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A B S T R A C T

The current practice for assessing the environmental life cycle impacts of a product system is limited to the ac-
tivities that respond directly to a change in demand. The revenue resulting from this change in demand is then
used to pay for primary factors, such as wages and taxes, while the redistribution of that money is left outside the
system boundaries. The aim of this paper is to address this limitation by providing a method in which the second
order effects, i.e., the effects of re-spending that money, are included. For that, an income distribution model
based on a simplified stock-flow consistent framework was developed. The method is applied in a closed economy
consisting of six industries, banks and three household income groups. The dynamics of the income redistribution
effects are studied throughout the rounds of (re)distribution, showing that the perturbation has a permanent effect
on the economy, from environmental and social perspectives, and major changes occur in the first period of
distribution. In addition, the paper also provides insights on the next steps for developing a full-scale model and
discussions on the relationship between income distribution and productivity growth.
1. Introduction

The system that is analysed in a Life Cycle Assessment (LCA) is
defined as a product system, consisting of interlinked unit processes that
models the life cycle (the production, use and final disposal) of a product.
According to ISO 14040, “Ideally, the product system should be modelled
in such a manner that inputs and outputs at its boundary are elementary
flows” (ISO 14040, Clause 5.2.3). “Elementary flow” is the ISO 14040
term for a flow “drawn from the environment without previous human
transformation” or “released into the environment without subsequent
human transformation” (ISO 14040, clause 3.12), thus establishing the
traditional division between the economy and the environment. While
the usefulness and ontological relevance of this division has been chal-
lenged (Weidema et al., 2018), it is still common practice to limit the
analysis of the economy to the suppliers that will change their production
capacity in response to an accumulated change in demand for the
product. These suppliers are identified by tracing each required product
input backwards through the chain of activities. The cost for one (pur-
chasing) activity is a revenue for the supplying activity. For each activity,
a part of the revenue leaks out as payments to employees and
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entrepreneurs, taxes, and resource rents (together known as “primary
factors” or “value added”). In a closed steady-state system, all the original
revenuemust eventually leave the system as payments to primary factors,
which are not traced further upstream, thus providing a clear delimita-
tion of the activities included in the system.

The activities included in the product system are thus limited to those
that react to the change in revenue, corresponding to the first-order ef-
fects of the original spending, while keeping overall spending constant
(“ceteris paribus” assumption). Implicitly, when comparing products with
different prices, a product system will include first-order price rebound
effect, while excluding second-order effects, such as changes in con-
sumption patterns that may result from the redistribution of the initial
spending on the population groups that receive the primary factor in-
come, or second order effects of stimulating specific activities, such as
education, research, and technological development (Weidema et al.,
2015).

While this delimitation to first-order effects provides an unambiguous
delimitation of the product systems, it is nevertheless arbitrary and thus
an inherently normative delimitation. The reluctance to include second-
order effects in LCA may come from the intuition that this could lead to
ce.
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an infinite expansion of the system to include all consequences of all
activities ‘till the end of the World’ (Weidema et al., 2015). However, in
this article we show that it is possible to provide a better justified and
equally unambiguous system boundary for LCA by going beyond this
traditional normative delimitation and include also second-order effects.

Expressed in very simple terms, we show that the intuition of an
‘infinite expansion of the system’ is unwarranted, because only a part of
the redistributed spending in each round of redistribution will involve
changes in consumption patterns, so that over a number of iterations, the
effects will converge to a finite result.

2. Previous suggestions on how to include second-order effects

Several examples of including rebound effects in environmental as-
sessments are available in the literature (B€orjesson Rivera et al., 2014;
Font Vivanco and van der Voet, 2014; Horner et al., 2016; Pohl et al.,
2019). However, the definitions and classifications of these effects are
not consensual. The most commonly found taxonomies follow Hilty et al.
(2006), decomposing rebound effects into “first-”, “second-” and
“third-order” effects; Berkhout et al. (2000), which used the terms
“direct”, “indirect”, “structural” and “behavioural” effects; or Greening
et al. (2000), which define “direct”, “indirect”, “economy-wide” and
“transformational” effects.

Here, we use the term “first-order effects” for the activities that occur
as a result of a specific spending (consumption decision) until it has
leaked from these activities in the form of payments to primary factors
(wages, production taxes, entrepreneurial income, and rents). This in-
cludes activities that occur as rebound effects of consumer price differ-
ences since these activities also occur as a result of the specific
consumption decision.

First-order effects are fairly well-described in the literature, for
example, the use of consumer-oriented approaches such as applying
Engel curves (Font Vivanco et al., 2015), marginal propensities to spend
(Alfredsson, 2004), marginal income changes affecting the consumption
patterns (Thiesen et al., 2008) or the use of industry-oriented approaches,
such as the use of marginal production cost (K€atelh€on et al., 2015).

We define here the term “second-order effects” as the effects of a
specific spending decision on income redistribution, consumption pat-
terns, and productivity growth. These effects occur after the original
spending has been received by the primary factor agents (laborers,
government or recipients of tax redistributions, entrepreneurs, or ren-
tiers), i.e., as a result of re-spending the original expenditure in subse-
quent spending loops.

Income redistribution is the mechanism that describes how the
money received by primary factor agents is ultimately redistributed
among agents involved in all economic sectors and income classes. To
understand this mechanism, information about savings, investments, and
profits is needed. In addition, as productivity is affected by investments,
income redistribution has an important effect on productivity growth, as
well as the parameters and equations that are used to quantify consumer
behaviour, such as propensities to save and consume, consumption pat-
terns, and consumption and production functions.

Productivity growth occurs when innovation takes place within a firm
(microeconomic phenomena) and, as the innovation is adopted by other
firms, it has consequences for other economic activities (macroeconomic
consequences). Numerous sophisticated economic models studying these
effects, from different economic schools (neoclassical to heterodox) can
be found in the literature (for reviews, see Blecker and Stefford, 2019 and
Kemp-Benedict, 2017).

Within the field of environmental assessments, particularly in life
cycle assessments, productivity growth has been studied by integrating
agent-based models (ABM) and learning curves or power law relation-
ships. In addition, we also found examples of including income redis-
tribution effects by using computable equilibriummodels, which are also
able to consider productivity growth effects.

Learning curves and power law relationships show how cumulative
2

production experience and average costs are associated, allowing the
consideration of scale (Argote and Epple, 1990; Bergesen and Suh, 2016).
Being simple and intuitive tools, these two are not intrinsically associated
with investments and other monetary relationships between different
economic sectors, but they could be integrated in economic models.
Examples of using learning curves to assess productivity growth can be
found in Bergesen and Suh (2016) and Sand�en and Karlstr€om (2007).

In ABMs, the behaviour of individuals, including their propensity to
adopt a change, and their production/consumption preferences, can be
modelled and simulated (Gaffard and Napoletano, 2012) to assess pro-
ductivity growth. Even though these models could, in theory, also cover
consumer-spending issues and deal with investments and income redis-
tribution, we do not know of any examples of this. Examples of coupling
ABM with LCA to analyse productivity growth are Navarrete Guti�errez
et al. (2017) and Walzberg et al. (2018).

Computable equilibrium models, partial (CPE) or general (CGE) are
able to cover productivity growth through the price equilibrium equa-
tions indexing each firm by its productivity, considering the respective
(expected) growth rate. Some examples of coupling a CPE or CGE with
LCA are Dandres et al. (2012), Earles et al. (2013), Nguyen et al. (2013),
V�azquez-Rowe et al. (2014) and Whitefoot et al. (2011).

Income redistribution may be assessed by CPE and/or CGE through
the multiplier effects, resulting from the perturbation of the circular flow
of income within the economy by the injection of additional spending.
Multiplier effects are obtained from the production and consumption
linkages from the Social Accounting Matrix (SAM), also known as SAM
multipliers, which trace the effects of changes in demand through
changes in production, household's income, and back to final demand
(Breisinger et al., 2009; Robinson, 2006; Thorbecke, 2000).

In equilibriummodels, the newmarket equilibrium is obtained after a
perturbation based on two optimisation criteria: consumer utility maxi-
mization and producer profit maximization (Yang and Heijungs, 2018).
The long-term equilibrium is obtained using a system of equations that
describe producer and consumer behaviour (production and utility
functions), controlled by market-clearing constraints. Thus, in theory,
these models might cover also consumption patterns, savings and in-
vestment for different economic sectors, however often neglecting or
misrepresenting the financial flows and stocks (Berg et al., 2016; Bur-
fisher, 2012, p.13).

Even though closely related, the income redistribution effect can be
analysed separately from its possible influence on productivity growth. In
this article, we limit ourselves to the effects of income redistribution, and
leave the productivity (growth) puzzle to future research. Considering
the limitations of CGE models when it comes to the representation of the
financial system, we propose the use of Stock Flow Consistent (SFC)
models to analyse the second-order effects of a change in the economy.
SFC models explicitly take into account the income redistribution and
can provide a consistent accounting framework for describing the effects
of an economic shock.

3. A simple model of income redistribution

To exemplify the income redistribution in a very simplified stock-flow
consistent framework, consider a closed economy consisting of banks and
six producing industries: agriculture, mining activities, non-metal pro-
duction, metal production, energy, and services. In Table 1, the six first
numerical columns and rows presents the inter-industry monetary flows
(here called matrix A), with capital goods endogenized.

In this economy, the households are disaggregated into three income
groups: low, medium, and high-skilled, each receiving an industry-
specific share of the value-added and having a specific consumption
pattern. We assume that the only asset that households accumulate is
deposits. On the other hand, we assume that firms are indebted towards
banks (to finance production and/or to finance investment).

Households receive their wages and other labour income from in-
dustries, they spend a part of their income buying consumption goods,



Table 1
Social Accounting Matrix, initial situation (million US$, year).

Agriculture Mining Nonmetal
products

Metal
products

Energy Services Banks Households
Low-skilled

Households
Medium-skilled

Households
High-skilled

Total
outputs

Agriculture 4784 2536 32851 5520 1010 2490 4931 1084 11312 9597 76115
Mining 183 18223 2629 14714 703 55 2517 446 4148 4609 48226
Nonmetal
products

400 128 15813 625 69 2480 11693 3701 25961 35070 95940

Metal products 130 2234 568 25842 411 5386 9750 1173 15764 31663 92920
Energy 338 1706 886 791 16886 809 3147 902 7063 7398 39925
Services 1787 6107 12477 10034 8839 12918 33104 2043 61125 111292 259727
Banks 1924 1219 2425 2349 1009 6565 566 15497 38751 70306
Households
Low-skilled

4660 643 1698 330 220 2290 74 9915

Households
Medium-
skilled

28625 10126 14428 13218 6489 66417 1567 139303

Households
High-skilled

33284 5304 12165 19497 4289 160317 3523 234856

Total flows 76115 48226 95940 92920 39925 259727 70306 9915 140870 238379
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and the remaining part is placed as deposits in banks. In counterpart, the
banks pay interest on the deposits made in the previous period. The in-
dustries receive loans from banks and pay interest on loans to them. Fig. 1
summarises the transactions between the three sectors in this simplified
model.

In this example, the initial financial stock represents the wealth of
each household group. Concerning the industries’ initial worth, we as-
sume that they do not hold money balances so that they entirely borrow
from banks the money needed to finance their new capital expenditures.
For simplicity, we assume that all investment is financed via credit.
Furthermore, we assume, again for simplicity, that banks hold only loans
and finance themselves only via deposits. Therefore, neither the firms nor
the banks have any net worth and that both type of agents distribute all
profits theymight make.We further assume the price level to be constant,
implying that there is no asset revaluation taking place.

The income redistribution after a perturbation can be calculated as
follows. The perturbation vector f represents the increase in consumption
of one (or more) industry products, which is compensated by the
decrease in consumption of the products of other industries. The sum of
all elements in f must be zero to respect the budget constraints of the
consumers, thus accounting also for any rebound effects (see the example
below).

The industries provide and consume products from each other,
therefore, a perturbation affecting one industry will also impact all the
other industries that are linked to its activities throughout its life cycle.

Firstly, the technical coefficients matrix ð~ZÞ must be defined. It con-
tains the ratio of inputs from the industry “i” to the industry “j” (zij) in
relation to the total outputs of industry “j” (xj) and it is obtained by
Fig. 1. Transactions between the included sectors.
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Equation (1). Total outputs here do not include the interest paid by each
industry to the banks, thus it represents the total outputs of the input-
output table (Table A1) in Appendix A.

~Z¼ aij
xj

(Equation 1)

A marginal change in final demand will affect the direct and indirect
input requirements, obtained by Leontief's inverse L ¼ ðI � ~ZÞ�1 .
Therefore, the changes in the total outputs vector (x0 ), also known as the
scaling factors, is calculated by Equation (2).

x
0 ¼ ðI � ~ZÞ�1f (Equation 2)

These changes in total industries' outputs affect the amount of money
received by the industries’ employees, keeping the same proportions
between income groups within each industry as before the shock. This
can be understood either as a proportional change in the number of
workers in the affected industries, or as proportional changes in wages.

This impact is algebraically computed by multiplying the normalized

gross value-added coefficients matrix (~B), where ~bj ¼ bj
xj, by the changes

in total outputs vector (x
0
), as presented in Equation (3).

G¼ ~Bx
0

(Equation 3)

Matrix G represents the changes in primary factor income, i.e., the
labour income received by households working in industry “j”, after any
tax redistribution of income, in the three ‘Households’ rows.

The next step consists in the re-spending of this money, i.e., house-
holds change their consumption according to their income change. In
reality, households save a part of their additional income and another
part is spent on consumption goods. For the sake of simplification, we
consider here that a household's consumption is only a function of labour
income, while their property income is entirely reinvested. In this simple
example, we considered that low-skilled households save 5%, medium-
skilled save 10% and high-skilled workers save 15% of their respective
labour income (i.e., vector ‘s’¼ 0.05, 0.10, 0.15). Therefore, their change
in final consumption (C) can be calculated by Equation (4), which mul-
tiplies the normalized final demand C matrix (~C), where ~cij ¼ cijP6

j¼1
cij
, by

the H matrix, which represents the disposable income of households
ðHi ¼ Gi:siÞ.

C¼ ~C:H (Equation 4)

And, for the subsequent rounds, the new perturbation vector is
computed as follows:

Frþ1 ¼ ~CHr



Table 3
Labour income received by households before perturbation and the changes in
the first five distribution periods (million US$, year).

Household group Before
perturbation

Distribution

1st 2nd 3rd 4th 5th

Wages. Low-skilled 9841 61.4 0.2 0.1 0.1 0.1
Wages. Medium-
skilled

139303 �29.2 2.8 2.1 1.6 1.2

Wages. High-skilled 234856 �27.8 4.6 3.5 2.7 2.0
Total 384000 4.4 7.6 5.7 4.3 3.3

Table 4
Changes in final demand in the subsequent periods after an initial perturbation
(million US$, year).

Industry Perturbation Distribution

1st 2nd 3rd 4th 5th

Agriculture 0 3.3 0.4 0.3 0.2 0.2
Mining 0 1.4 0.2 0.1 0.1 0.1
Nonmetal products 1750 13.5 1.3 1.0 0.7 0.6
Metal products 0 0.3 1.0 0.7 0.5 0.4
Energy �1750 3.3 0.3 0.2 0.2 0.1
Services 0 �13.2 3.4 2.6 2.0 1.5
Total 0.0 8.4 6.6 5.0 3.8 2.9

Fig. 2. Income share from each productive industry for each household type.
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The current change in income affects the consumption of households
in the next distribution round. This induced consumption includes the
shifts in consumption between industries due to the different spending
patterns of the three income groups. Here a ‘distribution period’ includes
the changes in the compensation of employees resulting from perturba-
tion and the induced consumption resulting from the changes in income.

To illustrate this calculation framework, suppose a shift in spending of
US$1750 million from the energy sector to the non-metal sector. This
could occur, for example, when the households buy insulation materials
(increase their spending with non-metal industry products) and save
energy (decrease their spending on energy industry products). The cal-
culations presented in this paper are provided in the Supplementary
Material.

The perturbation will firstly have an effect on the life cycle of energy
and non-metal products (represented by the scaling factors), as presented
in Table 2.

After the perturbation, agriculture, mining, and non-metal industries
have positive scaling factors, and the other three industries reduce their
total output. As previously explained, these changes have consequences
in the value-added of all industries and thus will affect the wages and
salaries of households (represented by the matrix G and presented in
Table 3), which affect their consumption, i.e., their demand for in-
dustries’ products (Table 4), and thus the total output of the industries in
a second round. These effects, here called second-order effects, occur as a
result of re-spending the money originally received and the propagation
round by round.

Households’ income is partly labour income, partly property income.
This latter is here obtained from the deposits held multiplied by the in-
terest rate on deposits (here 0.25%), reflecting economic growth. In this
simple model, all income groups have increasing real income over time in
the status quo situation.

Here we are interested in the net impacts, i.e., that associated with the
perturbation. For this reason, Table 3 presents the annual income of each
household group before perturbation and the net changes to this (here
matrix G), i.e., without the part of their property income that would
change independently of the perturbation.

In the first period of distribution, low-skilled households receivemore
money than they would have received in a status quo situation, increasing
their income by US$ 61.4 million, while medium and high-skilled
households have a decrease in their income by US$ 29.2 and US$ 27.8
million, respectively.

The increase in low-skilled households’ income caused by the shock
occurs because the industries that have an increase in their output in the
first period (Table 2) are also the industries that contribute the most to
the income of the low-skilled households (see Fig. 2: agriculture with
56%, mining 12%, and non-metal products with 16%).

On the other hand, the relative decrease in income for medium- and
high-skilled groups is mainly explained by the decrease in income from
the energy industry itself and from the services consumed by the energy
industry. Medium-skilled households are more impacted than high-
skilled households because they are the most vulnerable income group
to any change in the energy industry's revenue (Fig. 2).
Table 2
Changes in total output of industries in the first five periods of monetary distri-
bution (million US$).

Industry Before perturbation Distribution

1st 2nd 3rd 4th 5th

Agriculture 76115 705 2 1.1 0.8 0.6
Mining 48226 2 1 0.7 0.5 0.4
Nonmetal products 95940 2114 2 1.4 1.1 0.8
Metal products 92920 �38 2 1.4 1.0 0.8
Energy 39925 �3048 1 0.6 0.4 0.3
Services 259727 �434 5 3.8 2.9 2.2
Total 612853 �700 12 8.9 6.8 5.1
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One may notice that the second period presents an increase in total
wages, and from the third period onwards it is reduced and tends to be
zero again (Table 3). This happens because the perturbation is a shift in
expenditure from one industry to another, so that at the beginning of the
first period there is no change in total final demand (see Table 4).
However, the induced change in consumption that occurs at the end of
the first period is no longer zero (because households save money at
different intensity) and thus the total changes in the compensation of
employees are also increasing and remain growing over the subsequent
periods. Since it is an impulse shock, i.e., the exogenous perturbation
occurs only in the beginning, the effects behave as an impulse as well,
slowly dying out over time.

As previously mentioned, the changes in the income of households
Fig. 3. Low-skilled, medium-skilled and high-skilled households' net changes in
wealth (mi US$).



Fig. 4. Change in loans by industry (mi US$).

Table 6
Net equity-weighted income of households before perturbation and changes in
distribution periods (million US$, year).

Household Before perturbation Distribution

1st 2nd 3rd 4th 5th

Low-skilled 29651 185 1 0 0 0
Medium-skilled 177696 �37 4 3 2 2
High-skilled 181203 �21 4 3 2 2
Total 388549 126 8 6 4 3

Fig. 5. Changes in equity-weighted net wealth (mi US$).
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also affect their wealth. Fig. 3 presents the net changes in the wealth of
households due to the perturbation.

The perturbation reduces the wealth of medium and high skilled
households (and also the whole economy) in the first distribution period,
although all three groups become richer with time. The perturbation
transfers money from medium and high-skilled to low-skilled house-
holds. These latter invest less money than medium and high-skilled,
therefore the total economic growth, which in this model relies exclu-
sively on investment, is lower than it would be without the perturbation.

To ensure stock-flow consistency, all transactions are accounted for in
a transactions-flow matrix (TFM). In this accounting framework, each
flow has an origin (with a negative sign) in a sector and a destination
(with a positive sign), therefore the sum in each column and each row is
zero. Table 5 presents the net changes in the TFM to analyse how each
institutional unit was impacted by the perturbation.

In this example, households save less money than they would have
saved without the perturbation. At the same time, some industries
(Agriculture, Mining and Nonmetal products) see their expenses (inter-
mediate consumption and wage payments) reducing more than their
income while the other industries see their income increase more than
their expense. Therefore, all industries take fewer loans than they would
have taken in a status-quo situation (negative values in the current ac-
count of liabilities for all industries). These changes in liabilities due to
the perturbation have a permanent effect on the economy. Fig. 4 shows
the net changes in industries’ liabilities in the first five periods of dis-
tribution. They oscillate considerably in the first four periods and then
they stabilize.

When assessing the income redistribution, it is important to assess the
impact on equality (the social profile). This because earning additional
money does not affect all persons equally, i.e., an additional unit of in-
come has more utility for a lower-income person than for a higher-
income one. Equity-weights can be applied to reflect the marginal
change in utility for each income group, using the elasticity of the mar-
ginal utility (ρ), as presented in equation (5).

VAw;i ¼VAi �
�

Average income
income of group i

�ρ

(Equation 5)

In this equation, the VAw;i corresponds to the equity-weighted income,
for the income group “i”, being low-skilled, medium-skilled, and high-
skilled. The elasticity of the marginal utility (ρ) is obtained empirically
from surveys based on individual happiness and life satisfaction vis-�a-vis
the household income. We use here the value provided by Layard et al.
(2008), ρ ¼ 1:24, with a 95% confidence interval of 1.14–1.35. We
assumed, arbitrarily, for this exercise an average annual income of US$
6085 per household, being the average annual income by our income
groups as follows: US$ 2500 for low-skilled, US$ 5000 for
medium-skilled, and US$ 7500 for high-skilled.

The net results of the weighted total income before perturbation and
the weighted changes in monetary distribution periods are presented in
Table 6.

The income redistribution effect on low-skilled households is even
Table 5
Net changes in transactions-flow matrix in first distribution period.

Households Non-financial corporat

Low-
skilled

Medium-
skilled

High-
skilled

Agriculture Mining

Wages 61 �29 �28 �633 �1
Consumption �58 26 24 3 1
Intermediate
consumption

630 �1

Interests
Change in deposits �3 3 4
Change in loans �0.4 �0.1
Σ 0 0 0 0 0
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more pronounced when equity-weighted, as would be expected. The
distribution of US$61 million from medium-skilled and high-skilled to
low-skilled causes, on one hand, a decrease in economic growth, on the
other hand, increases the total societal utility.

The sum of the three weighted changes corresponds to the net
redistribution of utility associated with the perturbation, which,
expectedly, drops each round until a new steady state is reached. The
positive sign of the balance indicates a beneficial redistribution effect,
i.e., the perturbation in this example causes a monetary distribution
where low-skilled gain more utility, while high-skilled households lose.

The equity-weighted change in net wealth can be calculated from the
equity-weighted income. Fig. 5 presents the calculations of the changes
in the net wealth associated with the perturbation.

The impact on net wealth is even more accentuated for low- and
ions Financial
corporations

Σ

Nonmetal
products

Metal
products

Energy Services Banks

�639 14 861 393 0
1763 0 �1747 �13 0
�1123 �14 886 �378 0

0
�4.0 0

�1.0 �0.5 �0.3 �1.7 4.0 0
0 0 0 0 0



Table 8
Carbon dioxide emissions before perturbation and the changes in distribution
and redistribution periods (million tons of CO2).

Before
perturbation

Distribution

1st 2nd 3rd 4th 5th

Total CO2

emissions
2000 �40.6 0.041 0.029 0.022 0.017

Fig. 6. Carbon dioxide emissions changes in distribution periods, by industry
(million tons of CO2).
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medium-skilled households, while the changes in the net wealth of high-
skilled households are less negative, than without equity-weighting,
showing that high-skilled households are less vulnerable to income
perturbations and recover faster than medium-skilled households. With
equity-weighting, we observe that total economy net wealth increases
with the perturbation, contrary to what is observed without equity-
weighting in Fig. 3.

4. Including environmental effects in the model

The previous results only consider the impacts on value-added and
final demand. In this section, we include an environmental externality,
which is represented, for the sake of simplification, by the carbon dioxide
emissions (CO2) from industrial activities. The values arbitrarily
considered for the sake of this example are presented in Table 7.

The coefficients obtained from these values are then included as a row
in the matrix ~B. Thus, applying the same calculation framework pre-
sented in the previous section, analogously to the calculations conducted
to assess the changes in primary factor income caused by the perturbation
in the distribution periods, we can now obtain changes in emissions,
round-by-round, as presented in Table 8.

The economic perturbation causes a reduction in CO2 emissions
during the first distribution period (representing around 2% of total
annual emissions), followed by slight increases in the subsequent dis-
tribution periods that tend to zero with time. Fig. 6 presents the changes
in emissions of each industry.

The reduction in demand for energy products right after the pertur-
bation, as discussed in the previous section, is the main reason for the
decrease in emissions observed in the first period. The increase in
emissions from agriculture and non-metal products is significantly lower
than the decrease in emissions from the energy industry, resulting in a net
decrease in emissions. The other industries remain practically constant in
terms of CO2 emissions.

These results show that the income redistribution also implies a per-
manent effect on cumulative CO2 emissions. In this example, only CO2
emissions were considered, but this would also apply to other substances
or impact categories.

5. Data sources and data availability for a full-scale model

The goal of this article is to show that it is possible to include second-
order effects in life cycle assessments, without expanding infinitely the
system boundaries. In the example provided here, some important and
significant simplifications were made. First, the economy is only
composed of six industrial sectors and the banks, value-added here is
equivalent to the income of households and final demand is simplified to
final consumption. Nowadays, numerous social accounting matrices and
multi-regional input-output tables (MRIO), such as Exiobase, are avail-
able for the whole economy at different levels of resolution, i.e.,
including also other elements of value-added, such as taxes, subsidies,
and operating surplus; intermediary consumption for an important
number of industries; more detailed information on final demand, such as
gross fixed capital formation and change in inventories; imports and
exports. Our model can equally well be applied to such more detailed
data sources, better representing economic interactions to identify and
describe how each economic sector is impacted by an economic shock.
For example, when including government accounts, the tax redistribu-
tion can be accounted for in the dynamics of the economy, which is
particularly relevant for assessing the social impacts.
Table 7
Carbon dioxide emission intensities by industry.

Agriculture Mining Nonm

CO2 emissions (t/USD) 0.0027 0.0043 0.002
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In the example presented in this article, only carbon dioxide emis-
sions were calculated. Multi-regional input-output tables, such as Exio-
base, also present air pollution and other greenhouse gas emissions,
energy and water use, land occupation, and other relevant environmental
indicators. The integration of data from an MRIO will allow performing a
complete environmental assessment.

In addition, in this article, households are disaggregated into three
levels of income. A potential improvement is to associate to each income
group more precise parameters to describe their consumption behaviour,
e.g., the inclusion of more realistic propensities to consume out of wealth
and out of income. Moreover, households could also be divided into
workers, managers and supervisors and executives (closer to stock-
holders/capitalists), since they have different relationships with firms’
production and, as a result, different ways of compensation. In addition,
MRIOs such as Exiobase provide more information on social profile of the
employees of each industry, which opens the field for improving the
social life cycle assessment as demonstrated in Weidema (2018, 2020).

In our example, the initial net wealth is estimated from the net income
etal products Metal products Energy Services

1 0.0022 0.0154 0.0024
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of households and all saved money is invested in industries proportion-
ally to their outputs. More realistic data on stocks and investment are
available in the databases of different organisations, such as the Orga-
nisation for Economic Co-operation and Development (OECD), the In-
ternational Monetary Fund (IMF), central banks, and others. The
integration of these databases into the model will help to identify the
sectors that are impacted, and who is at risk, from a perturbation. These
databases also provide statistical data for interest rates, which will allow
obtaining more realistic modelling of economic growth.

6. Final discussions

The results presented in the previous sections show that impulse
shocks have a permanent effect, i.e., implies a new steady state. We show
that the major changes occur in the first distribution period, and that,
regardless of the simplifications done in this example, the inclusion of (at
least) this first period in environmental and social assessments is feasible
and would be helpful for decision support. These simplifications can be
addressed by reproducing the framework presented in this paper to other
scenarios and also including other sectors in an open economy.

Profit (of firms and banks) and level of prices should also be included
to represent more realistically the economy. For this matter, and also for
allowing a better representation of consumption behaviour, an agent-
based model would be helpful.

Another topic that should be investigated in future research is in-
vestment. In this simple model, for the sake of simplification, the change
in the balance sheet of non-financial corporations (reduction in their li-
abilities) means reducing their borrowing, while these savings could be
used for different purposes, such as investing in fixed capital, distributing
profits, etc. It would be important to include an investment function in
the model to simulate the effects of investing the saved money.

One may notice that even though the focus of this simple model is to
quantify the effects of income redistribution, productivity is also partially
studied, since capital accumulation, wages, savings, and investments in
firms are interrelated. Since income (re)distribution is an important
factor for assessing productivity growth (Blecker and Setterfield, 2019), a
full-scale model would allow a better understanding of productivity
growth with more accurate results on how industries increase their
productivity depending on the changes in investment (and by type of
investment).

With regard to the inclusion of other life cycle phases in the proposed
model, while domestic waste is taken into account through the con-
sumption of waste treatment, use phase emissions, other than the exog-
enous energy savings, were not included for the sake of simplification.
This has limited consequences for our specific example (use phase of
insulating materials presents negligible emissions), however, as a general
7

practice, it is recommended to endogenise consumption activities and
emissions in the input-output model.

Finally, the simple model presented in this paper is applied to a case
study where the exogenous shock is a shift in final demand (to respect the
household's budget constraint), and thus the second-order effects are
offset by the net-zero change in final demand. For exogenous shocks
represented by an extra demand (for example, injection of extra money
from public policies), the relative importance of second-order effects
would be more evident.

7. Conclusions

This article shows that it is possible to include the effects of income
redistribution in the LCA methodology within a stock-flow consistent
framework. The inclusion of financial aspects is needed to represent the
realistic situation where saved money is invested in industries and it has
environmental and social consequences. We show that the income
redistribution effects have a permanent effect on the economy as well as
on the cumulated CO2 emissions.

We applied this novel method on a shift in consumption from energy
to non-metal products industry, which could occur, for example, when
households expend their money on insulation goods and would save
energy. The results present an income redistribution from higher income
groups to the low-income group, which has a lower savings rate than
other groups and, as a result, decrease the net wealth of the whole
economy. However, total marginal utility is increased, and accumulated
carbon dioxide emissions are decreased.

Regardless of the simplifications made in the example, the results
show the importance of including the environmental burdens and ben-
efits resulting from income redistribution, at least in the first distribution
period, as well as the contribution to marginal utility in social life cycle
assessments.

Finally, we point out possible ways to improve the framework pre-
sented in this article. For example, the use of more comprehensive input-
output tables, i.e., multi-regional input-output tables, with more sub-
stances and resources and more detailed information concerning the
industries’ inputs are needed to make real conclusions about the sus-
tainability impacts of products and services. The inclusion of government
is also needed, to provide a better picture of the change in financial flows
and stocks, as well as environmental and social impacts.
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Appendix A

The changes in primary factors are obtained proportionally to the changes in industries' outputs through the Leontief's inverse as in classic Input-
Output analysis. Therefore, the coefficients matrices are calculated by using total outputs from Table A1.
Table A.1

Input-Output Table

AGRICULTURE MINING NONMETAL METAL ENERGY SERVICES FINAL TOTAL

PRODUCTS
 PRODUCTS
 CONSUMPTION
 OUTPUTS
AGRICULTURE
 4784
 2536
 32851
 5520
 1010
 2490
 25000
 74191

MINING
 183
 18223
 2629
 14714
 703
 55
 10500
 47007

NONMETAL PRODUCTS
 400
 128
 15813
 625
 69
 2480
 74000
 93515
(continued on next column)

https://doi.org/10.1016/j.cesys.2022.100072
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Table A.1 (continued )
AGRICULTURE
 MINING
 NONMETAL
PRODUCTS
8

METAL
PRODUCTS
ENERGY
 SERVICES
 FINAL
CONSUMPTION
TOTAL
OUTPUTS
METAL PRODUCTS
 130
 2234
 568
 25842
 411
 5386
 56000
 90571

ENERGY
 338
 1706
 886
 791
 16886
 809
 17500
 38916

SERVICES
 1787
 6107
 12477
 10034
 8839
 12918
 201000
 253162

VALUE-ADDED, LOW-
SKILLED
4660
 643
 1698
 330
 220
 2290
VALUE-ADDED, MEDIUM-
SKILLED
28625
 10126
 14428
 13218
 6489
 66417
VALUE-ADDED, HIGH-
SKILLED
33284
 5304
 12165
 19497
 4289
 160317
VA SUMMED
 66569
 16073
 28291
 33045
 10998
 229024
 384000

TOTAL INPUTS
 74191
 47007
 93515
 90571
 38916
 253162
 597362
It is important to highlight that transactions with banks are not obtained from Leontief's inverse like the other transactions. Rather, the interest paid
by industries to banks (IntL) and from banks to households (IntD) in the current round (r) are calculated by multiplying the interests rates (iL and iD)
respectively to changes in loans (L) and deposits (D) from previous period (r-1), as described in Equation (A.1) and A.2.

IntLr ¼ Lr�1 � iL (Equation A1)

IntDr ¼Dr�1 � iD (Equation A2)

The changes in stocks (loans and deposits) are obtained from the transactions-flow matrix computed in the end of each period. Loans taken from
industry ‘j’ are the difference between its uses and resources and deposits made by household ‘k’ is the difference between its resources and uses, as
presented in Equation (A.3) and A.4.

Lr
j ¼

X
k

Wk;j
r þ IntLj

r �
X
k

Cj;k
r � ICj

r ; j ¼ 1;…; 6 ; k ¼ 1; 2; 3 (Equation A3)

Where “ICj” represents the net intermediate consumption of industry ‘j’, “k” represents each income group of households, “Wk;j” represents the wages
payed from industry ‘j’ to income group ‘k’.

Dr
k ¼

X
k

Wk;j
r þ IntDk

r � Ck
r (Equation A4)
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