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Abstract.By synthesizing Stock-Flow Consistent models, Input-
Output models, and aspects of Ecological macroeconomics, we are
able to simultaneously model monetary flows through the financial
system, flows of produced goods and services through the real econ-
omy, and flows of physical materials through the natural environment.
A simple baseline model is used to analyze the role of energy price
shocks in contributing to recessions and the rebound effects of in-
creased energy efficiency. In the stability analysis, we demonstrate
that contrary to some claims, 0% interest rates are not a necessary
condition for a stationary economy in stock-flow equilibrium, and we
show how the Sraffian maximum rate of profit can be generalized to
multiple sectors, and how inventory oscillations can destabilize the
model. Third, implied heat emissions from energy conversion and the
effect of anthropogenic heat flux on climate change are considered in
light of a minimal single-layer atmosphere climate model.

1 Introduction

One of the key issues faced by modern society is navigating the
transformation towards a sustainable economy that respects
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‘planetary boundaries’ [1]. This transformation could be facili-
tated by a macroeconomic theory capable of robustly dealing
with issues of energy use and emissions, but much of economic
theory underemphasizes the importance of energy and natural
resources [2]. In addition, many general equilibrium models ab-
stract from institutional details of money creation and monetary
flows which play a central role in real-world macroeconomic
dynamics. This paper suggests one alternative route to an
ecological macroeconomic model with Keynesian features, in
which finance plays a central role.

One effort to explicitly represent the dynamics of debt, finance,
and other monetary factors has been the post-Keynesian stock-
flow consistent (SFC) approach. At the same time, input–output
(IO) models have been widely used to investigate sectoral inter-
dependencies within the real economy, while environmentally
extended input–output models have been used to analyze the
relationship between the economy and ecological subsystems.
However, the role of monetary dynamics has been left relatively
unexplored in IO models [3]. This paper proposes a synthesis
of elements from both SFC and IO models with insights from
ecological economics to provide an avenue for investigating the
interrelations between the monetary economy and the physical
environment.

For an introduction into stock-flow consistent (SFC) models,
input–output (IO) analysis and ecological macroeconomics and
the theoretical foundations of common ground between these
approaches, see [4].

We use the conceptual model presented there to study the im-
pact of energy price shocks, rebound effects and to contribute
to the discussion of whether a stationary economy is compatible
with positive interest rates in section 4. In section 5, implied
heat emissions from energy conversion are considered in light
of a minimal single-layer atmosphere climate model showing
the impact of anthropogenic heat flux on climate change. We
suggest that coupling well-developed large scale macroeconomic
and climate models could enable fruitful analysis of the inter-
linkages between the economy and the physical environment,
which would be relevant to addressing the issue of global cli-
mate change. A brief conclusion assesses the relevance of the
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contribution and potential extensions.

2 SFCIO models—Methodology

This section introduces a conceptual baseline model that could
serve as a point of common ground between the SFC, IO, and
ecological macroeconomics approaches. A SFC model of a
closed economy is coupled with an IO model. The model used is
represented in discrete time t and includes multiple (n) industry
sectors, a household sector, and a government/banking system
sector. However, the household sector and the government and
banking system sector are both consolidated.

The model simultaneously tracks the values of all flows of goods
and services through the economy in both nominal terms (mea-
sured in terms of money-values) and in real terms (measured
in terms of physical units of the heterogeneous real physical
output of industry i). In order to more easily identify which
variables are in real terms and which are in nominal terms, all
nominal variables are written in capital letters.

The flows are displayed in the transaction matrix in table 2.
Adherence to the accounting constraints imposed by the balance
sheet in table 1 and the transaction-flow matrix in table 2
guarantees the consistency of the model, and can be verified by
checking that all the columns and rows of the matrices sum to
the appropriate values, which in the case of financial assets sum
to zero [6, p 27]. All parameters are summarized in table 3.

We use a simplified model with only two sectors, but as shown
in the flow diagram in figure 1, a variety of financial flows and
physical flows are included in even a simple model with two
sectors. All monetary payments (solid lines) flow from one
sector to another and accumulate to the corresponding stock,
providing consistency between stocks and flows. For a detailed
description of the equations, see [4].

Money flows from households to the government in the form of
taxes T . Money flows from both the production sector and the
energy industry to households in the form of wages Xp/e and
distributed profits Πp/e. In turn, households spend their money
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Figure 1: Stocks of sectors and flow chart of money, energy,
and materials, h: households, p: production sector,
e: energy sector, g: government/banking system sec-
tor. For each sector, a balance sheet is shown in the
form of a T-account. Stocks: Mh: money stock of
households. Mh: money issued by government/banks.
Lp/e loans of production sector/energy sector. Lg:
loans made by government/banks. ψp/e: physical in-
ventories of industry sectors. Money flows: Cp/e:
consumption of households. Gp/e: consumption of
government. Eep: money paid by production sector
for energy. Epe: money paid by energy sector for
intermediate goods. Xp/e: wage bill paid by pro-
duction/energy sector. Πp/e: distribution of profits.
T : taxes. rMMh: interest payment to households.
rLLp/e: interest payments by production/energy sec-
tor. Energy/material flows: Energy: energy ex-
tracted from the environment. Heat: heat emissions.
Resources: extracted from the environment. Waste:
emitted to the environment; not treated explicitely in
the model, but implied.
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Table 1: Balance sheet matrix in nominal terms. The money
deposits of households Mh are equivalent to the money
issued by the government Mg, because we assume that
the industry sector does not hold money deposits. All
sums over i are proceeded over the n industry sectors.
For a more detailed description, see [4].

Households Government Industry
∑

i ∈ {1, ..., n}

Money Deposits +Mh −Mg 0
Loans +Lg −Li 0
Inventories +Ψi +

∑
i
Ψi

Net worth −Vh −Vg 0 −Vh − Vg∑
0 0 0 0

on both production goods and energy goods, which creates
flows of money Cp/e back to the production and energy sectors
and corresponding flows of real goods and services back to the
households. The government likewise buys both production
goods and energy goods, which creates similar flows of both
real goods and services and of money Gp/e between the govern-
ment and both of the two industries. The production industry
buys energy goods as intermediate inputs, which creates flows
of energy goods from the energy industry to the production
industry and a corresponding flow of money Eep from the pro-
duction industry to the energy industry. The inverse is true
for purchases of production goods as intermediate inputs by
the energy industry Epe. Finally, as physical raw materials are
used in production, and as some raw materials are expended as
waste, there are flows of physical materials between the human
economy and the natural environment. Likewise, energy flows
into the economy from the natural world, while heat is emitted
by the economy into the natural environment. These economy-
nature interactions are not explicitly considered in the model,
but rather are simply implied.

The flow diagram in figure 1 also shows the balance sheets of each
of the four sectors (the households sector, the government sector,
the production goods sector, and the energy goods sector) in
the form of T-accounts. Assets are shown on the left side of the

5



Table
2:T

he
Transaction

m
atrix

tabulates
allflow

s
offunds

w
ithin

one
tim

e
period.

T
he

fact
that

the
colum

ns
sum

to
zero

represents
a
sector’s

budget
constraints,w

hile
the

fact
that

row
s
sum

to
zero

represents
the

fact
that

each
financialtransaction

has
a
counterparty.

Positive
values

indicate
inflow

s,w
hile

negative
values

indicate
outflow

s.
For

a
m
ore

detailed
description,see

[4].

H
ouseholds

Industry
i

G
overnm

ent ∑
C
urrent

account
C
apital

account
G
overnm

ent
spending

+
G
i

− ∑
i G

i
0

T
axes

−
T

+
T

0
C
onsum

ption
− ∑

i C
i

+
C
i

0
W
age

bill
+ ∑

i X
i

−
X

i
0

Interm
ediate

purchases
∑
i E

ij − ∑
j
E
ij

0
P
rofits

+ ∑
i Π

i
−

Π
i

0
Interest

on
m
oney

deposits
+
r
M
M
h(t−

1)
−
r
M
M
g(t−

1)
0

Interest
on

loans
−
r
L
L
i(t−

1)
+ ∑

i r
L
L
i(t−

1)
0

∆
M
oney

deposits
−

∆
M
h

+
∆
M
g

0
∆

L
oans

+
∆
L
i

− ∑
i ∆

L
i

0
∆

Inventory
V
alue

+
∆

Ψ
i

−
∆

Ψ
i

0
∑

0
0

0
0

0

6



T-account, while liabilities and net worth are shown on the right
side of the T-account. In accounting, a fundamental equation
known as the balance sheet equation states that the left side of
the T-account is by definition always equal to the right side of
the T-account. This is a symmetry principle, and is why balance
sheets are called ‘balance’ sheets. We distinguish two types of
stocks of financial assets: money deposits and loans. Loans
appear on the asset side of the government/Banking system
sector’s balance sheet and on the liability side of industry i’s
balance sheet. Money deposits, on the other hand, appear on
the liability side of the government/Banking system sector’s
balance sheet, and on the asset side of the household sector’s
balance sheet. In the balance sheet perspective, the government
sector holds assets of loans Lg on the left side of its T-Account,
while it has liabilities of money deposits Mg on the right side.
The difference between its assets and liabilities determines its
net worth Vg, also shown on the right side of the T-account.

In addition to stocks of financial assets (money deposits and
loans), stocks of real assets also appear on balance sheets. A
heterogeneous vector of inventories consisting of all the unsold
output of each industry i at the end of each period constitutes
the real assets of the model economy. These inventories are
denoted by ψi, each held on the balance sheet of the correspond-
ing industry sector, and are valued at unit costs. The monetary
value of the stock of Inventories at unit costs is signified by
Ψi. The production goods industry holds assets of production
good inventories Ψp on the left, counterbalanced by loans Lp on
the right. The energy goods industry similarly holds assets of
energy good inventories Ψe on the left, counterbalanced by loans
Le on the right. It is assumed as a simplification that industries
do not hold stockpiles of cash, and instead distribute all excess
cash holdings at the end of each period to their owners in the
household sector, keeping their net worth at zero. Since real
assets can change in value, maintaining the symmetry principle
requires that loans adjust in response to a change in the value
of a real asset. Since for every financial asset in the economy
there is a corresponding financial liability, the net worth of the
model as a whole consists only of the monetary values of real
assets (inventories), because all financial assets and financial
liabilities must necessarily sum to zero.
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Table 3: Parameter names and their values used. ωi and λi
were merged into one single parameter.

parameter name model presented

Consumpt. func. parameters: α1, α2 α1 = 0.8, α2 = 0.2

Input-Output matrix: a = (aij) a =
[
0.48 0.60
0.02 0.15

]
Price matrix: P = diag(Pi) P =

[
1 0
0 1

]
Inventory adjustment: β β = 0.75
Expected sales adjustment: γ γ = 0.5
Government spending: G Gp = 46.6, Ge = 0
Consumption per sector: C0 C0

p = 0.961, C0
e = 0.039

Individual markups: φ φp = 0.3333, φe = 0.1364
Interest rates: rM , rL rM = 0.04, rL = 0.05
Tax rate: θ θ = 0.48
Inventory to expected sales ratio: σ> σ> = 0.5
Labor demand per output unit: λ

ωpλp = 0.25; ωeλe = 0.13Wages per labor unit: ω

The very existence of stocks introduces historical time and a
certain path dependence into the model. Even though the model
may asymptotically converge to a steady state if all exogenous
parameters are undisturbed, the model will follow a different
traverse path for every possible set of stocks. Moreover, not
all conceivable sets of stocks are in fact possible; only some
sets of stocks are consistent with the model’s accounting. Thus,
depending upon the set of stocks with which the model economy
has been endowed by the past, the model will follow a different
trajectory forwards into the future.

3 Analyzing the Model

The model and its equations are presented and explained in [4],
you find the equations in the appendix. In the following, all
matrices are displayed as bold roman letters, vectors in bold
italic characters. diag(xi) indicates a diagonal matrix with xi
on the diagonal.
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3.1 Price Instability

In the model, the pricing is performed as a sector-specific
markup φi on unit costs consisting of the unit wage bill ωiλi
and the intermediate purchases

∑
k Pk(t−1)aki(t−1). In matrix

form, assuming that φi, ωi, λi and aki are constant over time,
the price evolution yields:

P(t) = P(t−1)a(1 + diag(φi)) + diag((1 + φi)λiωi). (1)

Thus if the absolute value of one of the eigenvalues of matrix
a(1 + diag(φi)) is bigger than 1, the prices do not converge,
but explode. This case with different markups in each sector is
a generalization of the well known Sraffian maximum rate of
profit φmax, given by

φmax = (1/λmaxa )− 1, (2)

with λmaxa being the biggest eigenvalue of the input–output
matrix a.

In the case of n=2 sectors p and e, we can calculate the max-
imum markup in one sector dependent on the markup in the
other sector and draw a stability frontier as visible in figure 2.

φmaxp = 1− (1 + φe)aee
app − (1 + φe)(appaee − aepape)

− 1 (3)

∂φmaxp

∂φe
= −aepape

[(1 + φe)(appaee − aepape)− app]2
< 0 (4)

Therefore, the value of φmaxp is maximized if φe=0 and then
yields:

φmaxp = 1
app + aepape

1−aee

− 1 (5)
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Figure 2: Pricing instability for n = 2 sectors: The lines cor-
respond to the stability frontier of different input–
output matrices. The black dot indicates the position
of the markups given in table 3, the input–output
coefficients used in the rest of the paper correspond
to the solid line.

We can now study the impact of this price inflation on the
economy. If the nominal payment G of the government is fixed,
then ever increasing prices will drive down the real production
of the economy, while at the same time the nominal wealth of
households and goverment debt grow without limit. If govern-
ment expenditures are price adjusted, the economy stabilizes at
a lower real level, see figure 3. In both cases, the profit share
approaches 1. This means that if the markup is set higher than
the maximum real rate of profit, the price system will adjust so
that you achieve the maximum real rate of profit.

3.2 Interest Instability

Within ecological economics, several authors propose a non-
growing economy as a solution to environmental problems [7,
8, 9, 10]. In recent publications, it has been claimed that
this is incompatible with positive interest rates [11, 12]. It is
argued that positive interest rates imply that in a non-growing
economy, the stock of debts will rise, and it is argued that such
an increase would be unsustainable. Using our model, we show
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Figure 3: Result of a markup outside the stability range (φp =
1.1, φe = 1.0) while γ = 0.80 and β = 0.02 used
in order to smoothen the graph. The profit share
converges to 1. If the government expenditures G
remain fixed in nominal terms, the real output of the
economy drops to zero. If the expenditures are price
adjusted, the real production stabilizes at a lower
equilibrium value.

that an equilibrium state of a stationary economy is possible,
even with positive interest rates. The economy reaches a general
stationary stock-flow equilibrium if all stocks and flows remain
constant over time, and therefore inflows equal outflows.

A unique stock-flow equilibrium is a stable fixed point if the
absolute values of all eigenvalues of the mapping matrixM in [4,
appendix A.2] are smaller than 1. The stability of the stock-flow
equilibrium is graphed in the parameter space of interest rate
rM and the consumption parameter α2 for different tax rates θ
in figure 4.

If no stable fixed point exists, we see an exponential increase
of private money deposits and a corresponding growth in pub-
lic debt, illustrating the accounting principle that all financial
assets have symmetrical financial liabilities. Flows of interest
payments from the government accumulate and increase the
money stock Mh held by the household sector. But if consump-
tion out of wealth α2 is high enough to counteract the interest
and profit payments, households increase their consumption as
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Figure 4: Interest instability: For different tax rates, we check
whether a stable stock-flow equilibrium exists. For
a given interest rate rM , there exists a minimum
consumption out of wealth α2 for which the model
is stable. An increase in the tax rate reduces this
threshold. If consumption out of wealth is smaller
than interest income after taxes (as indicated by the
red dashed lines), the fixed point will definitely be
unstable, as inflows to households are always bigger
than outflows for α1 < 1.

their stock of wealth increases. The fixed point is stable which
enables the economy to remain in stock-flow equilibrium, even
though interest rates are positive. It is then not the case that
the interest payments drive down government net worth. This
shows that the stability of a non-growing economy is indeed a
question of the interplay of interest payments and the propensity
to save, as suggested by Wenzlaff et al. [13].

The stability frontier can be calculated analytically to determine
the minimal consumption rate out of wealth α2:

α2 = rM (1− θ) [ZepZpe − (Zpp − 1)(Zee − 1)]
ZepZpe − (Zpp − 1)(Zee − 1)

+
(
ZepC

0
p − (Zpp − 1)C0

e

) (
Ze + σrL

θ−1
1+φe

)
+
(
ZpeC

0
e − (Zee − 1)C0

p

) (
Zp + σrL

θ−1
1+φp

)
(6)
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Figure 5: Contour plot of inventory instability, depicting the
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σ> in order to get a stable fixed point. In the lower
left corner: no stable fixed point exists for any σ>.

Though the model shows that positive interest rates do not
necessarily imply exponential growth of deposits and liabili-
ties, this result crucially depends on consumption decisions by
households. Additional research should be conducted on this
question. It should be pointed out as well that a stable station-
ary economy in monetary terms does not imply an equilibrium
state with the environment.

3.3 Inventory Instability

A third type of instability comes from inventory cycles [14]. In
figure 5, you can see the maximum of the expected sales to
output ratio σ> allowed in order to keep the equilibrium stable.
If σ> is bigger, a small perturbation in any of the variables may
lead to oscillations building up exponentially, thus to an unstable
system. In the lower left corner, the adjustment parameters are
very small, thus adjustment happens slowly. A small increase in
sales that increases production, income and the monetary stock
of wealth of households would cause increasing consumption and
sales. As the adaptation of enterprises to increasing demand
is so slow, they will finally run out of inventories, making the
system unstable.
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4 Energy in a SFCIO Model

Energy plays a crucial role in the economic process. We apply
our framework to a model with two goods: a multi-purpose
consumer / industry good and energy. The consumer / industry
good is sold by the production sector, and the energy good
is sold by the energy sector. In order to produce the con-
sumer / industry good, the production sector uses energy as well
as its own good as inputs, while in order to provide energy, the
energy sector uses the consumer / industry good and the energy
good as inputs. This specification ensures that the two sectors
are mutually interdependent, and that the model incorporates
physical aspects and the dynamics of a monetary production
economy. A representation of the flows of money and energy is
given in figure 1.

The ‘physical quantities’ of the IO matrix a are defined such
that the prices are 1 monetary unit for all goods in the first
period, but prices of these quantities may vary ofter time. The
parameters are matched to the situation of Germany around
2010, see [4]. For each unit sold, the consumer / industry sector
requires an input of 0.48 from its own sector and 0.02 from
the energy sector and pays 0.25 units of wages. The energy
sector requires 0.60 units from the industry sector and 0.15
units from the energy sector itself and pays 0.13 units of wages.
Therefore, the markups on costs can be calculated as φp =
0.3333 and φe = 0.1364. The tax rate is set to 0.48, the interest
rates, accelerators, inventory to sales ratio and consumption
parameters are set as rough estimates. All parameters used are
displayed in table 3.

4.1 The macroeconomic response to energy price
shocks

Hamilton [15, 16] and Murphy and Hall [17] present evidence
that every US recession since World War II was accompanied
by rising energy prices. We now use the model to examine the
impact of an increase in the energy industry’s markup φe. IO
models have been criticized for keeping the matrix elements
fixed [18], but since energy sources such as oil have very low
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Figure 6: Impact of an increase in energy markup φe: We initi-
ate the model at the fixed point calculated in section
3.2, and the vertical line indicates the time when the
markup on energy is exogenously increased. The left
plot shows the decrease of consumption that causes a
reduction of demand, which drives down wages and
further reduces consumption. The right plot indicates
the increase in prices caused by the higher energy
markup, and the time evolution of real demand, show-
ing a significant drop.
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price elasticities [19] and since we are considering the short
term impact of changes in the economy, changes in a matrix
coefficients would be small.

We assume that the markup in the energy sector is increased
from φe = 0.1364 to 0.4. In order to incorporate the effect of the
low price elasticity, households react to an energy price shock
by devoting a higher portion of their consumption spending to
energy services, so that in the following period, they consume
the same amount of energy. This means that C0

e changes from
0.039 to 0.048 and remains there. The impact of the energy
price shock is depicted in figure 6. The increased markup
leads to a higher price of energy, which will be buffered by
households via an increased energy consumption factor C0

e .
This immediately drives down consumption of other goods,
which reduces the wage in the next period and the expected
sales sXp of the production sector, leading to a reduction in
inventory investment. Additionally, the rise in the price of
energy drives up unit costs and therefore also drives up prices
in the production sector via the IO interlinkages. Together, this
leads to a serious drop in real final demand, which is calculated
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in prices of the 0th period. However, production goes up again
once inventories are reduced, and after the rising profits of the
energy sector are distributed to households, households increase
their consumption out of wealth. The maximum temporary
reduction in real demand is 2.5%. Different to the results in
[4], we do not see a drastic reduction in the new equilibrium
position as we adapted government expenditures here to the
higher prices compensating for that decline in real demand.

It is worth noting that the drop of real demand is not easily
explained by many neoclassical models which abstract from
finance and monetary production, in which the reduction of
aggregate production would be caused by a reduction of utiliza-
tion of the energy input, multiplied by the output elasticity. As
pointed out in [4], neoclassical authors assumed that output-
elasticity should correspond to the cost share, which is around
4% in our model. The reduction of energy consumption by 5%
should therefore reduce final demand by 0.2%, which is barely
visible. In the simulations, final demand drops by 2.5%, which
is one order of magnitude bigger. Interestingly, this order of
magnitude difference has also been realised in the case of historic
oil crises [2]. Within post-Keynesian economics, this impact can
be explained by traditional Keynesian multiplier effects [20]. So
following this interpretation, which is consistent with our model,
it was not the reduced supply of oil (no shortage occurs in the
model), but the decreased real expenditures that triggered the
recession. The drastic increase in energy prices before 2008 may
have contributed to the 2007–2008 financial crisis, as reduced
growth or lower expected growth may destabilize the economy
and the financial system [13, 21].

Multiplier effects play a prominent role in our model and can
amplify the negative impact of recessions caused by energy
price shocks. An increase in the energy price markup may
have the effect of decreasing the real wage, which decreases real
consumption [20]. First of all, this decline in consumption is
amplified by the simple IO output multiplier [22, pp 245–7]: If
expected final demand is decreased by one unit, total production
declines by more than one unit due to intersectoral interlinkages.
This multiplier has an immediate effect in our model within
each time period. Secondly, a decrease in production leads to
a lower labor demand and therefore decreases the wage bill.
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Households are assumed to immediately spend a fraction of
their wages on consumption, and so a lower wage bill decreases
consumption. Induced effects of changes in wages which alter
consumption of goods across different sectors are referred to
in IO models as “Total Output Multipliers” [22, pp 247–8].
Decreased consumption because of lower wages will simply lead
to an increase of inventory stocks. This occurs because firms
do not decrease their production immediately, since buffering
unexpected shocks is the essential role of inventories. In the next
period, firms will decrease their expected sales and attempt to
reduce their inventory stocks, which will decrease output even
more. In principle, all of these propagation and amplification
mechanisms can mutually support and strengthen each other,
and yield an alternative explanation for the macroeconomic
response to energy price shocks that have been observed in the
past.

4.2 Rebound effects and EROI

Rebound effects (first discovered by the economist William
Stanley Jevons [24]) mean that demand for energy may not
necessarily decline even if energy conservation measures render
such a decline technically feasible [2, 25]. We study the impact
of an increased energy efficiency by cutting by half the input–
output parameters aep and aee. One could expect a halving of
energy consumption, but the feedback effects in our model lead
to an increase in real consumption due to lowered prices, thus
energy consumption finally only drops by 32.9% as visible in
figure 7. The size of the rebound effect is therefore 0.5−0.329

0.5 =
34.2%.

Studies have underlined the contemporary significance of energy
in terms of the ‘Energy Returned on Energy Invested’ (EROI),
which is the usable energy acquired divided by the amount of
energy expended to extract and process that energy resource
[23]. It should be noted that in input–output terms, the inverse
of EROI corresponds to the energy input of the energy sector,
therefore aee in the input–output matrix. This way, the impact
of changes in EROI can be studied using this model.
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Figure 7: Impact of a doubling of energy efficiency in both
the production and the energy sector on their gross
production.
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5 A simple climate model with
anthropogenic heat emissions

Until now, the model we have considered has been solely an
economic model, and although we have depicted material and
energy flows crossing the boundaries between the economic
system and the ecosystem in figure 1 and discussed the implicit
effects of those flows, they were not explicitly incorporated into
the model. A broad literature deals with the interconnection
between the environment and the economy, in particular the
impact of material waste and natural resource scarcity. Emis-
sion of heat resulting from thermodynamic principles, however,
remains largely neglected, and we conceptualize an integration
of heat emissions from economic activities into climate models.

As energy is consumed, the economic process transforms energy
into unusable heat [2, p 114]. Except for renewable energy
sources such as wind, where heat dissipation would have hap-
pened anyway, this adds an anthropogenic heat flux whose
impact on climate has been discussed (see [4]). Today, world
average heat emission can be estimated by total primary energy
consumption to be around 0.025 Wm−2, which is about 1%
of total radiative forcing in 2011 from anthropogenic climate
change [26, p 14]. Globally, this may be negligible today [27],
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Figure 8: Single layer atmosphere with human heating Phum.
The albedo α indicates the fraction of incoming sun-
light that will be reflected immediately. At the Earth’s
crust, an additional layer of human heat emissions
is considered, indicated by the red sphere. The in-
frared emissions of the Earth are due to black body
radiation, and a fraction ε is absorbed in the atmo-
sphere that radiates the absorbed energy evenly in
both directions.

but is of importance for regional climate models [28]. If energy
conversion continues to rise over the course of the century, this
may become relevant, especially if new technologies such as
nuclear fusion or energy harvesting by satellites [2, pp 76–91]
are eventually implemented.

A minimal model can be introduced to get a coarse idea of
the impact of human heat flux. We consider a standard model
[29, 30] (see figure 8) in which the Earth is considered as a black
body in the infrared spectrum, while the albedo for sunlight
is considered to be α = 0.3. The Earth is considered to be
at uniform equilibrium temperature Teq. The solar constant
is S = 1370Wm−2, leading to a mean insolation of S/4, since
the surface of a sphere is four times its cross section. The
atmosphere is considered as a single layer perfectly transparent
for sunlight and with ε = 0.78 being the absorptivity and
emissivity of the atmosphere in the infrared spectrum. The
absorbed radiation is emitted evenly up and down, such that
A↑ = A↓ = 0.5εσT 4

eq. As a variation to the standard models, we
add a layer of ‘human heating’ Phum at the Earth’s crust. The
radiative balance of Earth is given using the Stefan-Boltzman
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law by

0.25 · S(1− α) + Phum +A↓ = σT 4
eq, (7)

and the equilibrium temperature Teq can be calculated as

Teq =
(0.25 · S · (1− α) + Phum

σ · (1− 0.5 · ε)

) 1
4
. (8)

Note that this equation has to be adapter only slightly for
solar energy, since efficient harvesting of sunlight requires low
reflection, which would lead to an effective albedo of αeff =
α
(
1− Phum

0.25S

)
. This means that Phum in the equation must be

replaced by αPhum if all thermal power plants would be replaced
by solar power stations.

Today’s energy conversion in Germany accounts for 1.26 Wm−2.
If this same degree of energy conversion were to be realized on
the whole landmass of planet Earth (29.3% of total surface),
the temperature increase would already be 0.12 K.

In the past, global energy conversion has increased nearly expo-
nentially with a growth rate of around 2.9%, see [4]. If we project
this trend into the future, the impact of anthropogenic heat flux
could become very relevant over the next several centuries, as it
would contribute significantly to an increase of average temper-
ature on Earth, see figure 9. The temperature rise is smaller for
solar energy than for thermal power plants. This demonstrates
that the radiation balance of ‘Spaceship Earth’ [31] would be
significantly affected by a steady increase in energy conversion.
A hypothetical continuation of this 2.9% growth rate could
break all reasonable limits within centuries, though such an
extrapolation would exceed the model’s scope. If humans were
to discover a cheap, inexhaustible, and environmentally benign
source of energy, one might at first glance consider it a clear
boon to humanity. However, if its discovery were to lead to
increased energy use, heat emissions could potentially have
a serious environmental impact. The implementation of new
energy technologies could potentially facilitate an explosion of
the global population and an increase of consumption, possibly
beyond the earth’s sustainable carrying capacity [32].
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Figure 9: Equilibrium temperature of planet Earth calculated
by (8), assuming continued exponential growth of
energy conversion.
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Although this integration of heat into a climate model is very
basic, the results underline that the heat emissions of economic
activity should be taken into account in climate modeling once
long-term scenarios are examined.

6 Summary and outlook

We used a simple baseline model presented in [4] allowing to
examine the interactions of financial assets, real physical goods
and services, and the physical environment, suggesting a path
towards realizing the project of integrating diverse strands of
literature, while drawing linkages between the economy and the
physical world. We analyze a model economy with a household
sector and a consolidated government and banking system sec-
tor, along with two industrial sectors: an energy sector and a
production goods sector. We present the extension of the Sraf-
fian maximum rate of profit to version with different markups
in each sector. Contrary to some of the literature in ecological
economics, we demonstrated that a stationary economy can in
principle be associated with positive interest rates. The stability
analysis reveals that this depends on the interplay of interest
rates and consumption parameters. Next, the impact of energy
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price shocks on the economy was examined, in particular how
rising energy prices can depress real wages, lower demand, and
therefore trigger recessions. Additionally, we study rebound
effects after an increase in energy efficiency. As the energy
sector is one of the key linkages connecting the natural environ-
ment with the economy, we studied the environmental impact
of energy conversion. Specifically, implied heat emissions from
energy conversion and the effect of anthropogenic heat flux on
climate change were considered in light of a minimal single-layer
atmosphere climate model. The economic model was only linked
implicitly to the climate model, because the climate model is
used to estimate the equilibrium temperature of the Earth over
long periods of time, whereas the economic model is focused
on much shorter-term changes to the structure and size of the
economy. But integrating well-developed larger scale macroe-
conomic and climate models could potentially enable fruitful
analysis of the interlinkages between the economy and the phys-
ical environment, which may be relevant to addressing the issue
of global climate change and numerous other environmental
issues.

Though the baseline model proposed here does not capture the
rich behavior possible from either approach, the methodology is
designed to enable scaling to an arbitrary number of industries,
and also to allow the incorporation of more realistic elements
from other already-existing IO models, SFC models and ABM.
Possible extensions may include, but are by no means limited
to, the implementation of ecological and capacity constraints,
a more sophisticated treatment of investment, a more fully
developed financial system through which firms and households
make more complex financing decisions, and the explicit con-
sideration of interacting heterogeneous agents. There exist rich
literatures in all areas, which constitute fertile ground for the
synthesis of disparate insights which have heretofore been devel-
oped largely in isolation, to create disaggregated multisectoral
financial macroeconomic models which are also capable of draw-
ing explicit links between economic activity and the physical
world.

22



Appendix

All matrices are displayed as bold roman letters, vectors in bold
italic characters. diag(xi) indicates a diagonal matrix with xi
on the diagonal.

Vh = Mh (9)
Vg = Lg −Mg (10)
Mh = Mg (11)

Lg =
∑

i
Li (12)

Li = Ψi (13)

Vh + Vg =
∑

i
Ψi (14)

C = α1(1− θ)X + α2Mh(t−1) (15)

Ci = CC0
i ≤ C with

∑
j
C0

j = 1 (16)

ci = Ci

Pi
∀i (17)

Y =
∑

i
Xi +

∑
i
Πi + rMMh(t−1) (18)

Mh(t) = (1 + rM )Mh(t−1) +
∑

i
(Xi + Πi − Ci)− T (19)

T = θ · Y (20)

gi = Gi

Pi
∀i (21)

Mg(t) = (1 + rM )Mg(t−1) +
∑

i
(Gi + ∆Li − rLLi)− T (22)

a = (aij) (23)
P = diag (Pi) ⇔ Pij = Piδij (24)
A = P · a ⇔ Aij = aijPi (25)
s(t) = c+ ξ + g (26)

sX
(t) = βs(t−1) + (1− β)sX

(t−1) (27)

ψ> = σ>sX
(t) (28)

∆ψ> = γ
[
ψ> − ψ(t−1)

]
(29)

x = sX
(t) + ∆ψ> (30)

li = λixi (31)

X =
∑

i
Xi =

∑
i
ωiλixi (32)

d = (1− a)x (33)
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ξ = a · x (34)

Pi(t) =
(
1 + φi(t)

) [
ωi(t−1)λi(t−1) +

∑
k
Pk(t−1)aki(t−1)

]
(35)

E = P a diag(xi) ⇔ Eij = aijPixj (36)
s(t) = c+ ξ + g (37)
ψ(t) = ψ(t−1) + x(t) − s(t) (38)

Li(t) = Ψi(t) = ψi(t)

[
ωi(t−1)λi(t−1) +

∑
k
Pk(t−1)aki(t−1)

]
(39)

Πi = Ci +Gi −Xi +
∑

j
Eij −

∑
j
Eji − rLLi(t−1) + ∆Ψi. (40)
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