Chapter 5 )
SIMPLE-G Model Specification: Shex
Mathematical Equations in a Multiscale

Market Equilibrium Model

Iman Hagqiqi

Understanding the complex link between land, water, and environmental systems is
required for addressing sustainability challenges. Earth observation provides valu-
able insights into these systems. Traditional earth analysis methods often rely on
one-dimensional approaches, focusing on individual components like land cover,
hydrology, or biogeochemical processes. However, real-world environmental chal-
lenges like climate change, water scarcity, and biodiversity loss necessitate a more
holistic understanding that integrates these components with human system. Effec-
tive analyses require flexible and adaptable models that incorporate human decisions
and responses. This chapter introduces the mathematical representation of SIMPLE-
G framework, Simplified International Model of agricultural Prices, Land use, and
the Environment- Gridded version. This framework can be applied on different grid
cell sizes, from very fine resolution to coarse resolutions, and in multiscale analy-
sis. SIMPLE-G addresses the need for a traceable and comprehensive framework by
offering a modular and customizable framework that combines various geospatial
data sources and modeling techniques. This allows researchers to tailor the model to
specific research questions and environmental contexts, with a deeper understanding
of the complex dynamics shaping our planet.

This chapter introduces five successively more complex model specifications of
SIMPLE-G. Each model is designed for specific research purposes but can be
applied to a wide range of questions. Each successive model has new features and
new data requirements. Table 5.1 summarizes the diverse models discussed in this
chapter. We start with the simplest model, then explain how to add new dimensions,
such as new assumptions, new agricultural inputs, or new production technologies.
However, new inputs may differ in the degree of spatial mobility or their implica-
tions for the spatial scope of their markets. Therefore, new market-clearing
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Table 5.1 SIMPLE-G models in Part III

I. Haqiqi

Agricultural inputs

New information

New features

Potential application

1 | Land, other

Intensive and extensive
margins

Regional and
local markets

Deforestation,
biodiversity

2 | Land, water, other Yield response to water | Subregional Nonland changes
markets
3 | Land, water, fertilizer, Yield response to Market Nitrogen policies
other fertilizer rigidity
4 | Land, water, fertilizer, Land conversion, yield | Multiple Water stress, yield,
other response to fertilizer by | activities, water quality, fertil-
technology land izer policies
allocation
5 | Land, surface water, Water resources substi- | Product Water scarcity,

groundwater, equipment,
fertilizer, other

tutions, irrigation
technology

differentiation

water management

conditions and new marketsheds must also be introduced. For example, fertilizer
markets are typically spatially connected, while labor markets may be less well
connected at the regional level. New parameters will also be added for each new
feature, which may require new information to inform the model. For example,
introducing fertilizer to a model may require information about yield response to
fertilizer, which must be used to inform the new behavioral parameters.

1 Model 1: The Basic Two-Input Model

This section describes the simplest of the gridded models, SIMPLE-G1; each grid
cell has one production practice, two agricultural inputs (R for natural resources and
H for manufactured inputs and human services), and one composite crop commod-
ity. Table 5.2 summarizes the equations of the production part of this model. For the
demand side, we follow nongridded SIMPLE equations, which are common across
all the models described in this chapter (see Table 5.2).

1.1 Production Structure

In SIMPLE-G, we adopt a nested constant elasticity of substitution (CES) structure,
which can accommodate varied types of technological information about production
processes. Figure 5.1 represents the production structure of the basic model, the local
market for the natural resource input, and the regional market for the augmented
human input. Here, R is a composite of agricultural inputs provided by natural and
environmental system (e.g., land and water), and H is a composite of agricultural
inputs provided by human systems (e.g., labor, capital, and fertilizer). The natural
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Table 5.2 Summary of gridded equations for SIMPLE-G-1.2.1

Variable® | Equation ‘ Description
Natural resources input market
R R R_ R _ R Agricultural demand for natural
% O T8 =4y~ 4~ % <17g ARG ag) refources
PE gk =nfpk + 5§ Economic supply of natural
resources
Human services and manufactured input markets
H
q High_g _gq _O_<H_aH_ —a) Demand for human and
¢ g TG 9~ % ™% \Pe % “Pe T %) | o nufactured input
pY pi=p! Price of human and manufactured
input
pH gt =ntipt 4 51 Supply of human and manufactured
input
q? o = EQHb Total subregional/regional input
g ¢ supply
Crop markets
; _oH Gridded fit
e g, —a, =0 (q?+af)+9§<q§+a§) ridded zero profits
Dg Do = Dr Gridded price of crops
9 =Ap) | Q= ;ng Total regional crop supply
ge€r

“This column shows matching variables that are determined by each equation (usually price or
quantity) with the matching dimension
"These equations are written in levels, not as percentage change

input markets are geographically separate, assuming that they are not directly linked;
therefore, the natural input is not mobile. That is, land does not move from one grid
cell to another grid cell. However, the human input market is aggregated, reflecting
the fact that the grid cells compete for human input. Additional, human input can
move among locations, which causes prices for the human input to move together
across grid cells.

The single-nest Constant Elasticity of Substitution (CES) gridded production
function in Fig. 5.1 comprises three key behavioral equations that are obtained
from microeconomic theory based on assumptions of cost minimization, coupled
with free entry and exit from these activities.

1.2 Input Demand Equations

In keeping with the analytical approach, model condensation and nonlinear solution
strategy described in Chap. 8, we write these equations in linearized (percentage
change) form (Dixon 1982). The cost shares are updated over the course of the
nonlinear model solution. The following three equations pertain to the top-level nest,
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Fig. 5.1 Basic gridded production structure of a simple two-input model and associated markets

in which natural resources (R) and other inputs (H) are combined, in variable
proportions, to produce aggregate crop output:

qif + aI; =q,—a; — 0y (p§ - aI; —Pg— ag) : demand for natural input, (5.1)

41;1 + a? =q,—ag— 0y (pf — a? —Py— ag) : demand for human input, (5.2)
Pt ag= 9;1 (pg — a?) + 9§ (pge — aif) : zero profits, (5.3)

where lowercase variables denote percentage changes in the corresponding upper-
case, “levels” variables (i.e., p = 100(dP/P) is the percentage change in crop price
and a = 100(dA/A) is the percentage change in total factor productivity). The
variables p,, ¢,, and a, denote the percentage changes in gridded crop price, gridded
crop production, and overall crop productivity, respectively. Similarly, p}, ¢, and ,
denote the percentage changes in input price, input demand, and factor-augmenting
productivity, respectively. Finally, 6, is the share of each input in total crop
production costs.

The zero-profit equation is the consequence of our assumption of unrestricted
entry and exit from the crop sector. If the output price rises, given unchanged
technology and input prices, then the sector will experience excess profits. This
will attract new entrants or encourage the expansion of existing producers, which
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will drive up input prices and drive down output prices until zero pure economic
profits are restored. Manipulation of these equations yields the following, equivalent,
quantity-based expression of this condition, which we use in the model to facilitate
our condensation strategy:

== 0! + ) + 0 (). s

Thus, the percentage change in demand for natural resources depends on changes
in technology (a, a®), total crop output (¢), and the price of natural resources ( p)
relative to an index of all input costs (p). Equation 5.1 shows that the demand for
natural resources, qif , will increase with increasing crop production, g,. As the
substitution elasticity is a positive parameter, the demand for natural resources will
also increase with a reduction in input price (or cost) of natural resources, pg. Finally,
the demand for natural resources will increase with an increase in crop prices. The
impact of productivity improvement on factor prices depends on the magnitude of
the substitution elasticity and price responses. Holding the input prices constant, an
increase in productivity will generally increase both output level and demand for
both inputs.

In Chap. 7, we will discuss how the elasticity of substitution, o, can be calibrated
to reproduce grid-cell- and practice-specific agronomic characteristics of crop pro-
duction. It is evident that a large substitution elasticity will result in a much greater
response to, for example, a tax on natural resource use in crop production. Therefore,
o is a key parameter in sustainability analysis.

1.3 Natural Resource Input Supply Equations

Input supply functions are written as mathematical equations that show the relation-
ship between the price of agricultural inputs and the quantity of the input that is
supplied to the market by the seller. The supply function for the natural resource
inputs is typically written for each grid cell in the following linearized form:

qs =naps + sk, (5.5)

where ¢ is the percentage change in quantity supplied, p is the percentage change in
price, 7 is the supply elasticity in the linearized supply function, and s is the shifter of
the supply curve. The supply elasticity is a fixed parameter and defined as the
percentage change in the quantity supplied divided by the percentage change in
the price, holding everything else constant. The parameter of supply elasticity is
positive, which means that the quantity supplied increases as the price increases.
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1.4 Human and Produced Input Supply Equations

The supply function for human-produced inputs (e.g., labor, capital, fertilizer) is
typically written in the following linearized form:

qf.' = nf’p7 + s,’.’, (5.6)

where 7 is an index for regions. Equation 5.6 shows that the total supply of human
input in each region depends on regional prices (e.g., wages) and regional supply
elasticities. Additionally, a shift in supply at the regional level (s,) can affect the
input market. Note that Eq. 5.6 can be specified for subregions depending on the
application, indicating less mobility among human inputs.

1.5 Market Equilibrium Equations

For a natural resource input, the market-clearing condition implies that the gridded
economic supply of the natural resource input should be equal to the gridded
agricultural economic demand for natural resource input at the equilibrium price.
For a human input, the market-clearing condition holds at the regional level.
Table 5.2 summarizes the production side equations for Model 1 (SIMPLE-G-1.2.1).

Box 5.1 describes an application of Model 1 in SIMPLE-G-Mini that is designed
for understanding the determinants of local responses and decisions about resources.

Box 5.1 SIMPLE-G Mini and AnalyseGE: The Minimodel
for Understanding Gridded Production and Gridded Markets
Before moving on to more complex models, it is useful to pause and reflect on
what can be learned from working solely with the supply side of the model.
(The theory behind this gridded analysis was introduced in Part II.) If the
market prices of outputs and variable inputs are known, then the outcome in
each grid cell can be treated as an independent solution to a problem in which
the market prices and grid-cell-specific policies (e.g., groundwater sustainabil-
ity policies) are treated as exogenous shocks and we can solve the model for
the local prices and quantities. We dub this the “minimodel” since it can be
readily solved and analyzed in depth on a grid cell by grid cell basis. Of course,
to know what the market price changes are for any comprehensive policy, one
must first solve the “maxi-model” (i.e., the full-blown SIMPLE-G model with
consumption, trade, and production in the rest of the world). This is therefore a
sequential exercise.

The great advantage of working with the minimodel is that we have access
to theoretical and numerical results that can facilitate insights and help us

(continued)
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Box 5.1 (continued)

identify key parameters in the model and behavioral assumptions governing
the outcomes (recall Part I1.2). Thus, for example, referring to Eq. 3.9 of Box
3.1 (reproduced in a simplified form that assumes a = 0), we can see that the
change in production in a given grid depends on three components: the
extensive margin, the intensive margin, and the conservation policy (see also
Ray et al. 2023). Each of these components hinges on grid cell parameters and
Z—RFR +p° Géﬁrs — ¢rl.

R R

Therefore, any surprising outcome at the grid-cell level can be traced back
to the underlying parameter and data combinations, drawing our attention back
to the foundational work of estimating these parameter values and data: Are
these values sound? If so, we may have uncovered an important finding. If not,
then we need to revisit our data and/or parameters, which, in turn, will alter the
grid-cell outcome.

To facilitate analysis with the minimodel, we use the GEMPACK software
“AnalyseGE,” which allows the user to load the solution, database, and
parameter values into the algebraic representation of the model in order to
quickly evaluate every component of an equation, such as that shown above,
so that the analyst can quickly identify which term and which parameter is
driving the unusual outcome. The concept of a minimodel is original to
SIMPLE-G modeling, and this novel invention is important step forward in
global-to-local sustainability analysis. It is developed in more detail in the
application in Chap. 11.

data. % change in production (Q): g =p*

2 Model 2: Introducing Subregional Input Markets

Model 2 introduces subregional markets and multiple inputs, which requires slightly
different production functions and a slightly different supply structure. The produc-
tion function is written in a nested CES form, a CES function of multiple composite
inputs. In a nested CES function, the inputs to a production process are grouped into
different nests that reflect the multiple stages of a cost-minimizing producer’s
decision making. For example, in Fig. 5.2, the farmer first decides how much
irrigation water to apply to a field, after which they then decide how much of the
human inputs to apply. The land—water composite input will have a price index and a
quantity index (usually weighted based on values). Then, the composite land—water
input is included in the top nest, where it is combined with human inputs.

In a nested CES function, demand for each individual input is written as a
function of the demand for the composite input, which is linked to the scale of
production. More output requires additional composite input. Here, the demand for
the composite land—water input can be expressed as


https://doi.org/10.1007/978-3-031-68054-0_3#Equ9
https://doi.org/10.1007/978-3-031-68054-0_3
https://doi.org/10.1007/978-3-031-68054-0_11

58 I. Haqiqi

Wage
S Gridded Crop
/HZ Production Rent b
e S,
DHZ
» L
i Y
H ! Human | >
¢+ Inputs (H) | L
Water ' i
Value 0 Smmemmeeeeeeee- p
DWg Swg

\
25
a
|
~~
S}

Fig. 5.2 Basic production structure of a SIMPLE-G model with three-input nested CES
The presence of two natural resource inputs, land and water, allows for different availability of these
two critical inputs

q;" =q,—a,— o, (p§W — Py —ag), (5.7)

where LW is the land—water composite, g is percentage change in quantity, and p is
the percentage change in price. The structure of Eq. 5.7 is similar to the demand for
natural resources in Model 1: The demand for land—water composite depends on the

production scale effect, g, — a,, and the substitution effect, — o, (p§W —pg—dg).
The demand for individual land and water inputs is derived under the assumption

of cost minimization, subject to the CES functional form:

gy + =gt o} (ph—af i) (58)
qgv +a;V:q§W—U§W(p£V—a£V—p§W) (5.9)
Py =Bk + B, p) (5.10)

Equation 5.10 introduces a price index for the land—water composite, which is a
weighted average of percentage changes in land rent and value of water. The cost
shares sum to 1 and are shown by f, which represents the value shares in the land—
water composite. This is different from 6, which was introduced in Model 1 to
represent the input cost shares in total costs.
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In a subregional market for inputs, the constant elasticity supply function for the
human inputs (e.g., labor, capital, and fertilizer) is typically written in the following
linearized form:

gt =npl + 2, (5.11)

where z is an index that denotes the scope of the human-produced input markets,
ranging from the grid-cell to the regional level. Depending on factor mobility, there
are three potential relationships between gridded prices and regional prices for the
human inputs:

Pf = Pf =pf if z=r, and perfect mobility
Equilibrium : pf = pf #pH if zCr, and perfect mobility . (5.12)
py#pl#pf if zCr,and imperfect mobility

Depending on the size of grid cells and assumptions about mobility, index z can
show one of the following:

» All the grid cells in a region are paid a uniform input price (or move at the same
rate) as a result of perfect mobility of inputs. There is no mobility across regions.

» A subset of grid cells in a region faces a uniform input price for the subregion and
perfect mobility of inputs within the subregion, but there is no mobility across
subregions. Input prices are equal for all grid cells in a subregion but not for all
grid cells in a region.

* An individual grid cell: Assuming no mobility and heterogeneous unrelated
markets for inputs. There is no mobility across grid cells. Input prices can vary
for grid cells in a subregion and in a region.

Table 5.3 summarizes the equations for Model 2 (SIMPLE-G-1.3.1).

2.1 Factor Mobility

The economic production factors (e.g., land, water, and human inputs) can be
broadly categorized into mobile and immobile factors. In SIMPLE-G, this corre-
sponds to spatial mobility (i.e., the ability of production factors to move freely
among geographical locations). This mobility is essential for efficient resource
allocation. For an efficient outcome, the marginal productivity of a given input
must be equalized across locations and activities. Since cost-minimizing producers
equate the value of marginal productivity for each input to its price, an efficient
allocation of the input is achieved when the changes in input prices are equal in all
grid cells. This also reduces spatial income inequality and promotes social mobility.
Capital in the form of machinery can be mobile because it can be moved or used in
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Table 5.3 Gridded equations for SIMPLE-G-1.3.1 with three inputs

I. Haqiqi

Variable® | Equation Description
pf qf = nzpf + sfl Subregional supply of
human input
ry ay =nypy +sy Gridded supply of
water input
Py a5 =nkpk + sk Gridded supply of
land input
H H | H_ H_ _H Gridded demand for
K 95+ =g~ %~ % <pg T TP ag> human input
W ;
q Wy W LW D.LW( W_ W _ LW) Gridded demand for
¢ e 7% ~ s s \Pe 7% TP water input
I3 -
q L gl —glW _ GLW( L_ L _ LW) Gridded demand for
¢ e % =% s \Pe ™% TPy land input
LW ;
q, W_o _a —0¢ ( LW _ o g ) Gridded demand for
‘ s T =G 7O \Ps” TPe % land—water composite
(LW) input
e pEY = pipk +py by Gridded price for LW
_ L L wi( w w H . H) |Gridded zero profits
I qg—ag*%<qg+ag)+0g (qg +ag)+9§1(qg+ag) P
a-=fp)  Q,=>0," Total regional crop
ser supply
q of = ZQ? b Total subregional
852 input supply
pY pi=pt Gridded price of
mobile input
Dg Pg = Pr Gridded price of crops

“This column shows matching variables that is determined by each equation (usually price or
quantity) with matching dimension
"These equations are written in levels not the percentage change

different locations. Technology is typically also mobile within a region because it
can be transferred from one location to another. Examples of immobile factors of
production include land, natural resources, and infrastructure. Land, natural
resources, and infrastructure are considered immobile due to their nature and high
cost of moving them. Of course, there can be interactions. For example, the con-
struction of canals can facilitate the movement of water from one location to another.

For immobile factors, demand and supply must be in equilibrium in each indi-
vidual grid cell. The prices of immobile factors can vary significantly by location,
and they are not directly related. For mobile factors, farmers compete across a wide
geographical range and synchronize mobile input prices across space. For example,
fertilizer prices are usually very similar across locations; but land rents are usually
different.
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2.2 Marketsheds

A marketshed is a geographical area that represents the catchment area for a
particular market. It is the area from which a market draws its supplies and demands.
The size and shape of a marketshed can vary depending on the type of market, the
market’s location, and transportation infrastructure in the area.

For some research questions, it is necessary to determine the scope of factor
mobility. For example, while the labor can typically move freely from one grid cell
to neighbor grid cells or other locations within a certain distance, it is not easy to
move across national borders. The concept of a labor-market commuting zone is
related to the concept of a marketshed in that it defines a geographical area from
which workers commute to a particular location. This information can be used to
estimate the size of the potential labor force for a particular location. This topic
comes up in the application documented in Chap. 13.

3 Model 3: Introducing Factor Market Rigidity

In Model 3, we introduce fertilizer as a distinct agricultural input for the purposes of
analyzing sustainability related to water quality and food security. We also introduce
factor market rigidity. Figure 5.3 illustrates the production tree structure and
markets.

In this system, nitrogen (N) fertilizer use is determined endogenously in the
model by considering relative prices, technology, substitution possibilities, and
overall output level. The potential for nitrogen—land substitution is grid-cell- and
activity-specific and is obtained from agronomic yield functions. The price of N
fertilizer is determined at the regional level through a market-clearing condition
wherein regional supply equals demand, which is in turn determined by aggregating
N use across all grid cells and practices.

The four-input model has four input supply functions, each of which depends on
the elasticities and shifter variables at the relevant scale. These functions can be
expressed as

95 =Py + 55
Gg =Pyt
@ =n'p) +s),
qf znzpf + sf,

where L, W, N, H are land, water, N fertilizer, and other human-produced inputs,
respectively; g, z, and r are indices for the grid cells, marketsheds, and regional
scopes; ¢ is the percentage in quantity supplied; # is the supply elasticity; p is the
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Fig. 5.3 Basic production structure with four inputs

The addition of fertilizer at the top of the production tree allows for the incorporation of information
about the responsiveness of crop output to additional fertilizer applications. The leaching function
varies by grid cell

percentage change in market price; and s is the percentage change due to exogenous
shifters.

The demand for each composite and individual input is derived following the
nested CES structure summarized in Table 5.4.

Explicitly modeling market rigidity in gridded economic models is important for
several reasons. First, it allows researchers to better understand the geographical
impact of conservation and sustainability policies, which often lead to leakage and
other unanticipated effects. Second, it provides a framework for better understanding
the market-mediated effects. Third, it allows policy makers to design more effective
policies to address market rigidity and its implications for conservation policies.

To introduce rigidity in markets, we use a constant elasticity of transformation
(CET) function, which is analogous to the CES function; rather than determining
demands, it governs supply response to changing relative prices. In linearized form,
it is expressed as

d =4 —rf’(pg’ —pf), (5.17)
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Table 5.4 Gridded equations for SIMPLE-G-1.4.1 multiscale markets

Variable® | Equation Description
plgj qé = nﬁpé + slgj Supply of land input
py qy =ny py + sy Supply of water input
pY @y =npY + sV Supply of fertilizer input
pl gt =npt + s Supply of other inputs

3 :
q; qé + aé _ Q§W . aéw (Pé _ aé -~ pSI:W) Demand for land input

W :
4y q;V + a;V _ qgw _ aéw <p§v _ a;v _ pgw) Demand for water input

N P
q; qgl + azgv —q, —ay— o <pév _ ag —pe— ag> Demand for fertilizer input

7 .
g, ng n a}; _ q;ILW _ o.gHLW (p? - ag - ngLW> Demand for other inputs

LW w o ow _ HLw _ HLw (tw _ ow _ Hiw) | Demand for land—water compos-
9 q, +ag" =q, " —o, (pg —a,” —p, ) ite (LW) P

HLW :
q q?LW — g, —ay — 0y (p?Lw —py— ag) Demand for composite HLW
péW péW = ﬁﬁpé + ﬁ;"p;" Price for LW
ngw ngW = ﬂg pi} + ﬂéwpéw Price for composite HLW
qq Gy — g = 9? (‘Ié + aé) + e(gv (CI;V + agv) Zero profits

N H H
+0Q’<q§+ag> + 0" (q§+ag)
qr 0. = EE:ng Total crop supply
ger
q7 o =>0f b Total input supply
g€z

7 :
Pq q§1 _ qgi _ Tﬁl (p? _ pgf> Supply of other inputs
Py Py =rY Price of nitrogen fertilizer
Dg Pg =Dr Price of crops

“This column shows matching variables that are determined by each equation (usually price or
quantity) with matching dimension
®These equations are written in levels, not in percentage change

where ng is the percentage change in supply of input to grid cell g; qf is the
percentage change in total supply in marketshed z; Tf <0 is the transformation
elasticity parameter determining the responsiveness of transformation in the supply
function; pg’ is the factor price (wage) in location g; and pf is the marketshed
average factor price. Equation 5.17 shows that the supply of an input to one location
depends on the factor price (wage) in other locations in addition to the local price.
However, as long as the transformation elasticity is not infinite, factor prices can
differ across grid cells within the marketshed.
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3.1 Market Rigidity

Market rigidity refers to the inability of market quantities to adjust to changes in
spatially disaggregated supply and demand conditions. Spatial market rigidity is
important in global-gridded economic modeling because it can have a significant
impact on a variety of economic outcomes, including wages, employment, land use,
and agricultural production patterns. In the case of farmworkers, labor market
rigidity refers to the fact that workers are not perfectly mobile across jobs and
locations. In the case of capital, market rigidity can arise from the inability to
move agricultural capital to another location. This typically depends on the share
of immobile installed capital and infrastructure. Farm capital in the form of machin-
ery is easier to move to another location than buildings and irrigation canals are.
Factor immobility gives rise to spatially heterogeneous prices for the same input,
with prices being (weakly) related.

Labor market immobility within a marketshed is an important rigidity explored in
Chap. 13. This immobility can stem from market forces, institutions, or individual
preferences. For example, labor market rigidity can arise due to geographical
barriers, employment contracts, local attachments, social/cultural differences, lan-
guage barriers, or simply lack of information on job opportunities and wage differ-
entials. This can make it difficult for employers and employees to adjust to changes
in demand or supply and can lead to farmworker wage disparities across locations, as
those in high-yield areas can ask for higher compensations.

The CET function outlined above is an adaptable tool used in SIMPLE-G to
model a variety of types of factor market rigidity. By including the difference in
degree of mobility between different locations, economists can gain insights into the
impacts of global and local changes on the spatial reallocation of resources and
agricultural production.

4 Model 4: Multiple Activities and Land Allocation

Thus far, we have defined only one production function for each grid cell. Here, we
introduce two activities in each grid cell, with different production functions, cost
structures, input usages, yields, and revenue streams in each. Most of the applica-
tions in Part IV distinguish between irrigated and rainfed production, although this
approach could also be used to explore other differences (e.g., traditional and
commercial production). Figure 5.4 divides cropland area into rainfed and irrigated
practices, and the different land rents for these two activities are endogenously
determined in the model. Land rents are also grid-cell-specific and depend on local
biophysical characteristics, irrigation yield gaps, prices, and the technologies avail-
able to each production unit. The allocation of land to rainfed and irrigated produc-
tion in response to a policy shock is determined by their relative returns (i.e., land
rental rates), which are determined endogenously for each grid cell on the basis of
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Fig. 5.4 Basic production structure with land allocation
The presence of two different practices in each grid cell allows for cropland for to be converted from
one use to another based on the CET (constant elasticity of transformation) parameter

movement between land uses determined by a constant elasticity of transformation
function (Ahmed et al. 2008). The key parameter in this function is the elasticity of
transformation between irrigated and rainfed cropland. This elasticity measures the
responsiveness of the rainfed—irrigated crop mix ratio to changes in relative returns
to the two activities. A larger absolute value of this elasticity indicates an easier
transformation of cropland between irrigated and rainfed categories. The conversion
of land from rainfed to irrigated cropping is heavily influenced by institutional and
biophysical constraints. In the United States, these constraints depend critically on
state and local water laws, which vary greatly by region.

We use a quantity-preserving CET function for this particular application (van der
Mensbrugghe and Peters 2020). A QCET function is a function that can be used to
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allocate land to different land cover types (e.g., agriculture, forestry, urban devel-
opment) or agricultural practices (e.g., irrigated and rainfed land). This function
allows us to account for the different characteristics of land, such as yield. In the
context of land allocation, the CET function is used to model the conversion of
various land uses. The QCET function is important because it preserves the total
quantity of land. The traditional CET does not have this feature. Instead, it imposes a
constraint on the overall economic value of the land. This quantity-preserving
feature is important when tracking total physical units of land area is of central
importance.

The multiactivity model introduces a new index for each variable. Here, we
introduce / for land types, and the demand for land type / is written as follows:

LooLo_aw_ aw( L L LW
g1+ dg =41 — 0y (pg,l_ag,l_pg,l ) (5.18)

Equation 5.18 is similar to the land demand in Model 3, with the addition of the

land type index. We also introduce new composite inputs: qglv, which is a land and

HLW
gl

default model has two land types: irrigated and rainfed. To allocate land to different
land types, we need to introduce three new equations:

water composite, and g , which a composite of human input, land, and water. The

L
A= — fﬁ(pﬁ,/ —pTg), (5.19)
L L
Ple=2_0"per (5.20)
1
Pi? + qﬁ = Zgé,z (Pg,l + CI§,1) ) (5.21)
)

where qég ,1s the percentage change in supply of land to different land types; Z'gl is the

transformation elasticity representing the flexibility in land conversion; pTi: is the
weighted average change in land rents, where the weights are defined as quantity
shares; 9*;1 is the quantity share; and 0;, is the value share in the land allocation
structure. Together, Egs. 5.19-5.21 comprise the QCET supply system.

4.1 The Advantage of Splitting Rainfed and Irrigated
Production

Irrigation water is another focal point of SIMPLE-G. Irrigation water supply and
demand are endogenously determined for each grid cell, but they are linked to
exogenous environmental factors. For example, heat stress may increase the water
requirements of crops grown in a grid cell, or a drought may reduce the
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environmental supply of water. Hydrological dynamics are not directly modeled and
are treated exogenously. However, SIMPLE-G can be readily paired with a hydro-
logical model to shed light on, for example, the economic consequences of changing
basin-level water scarcity or interbasin transfers of water (Liu et al. 2017; Woo et al.
2022).

Water withdrawals are endogenously determined through the interaction of
supply constraints and irrigation demand for crop production. Demand for water
depends on the irrigation area, production levels, technology, and relative prices.
This includes likely adaptation channels and adjustment mechanisms. We consider
change in irrigation extent (Haqiqi and Hertel 2019), crop production location,
change in irrigation technology, change in water intensity, and trade (Haqiqi and
Hertel 2016).

4.2 Using the QCET to Govern Cropland Supply

Just as cropland is allocated across irrigated and rainfed production, the allocation of
total land area between cropland and other uses (e.g., pastureland, forests, and other
land cover types) can also be governed by a quantity-preserving CET (QCET)
function. Cropland supply is a function of the CET parameter and the share of
cropland in the grid cell and varies with the cropland rental rate relative to the returns
to other uses. In SIMPLE-G, the other land uses are not explicitly modeled, so those
land rental rates are deemed exogenous. However, they may be shocked to simulate
the impact of intensified competition for land. An important feature of the QCET
function is that as cropland expands and covers more of the available land in the grid
cell, the cropland supply response diminishes and eventually falls to zero when the
entire grid cell is devoted to crop production. The CET parameter can be calibrated
to estimated elasticities of current cropland supply (see Chap. 7). In some of the
applications featured in Part IV, the QCET function is replaced by a simple cropland
supply elasticity, which does not explicitly account for the origin of this cropland or
the use to which unused cropland might revert. Table 5.5 summarizes the
production-side equations for Model 4 (SIMPLE-G-2.4.1).

5 Model 5: Introducing Product Differentiation

In economics, product differentiation refers to the existence of different varieties of a
product that are perceived by consumers as being imperfect substitutes, due to a
variety of factors including physical attributes, brand reputation, or quality. Product
differentiation opens the possibility of commodity prices varying by product origin
and composition, with significant implications for gridded modeling in the output
market and input markets. This approach is widely used in international trade
(Armington 1969), and it has proven effective for modeling the flows of goods
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Table 5.5 Gridded equations for SIMPLE-G-2.4.1

Variable® | Equation Description
p{‘: qi; = nﬁpé + sg‘ Gridded supply of land input
py ay =nypy +sy Gridded supply of water input
pY @y =npY + sV Regional supply of fertilizer
input
pgf =7 sz + s Supply of human input
L _ Gridded demand for land
g1 qg,z + “g,l = qg,l (pgl - “ pgl > input
w Gridded demand for water
951 qgl+a qgl *" (Pglfag pgl ) input
N . o
9o 4+ aY, =gy —ag — oy (pgl &)~ pes—ay, l) Gridded demand for fertilizer
input
H .
Gy qgl + agl _ qHLW O_HLW (pgl pglfw) Qndded demand for other
inputs
LW .
qe 4+ gbW — gHLW O.HLW( ) HLW) Gridded demand for land—
i qg 1 ~ el Pei gl ~Pal water composite (LW)
HLW .
g W _y 4o < HLW _ > Gridded demand for compos-
EE ‘I?,l g1 — gl = Ogl\Pg Pgi— Agl ite HLW
pﬂv pé‘ i ﬁL ,pg T+ ﬁ ,pg f Gridded price for LW
pg,LW p?%w =P, lpg T+ ﬁg‘;"pﬁv[v Gridded price for composite
HLW
9. 1 Qou — gt = 9?1 (qé’[ +d ) + 9 (qu +a ) Gridded zero profits
+04; (‘IQ{[ + agl) +605 (‘I?J + a?,t)
L L :
Py ‘1;1 _ f]? _ L (Pél -~ PTg> QCET land allocation
+L L L . .
Py pv‘g — ng J’él QCET price index
L
q L4 ol — S gk ( Loyl ) Ensure revenue fully
¢ Pe 4 Z 51 \Pet T D exhausted
q7 Z;Q Total subregional input supply
g€z
qy Z;Q Total subregional input supply
g r
qr 0, = ZZQg,Ib Total regional crop supply
sEr 1
pg ! pg = pf Gridded price of mobile input
Py pY=p Gridded price of fertilizer
Ps. 1 Ps. 1 = Pr Gridded price of crops

“This column shows matching variables that are determined by each equation (usually price or
quantity) with matching dimension
"These equations are written in levels, not in percentage change
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between countries and regions (Tinbergen 1962; Anderson 1979; Hillberry and
Hummels 2003, 2008; Chaney 2008, 2018; Hillberry and Hummels 2013).

In SIMPLE-G, the composite crop output from any given grid cell is likely unique
in its product composition. While we call them all “crops” and assume that their
returns move in tandem over the long run, they do in fact differ. Indeed, the Food and
Agriculture Organization of the United Nations (FAO) identifies 175 different
crop categories; even at this fine level of detail, there are still some composite crop
types. In short, it is not possible—particularly in a SIMPLE model—to distinguish
all the different crop types. However, many of these differences are likely to matter
for consumers. For example, within the product category of wheat, hard red winter
wheat is used for baking purposes and durum wheat is used to make pasta. Both are
listed as wheat, but they are, in fact, different products in the eyes of food manu-
facturers and consumers, generally grown in different locations. For this reason, the
SIMPLE model allows the prices of crops from different locations to differ. In some
versions (e.g., Models 1-4), this differentiation is applied only at the regional level
and therefore governs international trade. However, Model 5 also applies this
differentiation regionally to capture differences in product composition across grid
cells and individual countries (Hagqiqi et al. 2022, 2023).

5.1 Modeling Product Differentiation

The equilibration of supply and demand for crops occurs at the level of market
regions. Within the market regions in SIMPLE, crop demands are an aggregate of
four end uses: direct consumption, food processing, livestock demand, and biofuels.
Demands may be satisfied from either domestic or global markets, depending on
relative prices, following the method suggested by Armington (1969), which results
in imperfect substitution between domestic and foreign products. Symmetrically, on
the supply side, producers “transform” their products imperfectly between domestic
and global markets. They do not shift completely from the domestic to the foreign
market when a small price difference emerges. This permits us to calibrate the model
to observed data in which similar products are both imported and exported from the
same country.

Accommodating product differentiation in the crop market requires four new
equations. The main subregional Armington equations are expressed as

4y =45 — 05(Pg — Ps)- (5.22)
QSZQr_Kr(ps_pr)’ (523)

where g, is the demand for crops produced in grid cell g; g, is the demand for all the
crops produced in subregion s; ¢, is the substitution elasticity parameter that
determines the substitutability based on preferences; ¢, is total demand for crops
produced in region r; and k, is a parameter that determines the substitutability
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between subregional crop composites. For example, in Fig. 4.2, the parameter ¢
determines the degree of similarity of crops within each subregion. In Fig. 4.2, the
parameter k illustrates the imperfect substitutability across subregions and between
products coming out of subregions.

5.2 Modeling Differentiated Inputs

Model 5 also introduces differentiated inputs, particularly for irrigation water,
reflecting the fact that groundwater and surface water have different physical and
economic characteristics. Differences in physical characteristics (e.g., salinity and
mineral content) can affect their suitability for different uses. For example, ground-
water is often preferred for drinking water because it is typically cleaner than surface
water. However, surface water is often preferred for irrigation because it may be
more readily available. In addition to their physical characteristics, groundwater and
surface water also have different economic characteristics. Groundwater extraction
is typically more expensive than surface water extraction, but it is also more reliable.
Surface water is typically less expensive to extract than groundwater, but it is also
more susceptible to contamination and drought. The different physical and economic
characteristics of groundwater and surface water lead to product differentiation in the
market for water. Model 5 captures this differentiation by introducing the two
distinct sources of irrigation water and treating them as imperfect substitutes
(Fig. 5.5).

5.3 Nested CES Production Function for Model 5

Figure 5.5 presents the two nested CES production functions for each grid cell in
Model 5. As in Model 4, we distinguish between rainfed and irrigated activities, and
the top nest determines the yield response to fertilizer applications. The “other
inputs” are a composite of water, land, and the remaining variable inputs. This is
followed by a CES nest combining land and irrigation water. If crop output is strictly
proportional to the amount of irrigation water delivered, then the elasticity of
substitution between land and irrigation water is zero (i.e., no deficit irrigation).
On the other hand, if a reduction in water delivered to the crop is not accompanied by
a proportionate reduction in output, then this elasticity is greater than zero and it
captures the potential for deficit irrigation (i.e., achieving the same output level with
less water but more land). The next CES nest in Fig. 5.5 combines irrigation water
with equipment. The associated elasticity of substitution at the bottom of this
production tree reflects the potential for conserving irrigation water through invest-
ments in, for example, drip irrigation to replace sprinkler or canal-based irrigation
capital. This is a key sustainability parameter discussed in Chap. 7.
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Fig. 5.5 Structure of crop production at each grid cell

Elasticities of substitution are denoted by o. The equilibrium quantity and price of land and water
are determined at the grid-cell level. Irrigated and rainfed practices compete for land. Land supply
depends on total cropland supply and the elasticity of transformation between irrigated and
rainfed land

The final CES nest in Fig. 5.5 combines surface and groundwater to create an
irrigation water composite. The rationale for this nesting is that surface and ground-
water extractions often coexist in a given grid cell, despite differences in cost. As
previously noted, the two sources of water offer farmers different characteristics.
Groundwater, for example, is available on demand and is largely independent of
current weather conditions. Surface water must be delivered to the farm, often by
infrastructure that is out of the farmer’s control. The equations in Table 5.6 describe
the substitution possibilities at each level in the production “tree.”

Crop production is the result of representative producers’ profits maximization,
subject to technology, prices, policies, and resource constraints. The crop production
technologies (both rainfed and irrigated production) in each grid cell allow for
substitution between N fertilizer, water, land, and other inputs (an aggregate of
capital, labor, other chemicals, and energy). The particular mix of inputs employed
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Table 5.6 Gridded equations for SIMPLE-G-2.6.1

‘ Equation Description

Old equations

py ay =nypy +sy Gridded supply of water input

Pet | Q= gZE:er:Qg,,b Regional crop markets and price index
Pg. 1= Pr

New water

p" 1 qSY =0V pSY + 55V Supply of groundwater

pgw qgw = nﬁwpgw + sgw Supply of surface water

pEV | gV = KW KW 4 KW Supply of irrigation equipment and inputs

p;V p?’ = ﬂgwpgw + ﬂgGngW + ﬁiprgW Irrigation price index

SW
q, qgw _ ng _ 636 (pgw _ pgc) Demand for surface water

GW
qs 4% = g5 — 656 <pgw _ p§G> Demand for groundwater

KW oAt o
g, qé(w _ q;v - Ugv <p§w o p;v) Demand for irrigation inputs

SG
g, qga _ qgv _ az,V (ng - p;v) Demand for total surface water and groundwater
g | OfV = ZG:Q";W Market clearing for irrigation inputs

8€Z
Pk | PV =ptY Price index for irrigation inputs
New product differentiation
g Ge = qs — @s(Pg — Py) Subregional Armington (bottom layer)
qs qs = q, — KAps — py) Subregional Armington (top layer)
Ds Dy = ;gﬂg,lpg’, Subregional crop price index
gEs

pr pr=>.0sps Regional crop price index

SEr

in a grid cell depends on relative prices, government policies, and production
possibilities. Output levels expand or contract to ensure zero pure economic profits
over the long run. Thus, unlike downscaling approaches to the gridded analysis of
land use, the spatial pattern of production is endogenously determined. Crop pro-
ducers within a given grid cell are price takers, as they are assumed to have no
market power.

Table 5.6 summarizes the equations that introduce product differentiation and
differentiated water sources. The equations for supply and demand for irrigation
inputs follow an approach similar to that introduced earlier. The substitution elas-
ticities are key parameters in demand and are derived from the nested CES functions;
supply elasticities are also key parameters in supply functions. Here, GW, SW, and
KW represent groundwater, surface water, and irrigation equipment, respectively.
While supply of GW and SW are grid-cell-specific, the supply of KW occurs at the
regional level, assuming that irrigation capital is a mobile factor of production.
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6 Consumer Demand and Trade

The one common module across all of the SIMPLE-G specifications in Models 1-5
is the demand system, which follows the (nongridded) SIMPLE model (Baldos and
Hertel. 2013; Hertel and Baldos 2016). This section describes the relevant equations
taken from the SIMPLE regional model. We have modified the notation slightly but
kept the demand structure intact. Table 5.7 summarizes these equations for quick
reference.

6.1 Equations for Socioeconomic Determinants of Food
Demand

At the regional scale, consumer demand for different commodities is a function of
population, income, and prices. Equilibrium prices are determined endogenously as
a function of supply and demand, while population and income changes are exog-
enous to the model, with increases in per capita income driving diet changes. Total
demand for crops in a given region comes from four sources. The direct crop demand
is calculated by multiplying per capita demand for crop consumption by population
in each region. Then, we sum the total direct demand for crops in final consumption
with the indirect (derived) demands in the livestock, food processing, and biofuel
sectors. The demand for crops in biofuel production is assumed to be exogenously
determined by government mandates. The livestock and food processing sectors’
demands for crops are endogenous and modeled using CES production functions

Table 5.7 Major equations for the demand side of SIMPLE-G

Equation Description
qry= 8;17, st g;y, £ ‘Consun‘le‘r ‘demand for food and
ng - “:,f + ﬂ{,f InY,** its elasticities

Ep =y + By In Y, **
gc¥ +ac¥ = qo) —ao! — ! (pc! —ac) —pY —ao!) | Livestock (V) demand for crops as feed
Pl =6!pc) + (16} )pn

gcf + act = gof — aof — of (pcf — acl — pf' — aof’) | Processed food (F) demand for crops

r - r
pf =0 pef + (1-67)pnf

qm,. p = qc, p — ©,(pm, — pc,) Demand for imported and domestic
qd,, » = qcr, 1, — @, (pd, — pc,) crops

pe, =0"pm, + 0pd,

pm, = pw

qx, = ¢, — W, (px, — p,;) Exports and domestic supply

qd.=q, —w/pd. — p,)
pr=0px, +6pd,
pXr = pw
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that combine the raw crop input with other inputs used in livestock or processed food
production.

One of the best-understood patterns of economic development is Engel’s Law,
which states that as per capita income rises, the share of income devoted to food will
decrease (Clements and Chen 1996). The SIMPLE framework captures this rela-
tionship by allowing the income elasticity of demand for food (g}, the propensity to
spend incremental income on food) to evolve with per capita income (Y) based on
the estimated parameters @) and f]. The price elasticity of food demand (¢) is
derived similarly. In a general form,

e=a +p InY; (5.24)
&=ao +p/InY. (5.25)

Equations 5.24 and 5.25 are indexed by food type (i). SIMPLE distinguishes
between direct consumption of crops and indirect consumption through either
livestock product consumption or processed food consumption. This results in the
following equations describing the evolution of per capita demand for each type of
food product:

q;=¢€p; + €Y. (5.26)

Specifically, for each region r and commodity i, we can write consumption
demand as

qeons, ; =&,.p; + €.V, (5.27)
where gcons shows the demand for commodities that include crops, livestock,
processed food, and nonfood. While the income elasticity of demand for food is
typically positive (i.e., the demand for food increases as income increases), it can
also be negative, showing a dietary shift with income growth. The price elasticity of
demand for food is negative, which means that the demand for food decreases as the
price of food increases.

For each food commodity, we introduce a production function to show different
uses of crops in the food sectors. For each use (activity), the production function
combines crops as one input with other inputs and supplies a food commodity to the
final consumer. In each food sector, demand for crops is determined assuming a CES
function. The linearized form of demand can be written as

v V_ .V V_ V(i V vV_ .V 14
gc! + ac) = qo) —ao) — o\ (pc) —ac) —p! —ao))

P/ =60pc + (1-6])pn) (5.28)
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F F

F F F F F
qgc, +ac, =qo, —ao, —o, (pcr —ac

o pf — aof)

r

pi=0pcl + (107 )pny

where gc is the percentage change in crop demand for use in processed food (F) or
livestock (V) production region r; ac is related to partial factor productivity; go is the
percentage change in activity output; ao is the total factor productivity in activity i; o
is the substitution elasticity, which differ by region and use; pc is the regional crop
price index; and p is the regional food commodity price index. The equilibrium
condition is that the commodity supplied from each activity should be the quantity
demanded, given the absence of trade for these processed products in this model:

qol. = gcons, ;. (5.29)

6.2 Equations for Global Trade Flows

As with consumer demand, SIMPLE-G follows the SIMPLE model in its specifica-
tion of international trade. It relies on product differentiation by origin (Armington
1969), identifying domestic and international goods separately. Heterogeneous
consumers are assumed to choose between domestic and imported goods, based
on relative prices and preferences; when aggregated, the demand for imports and
domestic goods follows a CES function (Anderson et al. 1989). The more homoge-
neous consumers are (both in preferences and market access), the greater the
elasticity of substitution and the more readily that aggregate demand shifts between
imported and domestic crop products. Producers are also assumed to be heteroge-
neous, with different access to international markets. Analogous to what occurs
among consumers, this results in a CET market supply function for domestic and
export markets. In addition to the elasticities of substitution and transformation
between domestic and international goods, the initial penetration of exports and
imports into any given market will play a key role in determining the extent of price
transmission from global to domestic markets. This can differ between consumers
and producers. Finally, it is important to note that SIMPLE-G does not model
international trade in livestock or processed food products. These commodities are
more lightly traded than are crops, with much of the food processing occurring
locally, often facilitated by foreign direct investment. Nonetheless, this remains an
important limitation of SIMPLE-G. A proposal for relaxing this is explored in Part V
of this book, where SIMPLE-G is nested with a general equilibrium model in which
all commodities are traded.

The demand for imports depends on the prices of domestically produced crops
and import prices, as well as the Armington elasticity of substitution:
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qm, , = qc,, — @-(pm, — pc,), (5.30)
qd,, =qc,, — wy(pd, — pc,), (5.31)
pe,=0"pm, + 0lpd,, (5.32)
pm, = pw, (5.33)

where m is imports and d is domestic markets; gm is the percentage change in
demand for imported crops; gd is percentage change in demand for domestic crops;
gqc is total demand for crops by buyer; pc is average buyers’ price index; pm is the
imports price index; pw is the global average price index of all crops; 0 is the value
share in price index; and w is the Armington substitution elasticity parameter.

Imports are obtained from the global market for crops, which is fulfilled through
exports. Producers in each region face a choice between selling their goods within
their country or exporting them to the global market. This decision involves a trade-
off, which is captured by the (negative-valued) CET parameter. This parameter
indicates how easily producers can switch between domestic and global markets.
A higher absolute value for this elasticity shows that producers are more responsive
to price changes, (i.e., they are more likely to focus on exporting their goods when
foreign prices are comparatively attractive). In contrast, a lower absolute value for
this elasticity suggests that producers have less access to global markets and are
therefore less affected by the price differentials that may emerge between domestic
and global markets:

9x, =4, — v, (px, —p,), (5.34)
qd,=q,—w,(pd, —p,), (5.35)
(5.36)
(5.37)

pr=0px, +0)pd,,
px, =pw,

where x is exports and d is domestic markets; gx is the percentage change in supply
for exports to global markets; gd is percentage change in supply to domestic markets;
q is total regional supply of crops; p is average producer price index; px is the exports
price index; pw is the global average price index of all crops; 0 is the value share in
price index; and y is the (negative) CET transformation elasticity parameter.

7 Summary

This chapter presented mathematical equations for five specifications of the
SIMPLE-G gridded production and markets. In Model 1, agricultural production is
a function of human and environmental inputs with different degrees of mobility
across space. This framework is useful for understanding the tradeoffs and synergies
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between food security and environmental sustainability as well as evaluating spill-
over effects. In Model 2, land and water inputs are explicitly introduced, enabling
detailed modeling of land and water use at each grid cell. Model 3 adds fertilizer
inputs and their markets to enable water quality assessments. In Model 4, multiple
local activities are introduced at each grid cell, showing competition over local land
and water resources. Finally, in Model 5, groundwater and surface water resources
are separated, enabling analysis of specific groundwater sustainability policies.
These models are examples of the SIMPLE-G framework. While they provide a
solid foundation for sustainability analysis, it is important to keep in mind that
additional dimensions may need to be introduced to ensure a comprehensive anal-
ysis, depending on the research question. By doing so, we can enhance our under-
standing and arrive at more accurate conclusions. The models introduced in this
chapter are both flexible and scalable. With appropriate data preparation, they can be
applied to various grid cell sizes, ranging from very fine to coarse resolutions, as
needed for multiscale analysis. As you learn more about data preparation and
parameter selection in the upcoming chapters, we invite you to consider how these
tools can be harnessed to uncover new insights and drive meaningful discoveries in
your research.

Acknowledgment and Competing Interests The author acknowledges support from the U.-
S. Department of Energy, Office of Science, Biological and Environmental Research Program,
Earth and Environmental Systems Modeling, MultiSector Dynamics under Cooperative Agreement
DE-SC0022141; the National Science Foundation award #2118329: “NSF Institute for Geospatial
Understanding through an Integrative Discovery Environment (I-GUIDE),” the United States
Department of Agriculture AFRI grant #2019-67023-29679, “Economic Foundations of Long
Run Agricultural Sustainability,” and the National Science Foundation INFEWS award
#1855937, “Identifying Sustainability Solutions Through Global-Local-Global Analysis of a
Coupled Water-Agriculture-Bioenergy System.”

The findings and conclusions presented in this chapter are those of the authors and should not be
construed to represent any official determination or policy of the US Department of Agriculture
(USDA), the US government, the Department of Energy (DOE), or the National Science Founda-
tion (NSF). Furthermore, we declare that there is no conflict of interest related to this work.

References

Ahmed, Syud Amer, Thomas W. Hertel, and Ruben Lubowski. 2008. Calibration of a land cover
supply function using transition probabilities. West Lafayette: Research Memorandum 14.
Department of Agricultural Economics, Purdue University, Global Trade Analysis Project
(GTAP). https://doi.org/10.21642/GTAP.RM14.

Anderson, James E. 1979. A theoretical foundation for the gravity equation. The American
Economic Review 69: 106-116.

Anderson, Simon P., André De Palma, and Jacques-Frangois Thisse. 1989. Demand for differen-
tiated products, discrete choice models, and the characteristics approach. The Review of Eco-
nomic Studies 56: 21-35. https://doi.org/10.2307/2297747.

Armington, Paul S. 1969. A theory of demand for products distinguished by place of production.
Staff Papers 16: 159-178. https://doi.org/10.2307/3866403.


https://doi.org/10.21642/GTAP.RM14
https://doi.org/10.2307/2297747
https://doi.org/10.2307/3866403

78 1. Haqiqi

Baldos, Uris Lantz C., and Thomas W. Hertel. 2013. Looking back to move forward on model
validation: Insights from a global model of agricultural land use. Environmental Research
Letters 8: 034024. https://doi.org/10.1088/1748-9326/8/3/034024.

Chaney, Thomas. 2008. Distorted gravity: The intensive and extensive margins of international
trade. American Economic Review 98: 1707-1721. https://doi.org/10.1257/aer.98.4.1707.

. 2018. The gravity equation in international trade: An explanation. Journal of Political
Economy 126: 150—-177. https://doi.org/10.1086/694292.

Clements, Kenneth W., and Dongling Chen. 1996. Fundamental similarities in consumer behav-
iour. Applied Economics 28: 747-757. https://doi.org/10.1080/000368496328498.

Dixon, Peter B. 1982. ORANI, a multisectoral model of the Australian economy. 1st ed. New York:
Elsevier.

Hagqiqi, Iman, Laura Bowling, Sadia Jame, Uris Baldos, Jing Liu, and Thomas Hertel. 2023. Global
drivers of local water stresses and global responses to local water policies in the United States.
Environmental Research Letters 18: 065007. https://doi.org/10.1088/1748-9326/acd269.

Hagqiqi, Iman, and Thomas W. Hertel. 2016. Decomposing irrigation water use changes in equilib-
rium models. In Annual meeting. Boston: Agricultural and Applied Economics Association.

.2019. Estimating water withdrawal response to environmental stresses. In Annual meeting.
Atlanta, GA: Agricultural and Applied Economics Association. https://doi.org/10.22004/ag.
econ.291097.

Hagqiqi, Iman, Chris J. Perry, and Thomas W. Hertel. 2022. When the virtual water runs out: Local
and global responses to addressing unsustainable groundwater consumption. Water Interna-
tional 47: 1060-1084. https://doi.org/10.1080/02508060.2023.2131272.

Hertel, Thomas W., Lantz C. Uris, and Baldos. 2016. Global change and the challenges of
sustainably feeding a growing planet. New York: Springer.

Hillberry, Russell, and David Hummels. 2003. Intranational home bias: Some explanations. The
Review of Economics and Statistics 85: 1089-1092. https://doi.org/10.1162/
003465303772815970.

. 2008. Trade responses to geographic frictions: A decomposition using micro-data.

European Economic Review 52. Elsevier: 527-550. https://doi.org/10.1016/j.euroecorev.2007.

03.003.

. 2013. Trade elasticity parameters for a computable general equilibrium model. In Hand-
book of computable general equilibrium modeling, vol. 1, 1213—1269. Elsevier. https://doi.org/
10.1016/B978-0-444-59568-3.00018-3.

Liu, Jing, Thomas W. Hertel, Richard B. Lammers, Alexander Prusevich, Uris Lantz C. Baldos,
Danielle S. Grogan, and Steve Frolking. 2017. Achieving sustainable irrigation water with-
drawals: Global impacts on food security and land use. Environmental Research Letters 12:
1040009. https://doi.org/10.1088/1748-9326/aa88db.

van der Mensbrugghe, Dominique, and Jeffrey C. Peters. 2020. Volume preserving CES and CET
formulations. Working Paper 87. Department of Agricultural Economics, Purdue University,
West Lafayette, IN: Global Trade Analysis Project (GTAP). https://doi.org/10.21642/GTAP.
WP87.

Ray, Srabashi, Iman Haqiqi, Alexandra E. Hill, J. Edward Taylor, and Thomas W. Hertel. 2023.
Labor markets: A critical link between global-local shocks and their impact on agriculture.
Environmental Research Letters 18: 035007. https://doi.org/10.1088/1748-9326/acb1c9.

Tinbergen. 1962. An analysis of world trade flows. In Shaping the world economy: Suggestions for
an international economic policy, ed. Jan Tinbergen, 262-293. New York: Twentieth
Century Fund.

Woo, Jungha, Lan Zhao, Danielle S. Grogan, Iman Hagqiqi, Richard Lammers, and Carol X. Song.
2022. C3F: Collaborative container-based model coupling framework. In Practice and experi-
ence in advanced research computing, 1-8. Boston, MA: ACM. https://doi.org/10.1145/
3491418.3530298.



https://doi.org/10.1088/1748-9326/8/3/034024
https://doi.org/10.1257/aer.98.4.1707
https://doi.org/10.1086/694292
https://doi.org/10.1080/000368496328498
https://doi.org/10.1088/1748-9326/acd269
https://doi.org/10.22004/ag.econ.291097
https://doi.org/10.22004/ag.econ.291097
https://doi.org/10.1080/02508060.2023.2131272
https://doi.org/10.1162/003465303772815970
https://doi.org/10.1162/003465303772815970
https://doi.org/10.1016/j.euroecorev.2007.03.003
https://doi.org/10.1016/j.euroecorev.2007.03.003
https://doi.org/10.1016/B978-0-444-59568-3.00018-3
https://doi.org/10.1016/B978-0-444-59568-3.00018-3
https://doi.org/10.1088/1748-9326/aa88db
https://doi.org/10.21642/GTAP.WP87
https://doi.org/10.21642/GTAP.WP87
https://doi.org/10.1088/1748-9326/acb1c9
https://doi.org/10.1145/3491418.3530298
https://doi.org/10.1145/3491418.3530298

5 SIMPLE-G Model Specification: Mathematical Equations in a Multiscale. . . 79

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


https://doi.org/10.1145/3491418.3530298

	Chapter 5: SIMPLE-G Model Specification: Mathematical Equations in a Multiscale Market Equilibrium Model
	1 Model 1: The Basic Two-Input Model
	1.1 Production Structure
	1.2 Input Demand Equations
	1.3 Natural Resource Input Supply Equations
	1.4 Human and Produced Input Supply Equations
	1.5 Market Equilibrium Equations

	2 Model 2: Introducing Subregional Input Markets
	2.1 Factor Mobility
	2.2 Marketsheds

	3 Model 3: Introducing Factor Market Rigidity
	3.1 Market Rigidity

	4 Model 4: Multiple Activities and Land Allocation
	4.1 The Advantage of Splitting Rainfed and Irrigated Production
	4.2 Using the QCET to Govern Cropland Supply

	5 Model 5: Introducing Product Differentiation
	5.1 Modeling Product Differentiation
	5.2 Modeling Differentiated Inputs
	5.3 Nested CES Production Function for Model 5

	6 Consumer Demand and Trade
	6.1 Equations for Socioeconomic Determinants of Food Demand
	6.2 Equations for Global Trade Flows

	7 Summary
	References




