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SI.1 Input-Output Format of Model

Table S.1: Input-Output matrix with value added and net output.

Net Output
Goods Extraction Change in Value | Gross Output
Consumption Investment
of Inventory

Goods PyageXy  PyageXe Cy Py(19 +19) AINV, P, X,

Extraction Peacg X, P.ag. X, C, - AINV, P.X,
- Profit 11, II,
<
2 Wages wlg wle
E Interest Payments r Dy r. D,
<
~  Depreciation P,0K, P,0K,

Gross Output P, X, P.X,.

SI.2 Stock and Flow Consistency: Balance Sheet, Transactions, and
Flow of Funds Table

The model is stock-flow consistent in both money and physical units of resources and goods. Table S.2 shows the

balance sheet, transactions, and flow of funds tables which are the same as in King (2020) [1].

The framework is

similar to the Bank, Money, World model of Godley and Lavoie (2007) except we allow firms to have profit [2].
Household deposits, M", equal total firm debt. The net worth of firms is the value of their capital minus their debt.
We model banks as having zero saving (S = 0) where bank net interest (Il = 77D — 73, M) flows to households as
bank dividends. Thus, we assume banks have zero net worth (X* = 0).
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SI.3 Additional Equations not in Methods
SI.3.1 Consumer Price Index (CPI) and GDP deflator

We calculate inflation as a weighted change in the price of each sector output consumed by households using Equation
15. The consumer price index (CPI) is as in Equation S.1.

T
cPI =]+ (S.1)
t=1
Assume defining the GDP deflator as nominal GDP divided by real GDP (where Y;; is the net monetary output
of sector 7 at time t). P; , is the initial price of output from sector ¢. Real net output, value added, investment, debt,
and consumption are calculated by dividing nominal values by the GDP deflator (e.g., Yy reat = Yg,+/GDP deflatory).
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SI.3.2 Death Rate

Equation S.3 describes the function for death rates, where s is the per capita resource consumption threshold below
which death rates rise. As physical per capita resource consumption, 1\9—13, declines below the threshold to zero the
death rate linearly, the death rate increases from a minimum value of «,, to a maximum “famine” death rate of ap,
as in [3].

Ce
Ce ( NP, )
@ =« max [ 0,1 — ap — S.3
v (g ) = em o m 0.1 252 ) (aps - ) (53)
SI.3.3 Inventory Coverage and Capacity Utilization
Perceived inventory coverage for each sector:
perceived wealth, wgy
Ic ived = time delay
epereeve targeted consumption of resources
Wy
IC&peTcei’ued = Toe (84)

Ce/Pe + aeng + aeeXe

perceived goods, g

IC ved = time delay
Gpereerted T targeted consumption of goods
g
IC erceived — SRS S.5
P ¢ (Cy+ I +15)/ Py + agg Xy + age Xe (58:5)

Perceived capacity utilization of each sector, 0 < CUj; perceived < 1, is a lookup table that is an increasing function
of the inverse of its respective inventory coverage [4]. When there is more inventory, capacity utilization decreases,
and vice versa. The reference inventory coverage, IC).y;, is defined in the lookup table for capacity utilization as
the amount of inventory present for capacity utilization to be at its reference value, CU,s;. We set CU,.y,; = 0.85
at ICTCH =1.

SI.4



CUi,perceived = f(IC';plerceived) (SG)

The lookup table for CU of both sectors use input values as
ICiT;emeived =[0,0.25,0.50,0.75,1.00, 1.25, 1.50, 1.75, 2.00, 2.25, 1e6] and output values as

CU; perceived = [0,0.30,0.55,0.75,0.85,0.90, 0.94, 0.98,0.99, 1, 1.

SI1.3.4 Phillips Curve (Wage Function)

For ¢(An) we use Keen’s nonlinear exponential curve (Equation S.7) that allows wages to rise increasingly rapidly
at high participation but decrease slowly at low participation rate [5]. In Equation S.7 ¢, < 0 is the minimum
decline in wages at low participation rate, ¢, is the change in current wage defined at Ay, (typically set ¢, = 0 at
an equilibrium participation rate An,,), and ¢, defines the exponential rate of increase.

s —AN,o
SON) = (Bo — Grmin )€ Tomtmim) WV TAN) g (S.7)

SI.3.5 Solving for Lagged Variables

For each sector i, the variables modeled using a first order lag are the capacity utilization (CU;), perceived inventory
coverage (IC; perceived), Price (FP;), net output (Y;), profit (II;), value added (V;), and value of inventory (INV;).
Thus, each of CU;, IC; perceiveds Pis Yi, 11i, Vi, and INV; is modeled as an extra model state. In the model code, these
lagged states are used to inform investment and all inputs needed to solve for a new “current” price. Additional
model calculations use this newly calculated price, including calculations that updated the lagged states themselves.
The states are updated via Equation S.8. For the inventory coverage of each sector (IC}) it is the perceived inventory
coverage (IC; percieved) that is modeled as a lagged state on the left hand side.

hlagged = (n - nlagged)/T (SS)

SI.3.6 Net Power Accounting

Considering the flow of extracted and consumed resources as a flow of “power” (energy per time), we summarize
the power return ratios (PRR) used in King (2020) [1, 6]. PRRs characterize the power generated by the energy
(i.e., resources) sectors relative to the power consumed by the energy sectors themselves. This self-consumption can
include both operating inputs and energy embodied in investment. Researchers have speculated on minimum levels
of PRRs “required” to sustain society [7], and calculation of PRRs within our model allows internally-consistent
investigation of their relation to economic growth, structure, and population. The net external power ratio (NEPR)
is defined in Equation S.10 as net resource extraction divided by the extraction sectors’ own use of resources.

NEPR represents what is often termed “energy return on energy invested” (EROI) in much of the literature
[6]. Since our PRR calculation uses instantaneous resource flow rates in the numerator and denominator, the term
power return ratio is more appropriate than energy return ratio (ERR) (e.g., energy is power integrated over time).
However, much of the net energy literature uses the terminology EROI and ERR to refer both to ratios of energy
and ratios of power.

We calculate the resources embodied in extraction capital, K., via a resource intensity, €, that measures gross
resources extraction required per net physical output of each sector (see [8], [9], and [10] for the methodology for
calculating “energy intensities”). In Equation S.9, Joxtract i a 2x 2 diagonal matrix with non-zero elements only for the
gross extraction by sectors that extract resources from the environment. For our model fextract,ee = Joxtract,22 = Xe,
Jextract,gg = 0, X is a diagonal matrix of the gross physical output of each sector (X and X.), 1 is the identity
matrix, A the technical coefficients matrix, and matrix F is a 2 x 2 matrix of resource intensities, ¢;;. Further, the
first row of E is zero, and the second row contains the resource intensities of €., representing the gross resource input

per unit of net physical goods output, g—‘;, and €., representing the gross resource input per unit of net physical
resources output, %e Thus, the embodied resources in extraction capital each time step is equal to eeg}%. Recall
that X, = 0,yK.CU, as well as that 11.#2 has units of goods and represents the physical goods allocated to become
new extraction capital.

SL.5



LO ’ } = B = fextraa X 11— 4)7! (S.9)

eg €ee

NEPR resource extraction — resources required to invest in K, — resources required to operate K,

resources required to invest in K. + resources required to operate K,

Xe — €e L — aeeXe
= il (S.10)

I
EegFg + aeeXe

Per King et al. (2015) we can consider an economy level net power ratio (NPReconomy) as similar to but distinct
from the sector-specific NEPR [6]. With only one extraction (“encrgy”) sector, NPReconomy is calculated using
only €., in Equation S.11. Economy-wide gross power ratio (GPReconomy) equals one plus NPReconomy [11], and
it has been referred to as the EROI of the economy [12]. The upper limit for NPReconomy is defined using a.. as
NPReconomy, uppper limit = 1=dee where 1—ae, is the fraction of extracted resources left for all other economic activity
after operating extraction cagital [8]. As such, NPRcconomy, uppper limit 15 1largely defined by the resource efficiency of
extraction sector capital.

1 1
NPReconomy = - (S.11)

gross power extracted 1 €ce — 1
net power output

SI1.3.7 Decreasing Resource Consumption to Operate Capital (7;) as Function of Cu-
mulative Investment

In some simulations we explore the concept an increase in resource consumption efficiency of capital. We do this by
decreasing 7; as a function of physical capital investment in sector ¢ as in Equation S.12. The equation approximates
a logistic decrease in #; as a function of cumulative capital investment, I; cumuiative (Equation S.14).

When simulating, we choose a time “T,;tcq;” at which to start the process of decreasing 7; and calculating
Ii cumulative- In the paper this critical time is T" = 0.1, or the first time step in the simulation. Before this time,
we assume I; cymuiative = 0 such that there is no investment that yet contributes to “learning by doing” that would
decrease n;. After this time, I; cumuiative 1S the integral of gross physical capital investment (without depreciation).

The parameter 7; gaqer (Equation S.13) adjusts adjusts the bascline level. Parameter S adjusts the steepness
of the curve. I;,;q sets the approximate mid-point, or inflection point, of the logistic curve. The maximum and
minimum values of 7; are 1; maz and 7; min, respectively, where the starting value is by definition 7; q. -

Nimin — i,
i = Mi,adder + 1+ eS(leilw:,,lm,ula,t:z)Tf;Ii,m,id) T Tismaz (S'12>
Nimin — T,
hater = s — (I ) (5.13)
ji,cumulative = 07 (T<Tcritical)
: 1 — P
Ii)cumulativc = %, (T > Tcritical) (814)
g
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SI.4 Additional Simulation Results

SI.4.1 Comparing of results when increasing J, versus increasing ),

Figure S.1 shows that by only looking at data for growth rates for resource (or energy) consumption and GDP,
it is difficult to impossible to explain the difference between growth induced via increased technological capability
(increasing ¢, in scenarios FC-000 and FC-100, Figure S.1(b)) to access a constant maximum resource size versus
the ability to access a larger resource at constant technology (increasing Ay mqz in scenarios “FC-000 alternative”
and “FC-100 alternative”, Figure S.1(c)). The general pattern in the growth rates for resource extraction and GDP
follow the same counter-clockwise pattern and change from superlinear (above 1:1 line) to sublinear (below 1:1 line)
scaling. Real world data most assuredly exhibit influence from both drivers of accessing more resources and the
ability to access known resources more fully.
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Figure S.1: (a) HARMONEY simulation results for FC-000 (black solid), similar to “FC-000 alternative” (black
dashed), FC-100 (gray solid), and “FC-100 alternative” (gray dashed) scenarios. (b) FC-000 and FC-100 spur

growth by increasing d,, from 0.0072 to 0.009. (c) The “alternative” scenarios spur growth by increasing the maximum
resource size Ay maqe from 100 to 115.
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SI.4.2 Variations on Full Cost Scenarios with Lower Wage Bargaining and Ponzi
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Figure S.2: Scenarios FC-000, FC-010, FC-011, FC-100, FC-110, FC-111 (black, black dashed, black dotted, gray,
gray dashed, gray dotted) results when setting prices via a constant markup (x; = 0.13) with kg = 1.0 and k1 = 1.5.
(a) available resources (in the environment), (b) total capital, (¢) population, (d) resource extraction rate, (e) total
real net output, (f) participation rate, (g) real price of extracted resources, (h) real price of goods, (i) debt ratio,
and (continued) ...
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Figure S.2: (continued) (s) net external power ratio (extraction sector, NEPR), (t) net power ratio (entire economy,
NPR), (u) fraction of net output from extraction sector, (v) fraction of value added in extraction sector, (w) extraction
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per total net output), (y) total resources extraction per person, and (z) capacity utilization of goods capital.
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SI.4.3 Information Theory Calculations for Full Cost Scenarios
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Figure S.3: Information theoretic metrics of the full cost scenarios compared to the 37-sector aggregation of the U.S.
Use tables from 19472012 from King (2016) (red dashed lines, right axis) [13]. FC-000 (black solid), FC-010 (black
dashed), FC-011 (black dotted), FC-100 (gray solid), FC-110 (gray dashed), FC-111 (gray dotted). (a) Conditional
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constraint vs time. U.S. information theory metrics are calculated using base 2 logarithm instead of natural logarithm
as in [13].
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SI.4.4 Variations on Marginal Cost Pricing Scenarios with Lower Wage Bargaining
and Ponzi
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Figure S.4: Scenarios MC-000, MC-010, MC-011, MC-100, MC-110, MC-111 (black, black dashed, black dotted,
gray, gray dashed, gray dotted) results when setting prices via a constant markup (u; = 0.13) with kg = 1.0 and
k1 = 1.5. (a) available resources (in the environment), (b) total capital, (¢) population, (d) resource extraction rate,
(e) total real net output, (f) participation rate, (g) real price of extracted resources, (h) real price of goods, (i) debt
ratio, and (continued) ...
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Figure S.4: (continued) (j) profit share, (k) interest share, (1) wage share, (m) depreciation share, (n) physical net
investment in new capital, (o) real wage per person, (p) household consumption of (physical) resources per person,
(q) household consumption of (physical) goods per person, (r) total non-physical Ponzi investment,
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Figure S.4: (continued) (s) net external power ratio (extraction sector, NEPR), (t) net power ratio (entire economy,
NPR), (u) fraction of net output from extraction sector, (v) fraction of value added in extraction sector, (w) extraction
sector spending per total value added (= per total net output), (x) spending on resources per total value added (=

per total net output), (y) total resources extraction per person, and (z) capacity utilization of goods capital.
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