own illustration.
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Accounting principles for modelling monetary stocks and flows

Transactions flow matrix

Households Firms Commercial banks Total
Current Capital Current Capital
Consumption -COy +CO; 0
Green investment +1c e 0
Conventional investment +1cy -Icy 0
Wages +W -Wy 0
Firms’ profits +DP; -TPh, +RP, 0
Banks’ profits +BP, -BP, 0
Interest on deposits +intpDi—1 -intpDy_1 0
Interest on green loans -intgLgi—1 +intgLgi—1 0
Interest on conventional loans -intcLoi—1 +intcLoi—1 0
Change in deposits —AD; +AD; 0
Change in green loans +ALg -ALg 0
Change in conventional loans +ALcy -ALcy 0
Total 0 0 0 0 0 0

Source: Own illustration.
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Accounting principles for modelling physical stocks and flows

o The First Law of Thermodynamics suggests that energy cannot be
created or destroyed when it is transformed during economic processes.

@ The Second Law of Thermodynamics is captured by the fact that
economic processes transform low-entropy energy (e.g. fossil fuels) into
high-entropy dissipated energy (e.g. thermal energy).

@ The Law of Conservation of Mass suggests that in mass transformation
processes, mass cannot be created or destroyed: all the matter that enters the
socio-economic system must either leave it or accumulate within it.

o Living on a finite planet implies that the total surface of the Earth is
physically fixed and, therefore, land cannot be created — it can only be
reallocated between uses.

o In E-SFC models, the physical accounting principles are captured by physical
stock-flow matrices.
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Accounting principles for modelling physical stocks and flows

Physical stock-flow matrix for matter

Carbon content Carbon content Cumulative Material Material Socio-economic Cumulative
of fossil fuel of fossil fuel carbon material material Total
. resources reserves

resources reserves emissions stock waste
Opening stock REScri—1 REVoFi-1 CARBON,_1 RESyy_1 REVyy—1 SEMS; | WASTE, 1 MATTERr
Extracted (non-carbon) matter -M; +M,; 0
Discarded matter -DISC, +DISCy 0
Recycled matter +REC, -REC, 0
Material resources converted into reserves -CONy +CONM 0
Fossil resources converted into res S -CONFy +CONFy 0
Carbon released during 1 combustion -CcomBt +CcomBt 0
Carbon embodied in material goods -Carare +Chatt 0
Closing stock REScr: REVory CARBON; RESwm: REVt SEMS; WASTE; MATTERy

Source: Own illustration.

Note: Matter is measured in gigatonnes
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e Principles for modelling macrofinancial and ecosystem processes
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Modelling principles
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Modelling macrofinancial and ecosystem processes (I)

The accounting matrices provide the skeleton of E-SFC models. This skeleton needs to be
accompanied by equations that capture macrofinancial and ecosystem processes and their
interactions. These equations rrely on the following principles:

@ Money is endogenous and macrofinancial feedback loops play a key role:
Money is endogenously created when banks decide to provide loans to borrowers;
lending can have second-round effects that propagate through the financial system
and the macroeconomy.

@ Economic activity is driven by demand, but is constrained by the supply
side: As long as the economy operates below potential output, an increase in demand
can increase economic activity. When demand-determined output approaches
potential output, inflation can arise, demand can be rationed or imports can increase.
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Modelling principles
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Modelling macrofinancial and ecosystem processes (II)

@ Demand affects supply and hysteresis plays a key role: Higher demand that
increases investment can stimulate labour and capital productivity or improve
material/energy efficiency and the use of renewables — when it is green. This makes
long-run outcomes path-dependent.

@ Agents take decisions in a world of fundamental uncertainty: Agents do not
take decisions based on rational expectations. Instead, they rely on some form of
adaptive expectations and might set targets (e.g. about their profitability,
indebtedness or inventories) and take action to achieve such targets.

@ There is limited substitutability of natural resources in the production
process: Energy, matter, water, land and other natural resources can only be
replaced by workers and human-made capital up to specific limits. The
macroeconomy works as an open system within the closed ecosystem of the planet.
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Modelling principles
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Modelling macrofinancial and ecosystem processes (III)

@ The economy affects the ecosystem through depletion and degradation
channels: Producing more goods requires more physical resources such as energy,
materials, water and land. As a result, the quantity and the quality of these resources
might be adversely affected.

@ Physical stocks affect the macrofinancial system through several non-linear
channels: For example, global warming increases the severity and frequency of
hurricanes that can destroy capital stock; the accumulation of hazardous waste can
adversely affect the health of people and their ability to work; a reduction in material
reserves (e.g. lithium, which is needed for electric batteries) might increase inflation.

@ Environmental effects can be exacerbated through ecosystem interactions:
For example, global warming affects freshwater availability and deforestation; and
deforestation can accelerate global warming and reduce groundwater stocks. E-SFC
models are increasingly capturing these ecosystem interactions.
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© DEFINE-SIMPLE: model development and calibration
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The DEFINE modelling framework

Three categories of DEFINE (Dynamic
Ecosystem-FINance-Economy) models:

@ The DEFINE-GLOBAL model, which is a large-scale model
for the global economy and the global ecosystem (e.g. Dafermos S mmEEee
et al., 2017, 2018; Dafermos and Nikolaidi, 2021, 2022).

@ Country-specific DEFINE models, which are large-scale
models whose structure reflects the features of specific economies
(DEFINE-UK, DEFINE-ALBANTIA and
DEFINE-PHILIPPINES) (e.g. George and Dafermos, 2026). =

@ Simplified DEFINE models, which are small-scale or
medium-scale models that focus on specific elements of the
economy or the ecosystem, assuming away interactions with
other elements (e.g. DEFINE-MATTER, DEFINE-CLIMATE,
DEFINE-WATER, DEFINE-LAND, DEFINE-HOUSING) (e.g.
Kokbudak and Nikolaidi, 2026).

www.define-model.org

Y. Dafermos, M. Nikolaidi SFC modelli nd ecological macroeconomics 19 / 78


http://www.define-model.org/

DEFINE-SIMPLE

00@00000000000000000000

DEFINE-SIMPLE: key features

@ The steps for developing and calibrating a simple .
E-SFC model will be illustrated by using = -
DEFINE-SIMPLE. DEFINE-SIMPLE

o DEFINE-SIMPLE is a simplified model that
incorporates green investment and emissions in an
SFC structure.

@ The model assumes that a proportion of total private
investment is green and that a part of bank loans is

used to finance this type of investment. An increase in www.define-
the proportion of green capital to conventional capital model.org/define-
leads to a decline in carbon intensity. simple/
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DEFINE-SIMPLE
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Steps in developing an SFC model

o Step 1: Identify the accounting structure of the model.

o Step 2: Specify the identities that stem from the accounting structure of the
model.

e Step 3: Specify the rest of the equations (these include (i) behavioural and
process equations that capture the economic behaviour of agents and
institutional sectors as well as economic and ecological processes and (ii)
definitional equations that reflect definitions, such as those that define
disposable income, the wage share or the connection between water intensity,
water use and economic activity).

o Step 4: Compile the complete model by collecting all the equations.
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Step 1: Identify the accounting structure of the model

DEFINE-SIMPLE has the following structure:

@ There are three sectors: firms, commercial banks and households.

o Firms undertake green and conventional investment by using retained profits
and (green and conventional) loans. A part of firms’ profits is distributed to
households.

o Commercial banks provide firm loans by creating deposits. Banks
distribute all their profits to households.

o Households accumulate savings in the form of deposits.

o Green investment affects carbon intensity. For a given carbon intensity, an
increase in economic activity leads to an increase in emissions.
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Step 1: Identify the accounting structure of the model

Balance sheet matrix

Households Firms Commercial banks Total
Deposits +D; -D; 0
Green loans -Lgy + Ly 0
Conventional loans Loy +Ley 0
Green capital + Koy +Kcy
Conventional capital + Koy +Kco
Total (net worth) +D; +Vry 0 + K

Source: Own illustration.

Y. Dafermos, M. Nikolaidi
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Step 1: Identify the accounting structure of the model

Transactions flow matrix

Households Firms Commercial banks Total
Current Capital Current Capital
Consumption -COy +CO; 0
Green investment +1c e 0
Conventional investment +1cy -Icy 0
Wages +W -Wy 0
Firms’ profits +DP; -TPh, +RP, 0
Banks’ profits +BP, -BP, 0
Interest on deposits +intpDi—1 -intpDy_1 0
Interest on green loans -intgLgi—1 +intgLgi—1 0
Interest on conventional loans -intcLoi—1 +intcLoi—1 0
Change in deposits —AD; +AD; 0
Change in green loans +ALg -ALg 0
Change in conventional loans +ALcy -ALcy 0
Total 0 0 0 0 0 0

Source: Own illustration.
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Step 2: Specify the identities that stem from the accounting structure
of the model

Deposits: Dy = Dy 1 4+ Yy — COy

Total profits of firms:

TPt =Y;—Wi—intcLoi—1—intgLgt—1
Conventional loans: Loy =
Lot—1+Icit+Igi—RPt—(Lgt—Lae—1)
Profits of banks: BP; =

intgLgi—1 +intcLot—1 —intpDy_q
Deposits: Dyeq¢ = Lt

Distributed profits: DP; = TPy — RPy
Output: Yy = COy¢ + Iy

Conventional investment: Icy = It — Igy

Disposable income of households:
Yt = Wi+ DPy + BPy +intpDy_1

Total loans: Ly = Loy + Lat

Transactions flow matrix

Households Firms Commercial banks Total
Current  Capital Current Capital
Consumption -COy +COy 0
Green investment +lat e 0
Conventional investment +loy -Iey 0
Wages +Wy -Wy 0
Firms’ profits +DP, -TP; +RP; 0
Banks’ profits +BP, -BP, 0
Interest on deposits +intpDi—y ~intpDy_y 0
Interest on green loans -intgLgi—1 +intgLgi—1 0
Interest on conventional loans -int¢Loi—1 +intcLoi-1 0
Change in deposits —AD, +AD; 0
Change in green loans +ALgt -ALgt 0
Change in conventional loans +ALcy -ALcy 0
Total 0 0 0 0 0 0

Source: Own illustration.
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Step 2: Specify the identities that stem from the accounting structure

of the model

@ Capital stock:
Kt = Kot + Kat

Y. Dafermos, M. Nikolaidi

Balance sheet matrix

Households Firms Commercial banks Total

Deposits +Dy -Dy 0
Green loans -Lay +Lat 0
Conventional loans -Ley +Leoy 0
Green capital + Ky +Keat
Conventional capital + Koy + Ky
Total (net worth) +Dy +Viy 0 +K;

Source: Own illustration.
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Step 3: Specify the rest of the equations

o
o
o
]
"]
(]
o
o
o
"]
]
o

Consumption expenditures: C'O; Green capital stock: Kg¢
Wage income: W;

Deposits (identity): Dy

Total profits of firms (identity): T P;
Retained profits: RP;

Distributed profits (identity): DP;

Rate of profit: r,

Conventional capital stock: K¢
Loans (identity): L

Green loans: Lg¢

Conventional loans (identity): Lcy
Profits of banks (identity): BP;
Fossil CO2 emissions: EMISp,
Investment: I, Carbon intensity: C'I;
Green investment: /¢y Potential output: Yp,
Share of green investment: [, Capacity utilisation: wu,
Conventional investment (identity): Icy

Capital stock (identity): K

Growth rate of output: gy

®© © 6 6 6 6 6 6 0 6 0 o

Leverage ratio: lev,

Y. Dafermos, M. Nikolaidi SFC modelli
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Step 3: Specify the rest of the equations

Consumption expenditures: COy = c1Yg—1 + coDy—1

Wage income: Wy = syYsy
Retained profits: RP; = spT P,

(]

e Investment: I = (ap + a17ry—1) Ky
e Rate of profit: r, = TP,/ K,

where Yp;: disposable income, D;: deposits, Y;: output, T'FP;: total profits of firms,
K;: capital stock

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Step 3: Specify the rest of the equations

o Green investment: I = B¢l

Share of green investment in total investment: 5, = Sy — (1 (intg — intc)
o Green capital stock: Kgt = Kgr—1 + ot

o Conventional capital stock: Koy = Koyr—1 + It

o Green loans: Loy = Lai—1 + Ige — BeRP;

where I;: investment , intq: interest rate on green loans, intc: interest rate on
conventional loans, I-;: conventional investment, RP; retained profits of firms

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Step 3: Specify the rest of the equations

Emissions:
o Fossil COy emissions: EM ISy = C1Y;
CImax - CImin

e Carbon intensity: Cl; = Clyi, +
ML (Kgie [ K1) fecr)te

Auxiliary equations:

o Potential output: Yp; = vK;

Capacity utilisation: u; = Y;/Ypy
e Growth rate of output: gy = (Vi — Yi—1) /Yi1
e Leverage ratio: lev; = L/ Ky

where Y;: output, Kgs: green capital stock, K¢y: conventional capital stock, K;y:
capital stock, L;: firms’ loans
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Step 4: Collect all equations

o The equations of DEFINE-SIMPLE are available on the DEFINE model’s
website (https://define-model.org/define-simple/).

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Steps in calibrating an SFC model

o Step 1: Specify the initial-period equations

Step 2: Determine model-constrained variables and parameters

Step 3: Verify stock-flow consistency

Step 4: Calibrate/estimate the rest of the parameters

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Step 1: Specify the initial-period equations

@ To derive the initial-period equations, we should address the fact that some variables
are lagged in the model and, if we start running the model in period ¢t = 1, we will
not have values for these variables in period ¢ = 0.

@ To deal with that, we take into account that for each variable z; we have
xy=x¢—1(14g.¢) where g, is the growth rate of this variable in period ¢. Therefore,
i 1= ¢/ (14Gat)-

o Writing this equation for t = 1, we get z1—o=xt=1/(1+gzt=1). The latter formula
should therefore be used for all variables that have a lag in the equations of the
model.

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Step 1: Specify the initial-period equations

Tt=1

We should replace every lagged variable z;_; with ;-0 = ———
1+ Jxt=1

. For example:
Consumption (Eq. 10):

Yri—1 Dy

Co
1+ 9y Hi=1 1+ gpi=1

COy =1 Ypui—1 + 2Dy = COi=1 =1

Investment (Eq. 12):

Ki—q

I = (a0 + aar) K1 = Lim1 = (g + alrtzl)m
t=

Leverage (Eq. 26): no lagged variables, so no adjustment is needed:

levy = Lt/Kt = levy—1 = Ltzl/Ktzl

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Question for discussion

Suppose that we have the following simple macro model:

th - COt + It
CO; =cYi
I = a K
You are given the following:
Output (Y;=1) £100  Growth rate of output (gy) 2%
Consumption (CO¢=1) £60 Propensity to consume (c) 0.75
Investment (I;—1) £20 Autonomous investment () 0.03

Capital stock (Ky;=1)  £1000 Capital stock growth (gx) 2%

Question: (a) Derive the initial-period equations, (b) Can all these values be used

for the initialisation of the model? If not, which values would you use?
Y. Dafermos, M. Nikolaidi
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Step 2: Determine model-constrained variables and parameters

Start: list all unknown model-
constrained variables and parameters

|

Q1 (main loop)
For each remaining unknown: is there exactly
one initial-period equation that can solve for it?

If yes: solve it. If no: next unknown.

yes: restart QI
l, with updated
5 oD B 3 Vo list
| Was any unknown identified in this round? r ——————— !

\no

[ No progress: move to Q2—-Q4 (next slide) ]

Source: Own illustration.

C modelli
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'mine model-constrained variables and parameters

solved one: restart
Q1 (previous slide)

Q2 (param_et‘er tightness) ; Solve through ;
For each remaining parameter, is yes»f T U T TR b A
|

|

|

|

|

: h i
there any fully-resolvable equation? that equation

T
no
Y

Q3 (variable tightness)
For each remaining variable, is L yes| Solve through |
there any fully-resolvable equa- that equation f

tion? Fewest RHS variables wins
no
v
Q4 (block solver) -
Closed sub-system of V' - yes>| Selive mumenEEly | R

Newton—-Raph
equations in N unknowns? (e R )

T
no
Y
[ End: report which equations were left ]

over: under-identified or over-identified

Source: Own illustration.




DEFINE-SIMPLE
00000000000000000000e00

Step 2: Determine model-constrained variables and parameters

Each initial-period equation is solved for one variable or parameter, which thereby
becomes model-constrained. For example:

Consumption (Eq. 10): solved for the propensity to consume c;:
Y- Dy— CO=1 —c2 Di—1/(1 -
Ht=1 cy t=1 — = t=1 — c2 Di=1/(1 + gpi=1)
L+ gy Ht=1 1+ gpt=1 Yai=1/(1 + gy Ht=1)
Investment (Eq. 12): solved for the autonomous component «oy:

Ki—q o = Ii—
1+ gki=1 Ki—1/(1+ gxi=1)

Leverage (Eq. 26): determines lev;—; directly, so no rearrangement is needed:

COi=1 =1

Ii—1 = (oo + ouri=1) — iri=1

levie) = Li—1/Ki=1 = levi=) = Li=1 /K=

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Step 3: Verify stock-flow consistency

@ In order for your model to be consistent you need to ensure that:

@ the identities from the transactions flow matrix and balance sheet matrix are
correctly written;

@ in the initial period all the stocks in the model satisfy the restrictions of the
balance sheet matrix;

@ the adding-up constraints are satisfied (if your model includes portfolio
allocation).

@ In the numerical simulations, consistency is checked by verifying that the
redundant equation is satisfied.

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Step 4: Calibrate/estimate the rest of the parameters and initial values

The values of the rest of the parameters are specified using:

e estimates that rely on econometrics or other methods (e.g. simulated method
of moments);

@ use of values from real-world data;
@ use of values from other studies;
o values that allow us to derive the baseline scenario;

@ values from a reasonable range of values.

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics 40 / 78
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@ DEFINE-GOV: model development
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DEFINE-GOV: key features

o DEFINE-GOV extends DEFINE-SIMPLE by introducing a government
sector that collects taxes (including carbon taxes), provides green subsidies
and undertakes consumption expenditures. This allows the analysis of specific
green fiscal policies.

o DEFINE-GOV consists of four sectors: firms, households, banks and the
government.

o Compared to DEFINE-SIMPLE, firms’ share of green investment in total
investment is not only affected by the difference between the interest rate on
green loans and conventional loans. It is also a positive function of carbon
taxes and green subsidies.

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Step 1: Identify the accounting structure of the model

Government
securities are
held by
households
(SECH:) and

commercial

banks (SECp;).

Balance sheet matrix

Households Firms Commercial banks Government Total
Deposits +Dy -Dy 0
Green loans -Lgy +Lay 0
Conventional loans -L¢y +Lcy 0
Green capital +Kegt +Kay
Conventional capital +Kcoy +Kcy
Government securities +SECH: +SECE -SEC, 0
Total (net worth) +Vie +Viy 0 -SEC; +K;

Source: Own illustration.

SFC model
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Step 1: Identify the accounting structure of the mod

The government
pays interest on

Transactions flow matrix

government
Households Firms Commercial banks Government Total

securities, i i i Current Capital Current Capital
Private consumption expenditures -COprrt +COprrt 0
Government consumption expenditures +COcon -COgov 0
undert akes Green investment + Iy 0
. Conventional investment +Ict -l 0
consumption Wages W W 0
. Green subsidies +SUB, SUB, 0
spending and Taxes TAX, Xp-TAXcy LTAX, 0
. Firms’ profits +DP; -TP; +RP, 0
prov1des green Banks’ profits +BP, -BP, 0
Interest on deposits tintpDi_y -intpDy_y 0
A H Interest on green loans -intgLai-1 +intgLai-1 0
SUbSIdleS * Interest on conventional loans -intcLei—1 +intcLoi—1 0
Interest on government securities intsSEC— FintsSECE -intsSEC, 0
It also collects Chonge T deposts Ap, a5 7
Change in green loans +ALg “ALg 0
taxes fI‘Ol’Il Change in conventional loans +ALcy “ALcy 0
Change in government securities -ASECH, -ASECp; +ASEC; 0
firms and Total 0 0 0 0 0 0 0

households.

Source: Own illustration.
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Step 2: Specify the identities that stem from the accounting structure
of the model

Households

@ Deposits: Dy = Dy_1 + Yire — Transactions flow matrix
COpRrrt — (SEChy — SECpH¢_1)

@ Gross disposable income of
households: Yygs = Wy + DPp +

. . FHouseholds Firms [ fal banks Government _Total

BPy +intpDy_1 +intgSECH: 1 Curront _ Capital Current Capital

Private consumption expenditures COrmn FCOrnn 0

@ Net disposable income of Govern onsumption expenditures Ocovt _COsov 0

.. _ _ Green investment e T 0

households: Yt =Ygt — TAXmy Conventional investment o -Iot 0

: Wages I W, 0

Flrms Green subsidies SUB; SUB; 0

i\ TAXy. TAXp-TAXcy TAX; 0

@ Output: Firms’ profits +DP, TP, +RP, 0

Yt =COpRrrt + It + COgove Banks’ profits +BP, -BP, 0

Interest on deposits +intpDy-y <intpDy-1 0

@ Total gross profits of firms: TPg; = on green loans -intGLaGi-1 +intgLei-1 0

_ o . on conventional loans “inteLet FinteLey 0

Yi =Wy —intcLoi—1 —intgLge—1 Interest on government securiie intsSEC T WsSECLL 0

Change in deposits -AD, TAD, 0

@ Total net profits of firms: TPy = Change in green loans +ALs, “ALg, 0

TPgy — TAXpy — TAX oy + SUB, Change in conventional loans +ALey ALcy 0

Gt Ft ct Change i government securitics ASECH “ASECH: FASEC 0

@ Conventional loans: Total 0 0 0 0 0 0 0

Lot =Lot—1+Ict + 1y — RPy — Source: Own llustration.
(Lgt — Lat—1)

, M. Nikolaidi
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Step 2: Specify the identities that stem from the accounting structure
of the model

Banks

@ Profits of banks:
BP; = intcLcot—1 +intgLgr—1 +
intsSECpBy_1 —intpDy_q

Transactions flow matrix

Houscholds Firms C fal banks Total
. Current ___ Capital Current Capital
@ Government securities held by e 7 o e s e
rivate consumption expenditures ~COprit +COprit 0
banks: SECpy = D¢ — Lgy — Loy ernment consumption expenditures COGov COcor 0
en investment +lar It 0
Government Conventional investment ey ey 0
W W W 0
@ Government securities: SUB, -SUB, 0
SECy = SECy_1 +intgSECy_1 — ';})\P‘ "‘\‘T'P"\" rP, TAX: :"
0 TP, 0
TAX: + SUBt 4+ COgovi +BP, -BP, 0
. . tintpDy_1 -intpDi—1 0
Horizontal constraints -intgLoe +intgLai-1 0
o t on conventional loans -intcLei +inte Lo 0
@ Distributed profits: st on government securities ntsSEC) ntsSECp, -intsSEC 0
DP, = TP, — RP; Change in deposits -AD; FAD; 0
t 4 Change in green loans +ALg -ALg 0
+ALcy -ALct 0
@ Government securities held by < -ASECy -ASECp +ASEC, 0
banks (redundant identity): Total 0 0 0 0 0 0 0

SECRBredqt = SECt — SEC, Source: Own llustration.

FC modelli nd ecological macro
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Step 2: Specify the identities that stem from the accounting structure
of the model

Balance sheet matrix

Households Firms Commercial banks Government Total
@ Wealth of households: Deposits +Dy -Dy 0
Vae = SECH: + Dy Green loans -Let +Leyt 0
@ Capital stock: Conventional loans -L¢y +Loy 0
K¢ =Kot + Kge Green capital +Ka +Kat
Conventional capital +Kcy +Kcy
Government securities +SECH, +SECE; -SEC 0
Total (net worth) +Vhe +Vie 0 -SEC +K;

Source: Own illustration.

SFC modelli nd ecologica onomics
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Step 3: Specify the rest of the equations

Firms
e Investment: I = (ap + a17r4—1) Ky
o Green investment: Ig; = Bily
@ Share of green investment in total investment:
Bt = Bo — Bilintg —intc) + Patucfi—1 + Bsgovsus
e Total unit cost of producing fossil energy: tucf, = pucf + Tow

o Green capital stock: Kg = Kagi—1 + I

where r;: rate of profit, K;: capital stock, intq: interest rate on green loans, intc: interest rate
on conventional loans, govsyp: green subsidy rate, pucf: unit cost of producing fossil energy
without taxes (USD trillion/EJ), 7¢: carbon tax (USD trillion/GtCO2), w: CO2 intensity of fossil
energy (GtCO2/EJ)

Y. Dafermos, M. Nikolaidi SFC modelli nd ecological macroeconomics
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Step 3: Specify the rest of the equations

Government

e Government consumption expenditures: COgov = goveYi—1
@ Green government subsidies: SUB; = govsyplgi—1

Taxes on households’ disposable income: TAX g = Ty YyGi—1

o Taxes on firms’ profits: TAXpy = 7T Pgi—1

@ Revenues from carbon taxes: TAX¢c: = 7o EM1Sp: 1

where Y;: output, govc: share of government expenditure in output, govsyp: green subsidy rate,
Igt: green investment, 7h: household income tax rate, Yug:: gross disposable income, 7p: firm
income tax rate, T Pgy: gross profits of firms, 7¢: carbon tax (USD trillion/GtCOz), EMISFy:
fossil emissions (GtCOz2)

Y. Dafermos, M. Nikolaidi SFC modelli
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Step 3: Specify the rest of the equations

Households
e Private consumption expenditures: COpgrrs = ¢1 Y1 + coVie—1
e Government securities held by households: SECH: = AVi—1
e Government securities-to-GDP ratio: SECy; = SEC:/Y;

where Yg:: net disposable income, Vi¢: wealth of households, c1: propensity to consume out of
income, ca: propensity to consume out of wealth, A: share of household wealth held in government
securities, SEC}: government securities

Y. Dafermos, M. Nikolaidi SFC modelli
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Step 3: Specify the rest of the equations

Emissions
@ Fossil COy emissions: EMISp; = CI1,Y;
Clnax — Clnin
1+ (Kgt—1/Kci-1)/cor) e’

where Y;: output, K¢+ green capital stock, Kc+: conventional capital stock

o Carbon intensity: CI; = Cly, +

Y. Dafermos, M. Nikolaidi SFC modelli nd ecological macroeconomics
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Step 4: Collect all equations

o The equations of DEFINE-GOV are available on the DEFINE model’s website
(https://define-model.org/define-gov/).

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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NGFS scenarios framework in Phase IV

Disorderly Too little, too late

High

The NGF'S scenarios have been
developed by the central banking
community to explore different levels of
transition and physical risks depending
on what climate policies might be
implemented in the coming decades.

They include: et Zera
. 2050 Below
@ Three orderly scenarios (15°0) S

Fragmented
World

Transition risks

Current
Palicies

@ One disorderly scenario

Low
Demand

e Two hot house world scenarios

Hot house world

Low

Orderly

<4

Low Physical risks High

Source: NGFS (2023)

modellir



https://www.ngfs.net/sites/default/files/medias/documents/ngfs_climate_scenarios_for_central_banks_and_supervisors_phase_iv.pdf
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Orderly scenarios assume climate NGFS scenarios framework in Phase IV

policies are introduced early and become
gradually more stringent. Both physical
and transition risks are relatively
subdued.

@ The Net Zero 2050 scenario limits
global warming to 1.4°C through
stringent climate policies and
innovation, reaching global net zero Net Zero

- 2050 Below
CO2 emissions around 2050. (15°0) 20

Disorderly Too little, too late

High

Fragmented
Waorld

Transition risks

NDCs

e The Below 2°C scenario gradually Polices
increases the stringency of climate

policies, limiting global warming to 7
1 6oC Low Physical risks High

Low
Demand

Hot house world

Low

Source: NGFS (2023).

modellir
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Global Yearly CO, Emissions

Shadow Carbon Price
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https://www.ngfs.net/sites/default/files/medias/documents/ngfs_climate_scenarios_for_central_banks_and_supervisors_phase_iv.pdf
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Transmission channels of an increase in carbon taxes in DEFINE-GOV

Leverage ratio

| Firms’ profits | I

/ S

Carbon tax 1 Investment | |
\ Government
Tax revenues 1 I debt-to-
GDP ratio ?

Source: Own illustration.

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Outline

DEFINE-GLOBAL: land and water
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DEFINE-GLOBAL: structure

DEFINE-WATER

DEFINE-MATTER

Resers Carbon content of sl e Carbon content of o resrves
— Wetlands Cultive carbon enissions Material resouree
— = Material rocrves Socio-cconomic material stock
Aumosphere || Polhted water Comnlative materal wast
onomic activity ‘ {‘“N"“'”” Economic activity 1 }\W. o vaste
green capital green capital

DEFINE-ECONOMY

Firms Financial system

Net worth Conv. capital Conv. capita Deposi
a Green capital Advances
Net worth,

Comv. capital | Gov. securities Conv. capital || Conv. loans High-powered woncy
Green capital Net worth Greou capital | Gren loans Net worth,
Conv. bon
Green bonds

Food production

Agricultural land
and population

and timber

Economic activity

Economic activity
Damages areen capital Energy

DEFINE-CLIMATE

Comlative enissons

DEFINE-LAND
Natural forest || Planted forest

Land emissions

Energy emissions

Crop & pasturclnd yields Temperature

Built-up area || Other land

Direct nonfossl energy consumption

Biofuels

Own illustration.
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DEFINE-GLOBAL: the economy modul

DEFINE-ECONOMY

Firms

Financial system

Deposits Net worth Conv. capital Conv. loans Conv. capital Conv. loans Conv. loans Deposits
Durable goods Green capital Green loans Green capital Green loans Green loans Advances
Conv. bonds Conv. bonds Conv. bonds High-powered money Net worth
Green bonds Green bonds Green bonds Gov. securities
Gov. securities

Net worth Net worth

her

Conv. capital | Gov. securities Conv. capital Conv. loans Conv. capital Conv. loans

Conv. bonds | High-powered money
Green capital

Net worth Green capital Green loans Green capital Green loans Green bonds Net worth
Conv. bonds Conv. bonds Gov. securities
Green bonds Green bonds Advances
Net worth Net worth

Source: Own illustration.
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The physical stock-flow matrix for land shows conversion (physical flows) among
different types of land areas (physical stocks).

Physical stock-flow matrix, land

Natural Planted Cropland Pastureland  Built-up area Other land  Total
forest forest
Opening stock FORNt—1 FORp(—, CROP,_, PAST,_, BUILT:—, OTHERL;-, LANDr
Deforestation for cropland “DEFORc: +DEFORc, 0
Deforestation for pastureland -DEFORp; +DEFORp, 0
Deforestation for other land -DEFORo; +DEFORp; 0
Deforestation for built-up arca -DEFORp +DEFORp, 0
Cropland reforestation/afforestation +REFOR¢;  -REFORc: 0
Pastureland reforestation /afforestation +REFORp; -REFORp, 0
Cropland regenerated into natural forest +REGENc, -REGENc, 0
Pastureland regenerated into natural forest +REGENp, -REGENp, 0
Planted forest regenerated into natural forest +REGENpp; -REGENpp; 0
Other land regenerated into natural forest -REGENo; 0
Net conversion of natural forest to planted forest +CONVNPFt 0
Net conversion of pastureland to cropland +CONVpoy  -CONVpcy 0
Net conversion of pastureland to built-up area -CONVpp, 0
Net conversion of cropland to built-up area -CONVepe 0
Net conversion of other land to cropland +CONVocr -CONVocr 0
Net conversion of other land to pastureland +CONVopy -CONVop, 0
Closing stock FORy¢ FORp, CROP; PAST: BUILT, OTHERL, LANDr

Source: Own illustration.

The table captures annual global stocks and flows. Land is measured an million hectares.
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DEFINE-WATER: physical stock-flow matrix

The physical stock-flow matrix for water shows the flow of water between available
and unavailable water stocks.

Physical stock-flow matrix, water

Groundwater  Lakes Rivers  Reservoirs Soil Wetlands Ocean Tce Atmosphere L olluted Total
water stock
Opening stock GRW:—1 LAKE, . RIVE,_, RES, 1 SOIL—,  WETLANDS, .1 OCEAN._, ICE,_, ATMO: PWSi_1 WATERy
Precipitation +PreClaket  +PT€Crivet  +PT€Crest  +PTeCsoilt Fprecuen +Precoceant “Preciotatt 0
Evapotranspiration -€VaPiaket ~eVaPrivet ~eVaPrest -eVapPsoilt ~EVAPwett ~€VAPoceant +evaprotatt 0
Groundwater recharge +50ilgrwt -50ilgrut 0
Groundwater discharge -discorut +discorwt 0
River discharge discriver +discrivet 0
Reservoir inflow Tiverest Friverest 0
River-based irrigation “TiV€irrt +TiV€irre 0
Groundwater-based irrigation -grwirrt +GTWirrt 0
Trrigation of wetlands Tivewett FTivewett 0
Thaw Ficeqecayt  -iCCdecayt 0
‘Water pollution -PWyrwt -PWiake -PWrive -PWres -PWa¢ -PWaet +PW, 0
Water treatment +TWe TW; 0
Closing stock GRW, LAKE, RIVE, RES, SOIL, WETLANDS, OCEAN, ICE, ATMO, PWS, WATERy

Note: The table captures annual global stocks and flows. Water is measured in trillion m®. The
cells highlighted in grey denote the stocks or flows that act as residuals in the physical accounting
identities.

Source: Own illustration.
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Connecting green investment with finance

@ There are four different non-financial corporate sectors with input-output
interactions: 1) agriculture & forestry, 2) mining, 3) electricity and 4) other
corporate sectors.

o Each sector has a desired overall investment which depends positively on
the profit rate and sales.

e A part of this investment is green (i.e. it is conducive to lower water
intensity, higher use of renewables etc.). The proportion of green investment
depends on the carbon tax, green subsidies, the interest rate differential etc..

e Firms finance desired green investment via 1) retained profits, 2) green bonds,
and 3) green bank loans.

e There is credit rationing: only a proportion of the demanded loans (1-C'R;;)
are provided by banks; CR;; is the degree of credit rationing for sector i.

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics



DEFINE-GLOBAL
000000800000000000

Land conversion macrofinancial channels

Financial system

(6] Macroeconomy Land

Defaults

Source: Own illustration.

Land restoration
spending

Credit provision
\
8

Green R&D
land-related spending

Channels

[1] Food and wood production
[2] Land restoration

[3] Land intensity

[4] Land constraint

5] Land cost
(6]

[7] Financial fragility

Credit availability

[8] Green financing

rmos, M. Ni i SFC modellir




DEFIN LOBAL
0000000®0000000000

Water macrofinancial channels

Financial system Macroeconomy ‘Water

(5]

Water availability

Channels

1] Water use

2| Water intensity

Credit provision 5
4
_I

]
eamts Water intensity ]
[6] 2] 3] Water constraint
4] Water cost
]
]
]

[7] Water pollution

5] Credit availability

6] Financial fragility

Defaults < : Share of 7] Green financing
Green water-related treated water

investment

[
[
[
[
[
[
[

Source: Own illustration.
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Land conversion, water and climate feedback loop channels

Freshwater

[1] Temperature-crop
yield channel

Precipitation -«
[2] Deforestation

groundwater chan-

nel
Groundwater

discharge [4] | [3] Deforestation
emissions channel

g q 4] T rat
Evapotranspiration 4 empeta.ure.
evapotranspiration

and precipitation
channel
[5] Temperature-ice

melt channel

Climate system (5] (6] Emissions—
temperature chan-
nel

Deforestation

(1]

65 1|

Source: Own illustration.
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Sectoral ecological efficiency index of sectors

o To assess the environmental performance of sectors, we use a sectoral
ecological efficiency index that includes both direct and indirect
environmental effects, allowing us to capture the environmental footprint of
downstream activities.

e The sectoral ecological efficiency index (SEFEI;) takes values between 0
(maximum ecological efficiency) and 1 (minimum ecological efficiency).

e For each sector, the sectoral ecological efficiency index is a weighted average
of several environmental metrics, such as CO, intensity, land intensity
and water intensity.

o The sectoral ecological efficiency index is important for the ‘penalising’
aspect of macrofinancial policies.

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Sectoral ecological efficiency index - Direct and total effects

Direct Total

Direct Direct Total Total
o land-to- o land-to-
emissions- water-to- Sectoral emissions- water-to- Sectoral
output ] output ]
to-output h output ecological to-output . output ecological
. ratio . N . ratio . o
ratio (million ratio efficiency ratio (million ratio efficiency
(GtCO,/ (trillion m® index (GtCO, (trillion m®  index
o1 hectares - . o hectares -
trillion Jtrillion /trillion (direct) /trillion /trillion /trillion (total)
EUR) EUR) EUR) EUR) EUR) EUR)
Agriculture
& forestry  0.138 917.268 0.275 0.522 0.259 1042.736  0.312 0.808
sector
Mining 0.734 0.046 0.0001 0.117 1.108 14.697  0.005 0.727
sector
Blectricity 51 0001 0.005 0.259 1490 19461 0.011 0.736
sector
Other
corporate 0.116 0.095 0.001 0.005 3.481 581.557 0.180 0.525
sectors

Note: C'O2 emissions, land (cropland and pastureland), water and gross output are calculated
based on EXIOBASE data

SFC modelli d ecological n onomics
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Effects of green public investment and green refinancing operations

@ Scenario 1 - Green

public investment: Green Green loan
spread
public investment (including
. il i B
water-related investment) i Green investment |

increases after 2027.

Conventional loan
spread

@ Scenario 2 — Green

refinancing operations: Green public — I
After 2027, the policy vostrment

interest rate
increases/decreases based on
the environmental profile of

the bank loan pOI‘thhO, Source: Own illustration.

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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Effects of deforestation regulation

@ Scenario 3 — Stricter

deforestation Stricter deforestation Deforestation
regulation: After regulation
2027, stricter

deforestation regulation

restricts the amount of Eonyersionorothe

natural forest that is land into
pastureland I

deforested every year. and crapland

Source: Own illustration.

Y. Dafermos, M. Nikolaidi SFC mode and ecolc
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Effects of green public investment, green refinancing operations an
deforestation regulation

0.4
P e
Green rer oper. with penames E Gveen ref. oper. with penalues

=~ n public investm 1.001 == Green public investm
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Source: Own illustration. Source: Own illustration.
Water intensity, Sectoral Ecological Efficiency
agriculture Index, agriculture (SEEI,4)
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Effects of green public investment, green refinancing operations an
deforestation regulation

= gesene == Baseine
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Source: Own illustration. Source: Own illustration.
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Effects of green public investment, green refinancing operations an
deforestation regulation

0.020
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Effects of green public investment, green refinancing operations an
deforestation regulation
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Effects of green public investment, green refinancing operations and
deforestation regulation
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Areas for future research
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Future research
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for future research in E-SFC modelling

Degrowth, consumption patterns and environmental regulation

o Environmental damages and adaptation

Links between environmental policies and balance of payments constraints

Sectoral dynamics (e.g. through input-output tables) and inequality

Country-specific E-SFC models

Global North-Global South interactions and global climate justice

Y. Dafermos, M. Nikolaidi SFC modelling and ecological macroeconomics
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