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Multi-region input-output models have been used extensively for describing and analysing the production and
trade of goods. However, there have been no prior publications on the use of such models to determine optimal
trade benchmarks considering footprint limits. Such benchmarks can provide valuable insights for economic
planning, in the same manner that pinch analysis targets provide insights in process integration. In this work, a
mixed-integer linear programming input-output model is developed to minimize environmental footprint by
adjusting production and trade levels in a cluster of regions or countries with specified final demand constraints.
A case study based on a simplified, low-resolution model of the Philippines using land footprint as objective
function is solved to illustrate this new approach.

1. Introduction

The production of goods and provision of services in modern economies have environmental impacts that are
often not directly observable. Such impacts can be quantified using different footprint metrics that measure
different sustainability dimensions (Cugek et al., 2012). Environmentally extended input-output (EEIO) models
provide a systematic means of estimating footprints using public statistics (Aguilar-Hernandez et al., 2018).
These models are based on the standard input-output formulation first proposed by Leontief (1936) to describe
the network structures of economic systems. Input-output models are based on public records of intersectoral
transactions, which are usually measured in monetary units. Use of physical flows in these models augments
the embedded economic principles, and allows more accurate representation of real systems (Merciai, 2019).
A comprehensive description of the basic input-output model and common variants can be found in the book by
Miller and Blair (2009). A brief tutorial can also be found in the chapter by Tan et al. (2017).

The EEIO model has been used as the mathematical framework for sustainability constructs such as Industrial
Ecology (IE) (Duchin, 1992), Circular Economy (CE) (Aguilar-Hernandez et al., 2018), and the Water-Energy-
Carbon Nexus (Wang et al., 2020c). EEIO models have been used to track virtual flows of footprints embedded
in trade. For example, this approach has recently been used to analyze the economies of China (Wang et al.,
2020a), the European Union (Wang et al., 2020b), and the Asia-Pacific Region (Yang et al., 2020). A review of
applications is given by Liu et al. (2017). In addition, Mathematical Programming (MP) models based on the
input-output framework have also been proposed. The excess degrees of freedom can arise from technology
choice (Duchin and Levine, 2011) or structural flexibility (Cayamanda et al., 2017). Heijungs et al. (2014) used
this approach in a model that maximizes economic welfare within the limits of the planetary boundaries. MP
models based on the input-output framework have been used to assess decarbonization options in the
Philippines (Cayamanda et al., 2017) and China (Su et al., 2021). Capital stock for renewable energy generation
was included in an EEIO model by Kang et al. (2020). Rojas-Sanchez et al. (2019) developed a multi-objective
optimization model using the EEIO framework to account for different sustainability dimensions. EEIO models
have also been combined with Process Integration (PI) tools such as P-graph (Aviso et al., 2015) and Pinch
Analysis (PA) (Tan et al., 2018). Models have also been developed to optimize trade of industrial (Aviso et al.,
2011) and agricultural (Aviso et al., 2018) goods under water footprint constraints.

Despite the prevalence of multi-region EEIO models for quantifying virtual flows of footprints embodied in trade,
these methods are usually descriptive, and are rarely applied to the problem of planning optimal production and
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trade. To address this research gap, this paper develops an optimization model based on a multi-region EEIO
formulation. It can be used to provide benchmarks to guide decision-makers in economic planning, in the same
manner that utility targets guide process design or retrofit in Pl (Klemes, 2013). The rest of this paper is
organized as follows. Section 2 gives the formal problem statement, while Section 3 discusses the model
formulation. In Section 4, a three-region case study based on the Philippine economy is solved to illustrate the
model. Finally, Section 5 gives the conclusions and discusses prospects for future research.

2. Problem statement

The optimization problem may be formally stated as follows:

e Given an economic system which consists of R regions;

¢ Given that each region consists of S different economic sectors;

¢ Given fixed input ratios for each unit output of sector i in region I;

¢ Given the environmental intensity of each economic sector i for environmental impact category k;

¢ Given regional environmental impact limits and economic productivity targets;
The problem is to determine the optimal trading matrix between economic sectors within a region and between
regions to minimize the total footprint of the system. Figure 1 shows an example of a system with two regions
and two sectors.

Figure 1: Example of a two-region, two-sector economic system with interregional trade flows shown as
broken lines

3. Model formulation

The objective is to minimize the total environmental footprint of the system as indicated in Eq(1) where zx is the
total environmental footprint k in region I. Eq(2) indicates that the final demand of commodity i in region |, yi, is
the sum of the net internal production in region | and the difference between imported goods i from region m to
region |, uim, and amount of exported goods i from region | to region m, vim, for all regions; Idj represents the

elements of the identity matrix Id, aij represents the internal transactions between sector i and sector j in region
I and x; is the size of sector j in region I. This formulation assumes that any product i exported from a region | to
region m is used to satisfy the final demand in region m, while any product i imported by region | from region m
is used to satisfy the final demand requirement in region |. The traded goods are not used as raw material in
any of the sectors in the receiving region. The associated environmental footprint of the economic activities can
be calculated using Eq(3) where Bju is the associated environmental footprint k for each unit output of sector j
in region | and zu is the over-all environmental footprint k of region | when all sectors are considered. Variable
rim (Sim) is activated when there is an import (export) stream for commodity i from (to) region m to (from) region
| as indicated in Eq(4) and Eq(5) where rim and sim are binary variables which assume a value of 1 if trade of
commodity i exists between regions m and | as indicated in Eq(6) and Eq(7), respectively. Each commodity i in
region | can only be either exported or imported to or from region m, as indicated in Eq(8). Export and import of
the same commaodity between two regions cannot occur simultaneously. Note that Eq(4) to Eq(8) excludes self-
trade. These conditions may be implemented automatically in some optimization software; otherwise, it is
necessary to manually add equivalent constraints setting self-trade streams to zero. The total environmental
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footprint k in region | should not exceed the regional target environmental impact level, Zy™M#x (Eq(9)) which can

represent available resources in a region. In addition, the final demand for each sector in each region should
meet a predefined minimum level, Yi™" (Eq(10)).

P R
min Z Z Zil (1)
kK 1

M R’

Z(Idm — ay)x; + Z(uiml = Viim) = Vil VieSVIeR (2)
j m

S

z Bjkixji =z vkeP,VIER (3)
j

Ujm1 < Mrim) vieSvlml#+meR 4)
Vilm < MSiim ViesSvlml#meR (5)
Tim1 € {0,1} ViesS,Vlml#meR (6)
Siim € {0,1} VieSvlml#meR 7)
Tilm + Sim < 1 vies,vlml#meR (8)
Z < Zig ™ vkePVIER 9)
yi = Y VieSVIER (10)

Note that this model is a mixed integer linear program (MILP) and can be solved to global optimality without
major computational issues. In the case study that follows, it is implemented and solved using Microsoft Excel.

4. Case study

This case study uses official data from the Philippines for 2012 (PSA, 2018) coupled with land use data for
footprint constraints (CIA, 2021). Due to space constraints, only three aggregated economic sectors (i.e.,
agriculture, industry, and services) for the three major regions of the country (Luzon, Visayas, and Mindanao)
are used. Each sector within each region is coded for ease of reference; for example, the agriculture sector of
Luzon is denoted as R1-A, and a similar convention is used for the others. Each sector is assumed to produce
a homogeneous set of goods that are fully interchangeable, regardless of the region of origin. The technical
coefficients of the input-output system are shown in Table 1. Each column represents the inputs required per
unit of output of a sector in a given region; the ratio is expressed in terms of economic value. For example, the
entries in the R1-A column indicate that, on average, every PHP of output of the agriculture sector in Luzon
requires as inputs of PHP 0.07 of other agricultural products, PHP 0.13 of industrial products, and PHP 0.04 of
services (note that the market exchange rate as of July 2021 is about PHP 60 =€ 1).

Table 1: Technical coefficients for case study

R1-A R1-I R1-S R2-A R2-1 R2-S R3-A R3-1 R3-S
R1-A 0.07 0.08 0.01 - - - - - -
R1-I 0.13 0.36 0.17 - - - - - -
R1-S 0.04 0.10 0.16 - - - - - -
R2-A - - - 0.07 0.08 0.01 - - -
R2-1 - - - 0.13 0.33 0.17 - - -
R2-S - - - 0.03 0.10 0.15 - - -
R3-A - - - - - - 0.07 0.08 0.01
R3-I - - - - - - 0.13 0.34 0.18

R3-S - - - - - - 0.03 0.09 0.14
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This case study focuses on land footprint, which must be a small fraction of actual land area to allow for a buffer
that will provide essential ecosystem services (Rockstréom et al., 2009). Table 2 presents the land footprint
coefficient and minimum final demand of each sector in each region. The land footprint coefficient gives the area
required per unit of annual economic output, which is notably larger in magnitude for agriculture than for the
industry or services sectors. The final demand column gives the minimum amount of goods from each sector in
each region that is purchased by households for final consumption, firm consumption, government consumption,
exports, and imports. The sum of the entries in this column is known as the gross domestic product (GDP).

Table 2: Land footprint coefficients and final demand for case study

Land footprint coefficient ~ Minimum final demand

(kmz2-y/Billion PHP) (Billion PHP)
(CIA, 2021) (PSA, 2018)

RT-A 49.77 606

R1-I 0.15 2,992

R1-S 0.15 6,058

R2-A 50.16 220

R2-I 0.14 504

R2-S 0.14 899

R3-A 49.92 475

R3-| 0.15 573

R3-S 0.15 884

Solving the model gives the optimal trading matrix shown in Table 3 with a corresponding land footprint of
117,053 km?2. Luzon (R1) imports PHP 2,992 billion (10°) worth of industry products from Mindanao (R3), but
also exports PHP 477 billion worth of agricultural products to that region. Visayas (R2) imports PHP 220 billion
worth of agricultural products from R3, and exports PHP 3,565 billion worth of industrial products there. It should
be noted that alternative solutions may exist with the same optimal objective function value. Such solutions can
be enumerated by progressively adding integer cut constraints to the MILP model.

The best result for the no-trade scenario gives a land footprint of 120,104 km?, which is 3 % larger than the
optimal trade footprint. The total outputs of the different sectors for both scenarios are shown in Figure 2. Note
that, when trade is optimized, R1 industry output drops dramatically, while the output levels of its other two
sectors remain similar to those of the no-trade scenario. On the other hand, R2 produces more output across
all three sectors, while R3 produces less. The distribution of land footprints for both scenarios are shown in
Figure 2. Trade increases the footprints in R1 and R2 and decreases the footprint in R3. Since the respective
land areas of the three regions are 105,000 km?, 100,000 km?, and 95,000 km?, the optimal trade solution uses
up 70 %, 30 %, and 15 % of the available land resource.

Table 3: Optimal trading matrix with flow of goods in billion PHP

Import from R1 Import from R2 Import from R3 Export to R1 Export to R2 Export to R3

R1-A - - - - - 477

R1-I - - 2,992 - - -

R1-S - - - - - -

R2-A - - 220 - - -

R2-I - - - - - 3,565

R2-S - - - - - -

R3-A 477 - - - 220 -

R3-I - 3,565 - 2,992 - -

R3-S - - - - - -

In practical terms, the optimal trading matrix (or matrices) can serve as a guide for resource-constrained
economic planning. However, real economies cannot be controlled directly in the same manner as process
plants. Knowledge of optimal trading patterns can serve as a benchmark that is useful in the same manner that
PA targets guide designers in Pl problems.
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Figure 2: Sector outputs without trade and with optimal trade
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Figure 3: Land footprints without trade and with optimal trade

5. Conclusions

An input-output optimization model has been developed in this work for optimizing trade across multiple regions
under footprint constraints. The model was illustrated using a case study of trade among the three major regions
of the Philippines considering land footprint limits. Unlike conventional, descriptive multi-region input-output
models, this formulation allows ideal system states to be determined; such solutions can be used like utility
targets in Pl to guide decision-makers, so that production levels of specific goods can be planned while
accounting for footprint constraints. Future work should focus on extending this modelling framework to account
for structural or technological change. Growth and expansion plans can also be included in future models. A
multi-objective extension should also be developed to account for different sustainability dimensions.
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