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Development under Spatial Equilibrium for the
Great Lakes Region

Abstract

The economic impact of climate change on key economic sectors has
been studied for a long time. This study establishes an integrated energy-
environmental-economic dynamic recursive computable general equilib-
rium model. Using this spatial computable general equilibrium (CGE)
model, we show how to analyze environmental sustainability and individ-
ual well-being resulting from changes in the Great Lakes region’s complex
economic and environmental systems. Our general equilibrium frame-
work models interactions between human (economic, behavioral, social)
and environment. It also captures the interactions between local, regional,
national, and global systems across space. This paper provides a tool to
understand these linkages between economics agents and different sectors
for the policymakers. So, they could use our work to assess the climate
change risks that may impact agriculture, energy, and manufacturing sec-
tors under climate change and devise a related policy to maximize the

welfare of their citizens and sustainably develop economies.

1 Introduction

The economic growth is tightly related to several aspects of structural change.
In recent years, as one of the biggest global challenges of the 21st century,

climate change has attracted growing awareness among world leaders. Plenty of



evidence has proved that the impact of climate change due to human activities
will be far-reaching than previously thought. Economists have responded to this
challenge through many new studies investigating the impact of climate change
on different aspects of society and the economy.

Economic modeling can support understanding the impact of climate change
on the local economy under various scenarios and policies. It also becomes a
more prominent role in climate policy analysis (Peace and Weyant, 2008). How-
ever, the economy and its linkages to other systems, like the environment, are
very close. Ignoring these linkages will lead to an unreasonable result. Thus,
economists decide to combine all individual models and linking them to a con-
certed and informed comprehensive model. In creating such a comprehensive
model, the Integrated Assessment Model (IAM) comes to our view. The Inte-
grated Assessment Model is an approach for estimating the impact of climate
change on both socio-economic and physical effects. It has two essential parts:
physical and economic. Intergovernmental Panel on Climate Change (IPCC)
shows the TAM as a valuable approach in analyzing the impact of climate change.

Since Nordhaus (1979), TAM model have been developed to study the impact
of economic activity on climate change, such as DICE and RICE (Nordhaus
1992, 1996). Computable general equilibrium model, as the economic aspects
of many TAM models, is used to research the inter-sectoral linkages in different
regional levels. These models are complex models with many sectors and regions
and are connected to the environment through the usage of energy and GHG
emissions (Ciarli and Savona 2019). Thus, the computable general equilibrium
(CGE) model is one of the most essential tools used to analyze the long-term
economic implication of a climate change policy based on a top-bottom modeling
framework (Wang and Chen, 2006; Peace and Weyant, 2008). CGE model is

a computable model with the general equilibrium structure created by Arrow



and Debreu (1954). It applies economic data to the numerical and simulation
approach to solve the optimal and equilibrium level of demand , supply , and
price across a specified set of markets (Sue Wing, 2004).

In previous research, static CGE models are widely used, however, static
CGE models are limited in climate change related economic policy analysis. Be-
cause decision-makers want to know when different impacts of climate change
on the local economy will happen, and they want to prepare responses to related
events ahead. Furthermore, they also want to get a multi-year projection of eco-
nomic growth. Static models without the time dimension assume predictions
are expected to be realized immediately. This expectation is unrealistic (Gille-
spie et al., 2001). On the other hand, the dynamic model could overcome these
drawbacks. Partridge and Rickman (2003) demonstrate how these dynamic fac-
tors could be helpful for regional economic policy analysis. Pereira and Shoven
(1988) build a dynamic CGE county-level model to connect all the equilibriums
by the flow in capital stocks determined by savings. Many researchers use dif-
ferent approaches for the dynamic CGE model. Some researchers assume an
initial steady-state path and backward-looking expectations including McGre-
gor, Swales, and Yin (1996) and Gillespie et al. (2001). Others take a different
approach—Deepak, West, and Spreen (2001) incorporate forward-looking ex-
pectations into the dynamic CGE model. With improvements in modern com-
puter’s capacity for computation, more forward-looking models are included in
recent literature.

Moreover, many regional CGE models only have two parts : one single region
and the rest of the world. These models also assume that the region is too
small to affect the larger region, such as country and global levels. As a result,
these models will be insufficient to capture linkages, which could be interregional

flows of goods, labor, and capital in regional economies (Partridge and Rickman,



1998). This is because single region models can miss important interregional
feedbacks, which are critical for analyzing a small-region economy (Rickman
and Schwer, 1993; Lofgren and Robinson, 2002). Even impacts of interregional
interactions may be small because of offsetting effects. (McGregor, Swales, and
Yin, 1999). For some regions, the local economy and its growth strongly depend
on the trade and in-commuting. A model without these would underestimate the
effects by omitting outside region’s feedback effects. This is because some people
may commute between two different regions and spend money locally especially
when this region is a retail center. Alternatively, it would overestimate the
increase of the benefits to its residents by assuming local firms and labor would
fill all new opportunities, and all wages and profits would remain in the area
(Partridge and Rickman, 2010). Alternatively, models with different regions can
capture local, regional, national, and global policies’ regional effects. (e.g., Kim
and Kim, 2002, 2003; Klepper and Peterson, 2006; Madden, 2006).

In recent CGE literature, there is also a rapid growth on the impact of cli-
mate and sustainability analysis on regional economy. However, based on our
knowledge, no such dynamic CGE model has ever been done for the Great Lakes
(GL) region. In this paper, we build a dynamic recursive computable general
equilibrium model for the Great Lakes economy. Our model uses a dynamic
multi-region forward-looking approach because we want to model factors that
represent differences between regional, country, and global economic settings.
Our model has many advantages and contributions. First, we provide a way for
investigating the complexity of relations between structural change and climate
change within an economic modeling framework. Second, we integrate different
sectors and trade into a state-level model due to many of these sectors being
related. We think this unique effort can lead to a proper estimation of link-

ages between economic activities and environments. Third, unlike most other



CGE models, we also include some specific features of the Great Lakes region’s
economy, particularly in its agriculture sector. Because the Great Lakes region
economy depends strongly on its agricultural sector, which occupies more than
40 percent of the land and contributes to a large amount of export. Fourth, our
general equilibrium framework allows shocks to all sectors in the model. It also
can capture linkages among prices, income, supply, and demand in the whole
economy. With dynamic factors in the CGE model, we can generate projections
of different economic variables under different scenarios for potential shocks over
a given period. Thus, we believe this approach provides a better analysis of the
potential effects of shocks due to climate change on a wide range of economies
than the partial equilibrium or static CGE models. Fifth, with a top-down ap-
proach, we also link this model to the dynamic trade model, land use model,
and water quality model to assess potential social and environmental outcomes
of the future impact of different climate change scenarios at different levels and
systems.

Due to the current situation faced by the Great Lakes region under cli-
mate change and President Biden’s goal on net zero-emission, this work aims
to implement a sustainable analysis based on the link between human and en-
vironmental systems across local, regional, national, and global, to assess the
economic impact of climate change. Then, decision-makers can use this work
to devise related policies. The methodology used in this work is based on a
recursive dynamic CGE model incorporating agricultural, food, manufacture,
transportation, and energy sectors in the Great Lakes region’s economy. Here,
our study region includes Illinois, Indiana, Michigan, Ohio, and Wisconsin.

In the remaining part of this article, Section 2 briefly describes the CGE
model used in this article, and then shows the entire model; Section 3 concludes

the main results of this work; Section 4 provides the potential extending and



future research of this work.

2 Description of the Model

This study has established a recursive dynamic CGE model incorporating agri-
culture, energy, food, ecosystem, and transportation to assess the economic
impact of local economies under climate change.

Our CGE model contains five states. Figure 1 shows the schematic of the
CGE model with only two states for illustration. In the model, there are a
representative household and eight sectors for each state: farming, livestock,
food production, manufacturing, fossil fuel extraction, energy, and trading.

Each sector in each state has a connection to the other sectors in the model.
For example, the agriculture sector could provide food for the household. Also,
the household can allocate the land and other resources like fertilizer to the
agriculture sector. Furthermore, all sectors are connected to the ecosystem
through carbon emissions. And, the policy maker could provide subsidy or

impose the carbon tax to the energy sector.

2.1 Production Process

The production process consists of seven sectors. We assume that each sector
produces one type of good. Moreover, all sectors make production decisions
based on constant returns to scale and maximize their profits at each time pe-
riod ¢t. For the production function, we use the nested constant elasticity of
substitution (CES) function. Different sectors have different CES production
functions due to the difference in required input factors in these sectors. Besides,

we differentiate between two capital stocks: manufacturing and renewable capi-
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tal. In the electricity generation sector, we also separate it into fossil-fuel-based
energy and renewable energy. Technical change is modeled for each input indi-
vidually, modifying the composition of inputs and as a change in Total Factor

Productivity (TFP).

2.2 The Dynamic Process

The dynamic process in our model is based on a recursive dynamic mechanism.
During the recursive dynamic process, economic growth is mainly driven by
the increment of investments and production factors. Unlike a static model, a
dynamic model means that time variant where capital stocks available for use
in year t + 1 are shaped by investment in year ¢ and before. In the dynamic
model, the household and firms are assumed to be forward-looking, and stock
accumulation interactions are explicitly considered. Our recursive dynamic CGE
model is used for multi-period analyses. In each period, we obtain solution for
each successive year, and then we use the equilibrium result obtained in year ¢
as baseline year for consecutive year t + 1. As shown in Figure 2, the dynamic
economic model provides intertemporal decisions which are investment rules
and resource extraction rules to the spatial CGE model. Then the spatial CGE
model will output the capital and resource information like how much investment
or fossil fuel will be in the next year to the dynamic economic model. And, it
will repeat this recursive process to obtain the result for each period. With this
dynamic recursive approach, it would be easier for us to add the stochasticity
into the model . For example, if we have a 50 period stochastic model without
the setting above, we will need to estimate 50 expectations for each stochastic
variable at one time. Now, since the stochastic shock or event happens at the
end period of the spatial CGE model, we only need to do one expectation for

each stochastic variable in each time. This could help us reduce the related
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computation. Besides, it also helps us have a finer spatial resolution.

We assume that there is a representative household in each state. The house-
hold owns the land, share of trading firms, farming firms, food production firms,
manufacturing firms, fossil fuel and renewable energy firms, and transportation
energy firms. At each period, the household receives profits from these firms in
each state j. Firms maximize profits, subject to the available capital stock and
technology, using labour, capital, intermediate inputs, and energy sources. The

full model will be as follow.

2.3 Representative Household

In the model, we are interested in the behavior of the representative household

in each state j whose object is to maximize the current utility U7 from a vector of



consumptions from Pop! the population in state j, yJ = (yf ®%7 yenerovd manu.i)

)

. . d.i . ;
which includes food consumption y/°°*/ | energy service y{™*"%¥” | and con-

. . . manu,j
sumption in manufacturing goods y;

max U7 (y{)

where
Ul(yl, L) =

where v is the inter-temporal elasticity of substitution and ¢ (yi ) is the con-

sumption bundle

S y) = () (T ) e

where a; and «y are elasticities of different consumptions.
The representative household will consume energy service in three ways:

O FEl ] . t 1
electricity y;"“" 7" transportation y; " “"9Y"" "7 " and heat from natural

gas ng’heat’j:

yfnergy,j — [qsi,nergy(yfnergy,Elec,j)pc + d);nergy(yfnergy,trans,j)pe

ener ener ng,heat,jyp. e
+(1 = @7 — ") (D Type)te

where ¢7"“" and ¢5"“"9Y denote proportions of energy service in electricity

and transportation respectively, and p® is a parameter.

The representative household will buy goods from different industries. Its
budget constraint is determined by its wage via the labor market equilibrium,
profits from the firms, taxes, and subsidy. So, the representative household will

face the following budget constraint:

10



H{ + Z Tff,jD{f,j + ngtlb’j + Z PtL’ngmpﬁj + Teco7ijco,j
ff crop

_ j food,j food,j elec,j energy,FElec,j trans,j energy,trans,j ng,j myng,heat,j
— Popt(pt . yt 3 +pt 3 yt ) ) +pt ) yt 5 . +pt ) Dt ) P

manu,j manu,j wind,j solar,j
+Yy )+ 1L M P A M

On the left-hand side of the budget constraint, the representative household
will receive a total profit H{ from all firms, a tax 7/77 from the extraction
of fossil fuel DI (for ff = coal, 0il,ng), the wage w! from labor N;*7 (for

lb = corn, soy, wheat, specialty, food, manufacturing, livestock, electricity, and

transportation), the rent from the cropland L7 with a price P27 (for crop =

corn, soy, wheat, specialty), and the subsidy of the ecosystem land L7 with

eco,j

a rate T Furthermore, on the right-hand side of the equation, Pop{ is

the population in state j, the representative household will have to pay for

food,j food,j energy,FElec,j

consumptions include food yj with a price p; , electricity y;
. . lec,j . rgy,trans,j . . t 5,7
with a price p;““’, transportation y;"“"9¥""*"*) with a price p;"*"*’, natural

gas D97 for heating with a price pi'¥, and manufacturing goods y;"*"*

(as the numeraire good with a price 1). The representative household will also
invest in manufacturing I;"*"*?, wind turbinel;*"**/ and solar panel I:°"*".

The capital stock held by the household will face a transition law that the
capital in the next period equals the sum of depreciated capital and the invest-

ment in the current period:

manu,j  __ manu manu,j manu,j
Ky = (1-0 VK +1;

wind,j _ wind wind,j wind,j ; wind
Ky = (1-9¢ VK + 1, /¢t

solar,j _ Renew solar,j solar,j ; solar
K = (1-9¢ VK, + 1 /<

11



where d is the capital depreciation rate. Here, capitals for wind K’ ndij and

solar K;°™J are in capacity. So, we will need to divide investment by the

capital cost for wind ¢""? and ¢{°!%" to calculate capitals for them.

As for the total profit, since we assume that household owns land and

share of all firms, the household will receive profits from agricultural trading

trading,crop,j
II; (

firms for crop = corn, soy, wheat, specialty), livestock trading

trading,livestock,j trading,ng,j
Ht Ht

firms , natural gas trading firms , coal trading

tradi Li : trading,oil,j : P
firms TIL7e%"9-¢00L3 651 trading firms IT7*4"99103  farming firms I %™ | live-

manu,j

livestock,j . _
I, "% - manufacturing firms IT; , food production firms

stock firms

extraction,j

IT/°0rodi fossil fuel extraction firms T1¢ , fossil fuel based electric-

ElecFF,j FElec,renew,j
)

ity generation firms with II, , renewable energy firms IT; and

trans,j

transportation service firms II; in each state j at each period t. The total

profit is

Hz _ Hirading,crop,j+H§rading,li'uestock,j+H§Tading,ng,j

+H§rading,coal,j _’_H:rading,oil,j +1—[{arm,j
+Hiivestock,j + Hlnanu,j + H{oodprod,j + Hfa:tv"action,j

+HtElecFF,j + HtElec,renew,j + Hirans,j

2.4 Trading Firms

Each state has different productivity because of land, natural resource stock,
and capital. If a state produces more goods than they consume, it will export
some goods to other regions. On the contrary, if a state cannot produce enough
goods, it will buy some goods from other regions. So, flows between the Great
Lakes (GL) region and outside the GL region or global systems affect and are

affected by these regional economic interactions. Thus, we assume each state has

12



some trading firms to trade agricultural and energy products with other region.
In the model, trading firms will not aim to maximize their profits because the
household should make trading decisions. We assume all trade within a state
will have to go through trading firms where importing price and exporting price
are exogenous.

The profit for crop trading firms in state j will be the profit from selling
the crops to other regions less than the purchasing from other regions. We de-

. . ¢
note the exogenous exporting prices for corn, soy, and wheat as p;°" "™ “P°"

t heat,trad . j— —
, PPt and py et respectively.  Denote AYPT™T ) AFYYT 0 and

APheati= as amounts of corn, soy, and wheat that state j sells to other re-

ATt psoui+ Avheat.i+
b

gions. Denote , and as amounts of corn, soy, and

wheat that state j buys from other regions. Thus, we have:

trading,corn,j  __ trans,corn,j\, corn,export corn,j corn,j—
I = [@1-TC €T ) py — Dt JAY +

. . " :
[p;‘m“nd _ (1 + Tctrans,corn,] )p;’iOTn,GIPOT ]A;’?OT?’LJJr

trading,soy,j  __ trans,soy,j\,. S0Y,exrport soy,j soy,j—
11 s = [1-TC )py —p AT+

s0Yy,] t i\ _soy,export soy,j+
. Y] (1 +TC TQNS;SOy,])pt Y,ETP: ]At Y,J

trading,wheat,j  __ trans,wheat,j\, wheat,trade wheat,j1 A wheat,j—
11 = [Q1-TC )y by JA; +

wheat,j trans,wheat,j\, wheat,tradey A wheat,j+
t -(1+TC )Py JA;

In the same manner, specialty and livestock trading firm in each state will

13



also make their profits from trade:

trading,specialty,j i i\ specialty,import specialty,j wheat,j—
Ht g,8p 1 - [(1 _ Tctrans,speczalty,j )ptp Y,rmp _ ptp y’j]At 5] +

specialty,j t s,specialty,j\, specialty,importy A specialty,j+
[ptp Y:J _ (1 4 T trans,specia y,])ptiv Y,emp. ]Atp Y,J

Hirading,livestock,j [(1 o TCtrans,livestock:,j)piiUEStOCk,EIpDTt _ piivestock,j]Aiivestock,jf +

livestock,j trans,livestock,j\, livestock,exporty A livestock,j+
[P -(1+7TC )Py JA

The natural gas trading firm in state j will either buy A9~ or sell A9/

amount of natural gas to other regions with a exporting price p;'?"**?°"*. The
total profit of the natural gas trading firm III"*#"9-99%7 wil] be the difference

between them:

trading,ng,j trans,ng,j\, ng,erport ng,Jj1 ANg.J—
1T, = [@A-TC 9T ) py —p 7] A +

[p;lgd’ _ (1 + Tctrans,ngj)p:lgﬁlpm"t]A;ng'i‘

The coal trading firm follows the same way:

trading,coal,j _ trans,coal,j\, coal,trade coal,j coal,j—
1T, = [@A-TC ) — Py JAY +

coal,j trans,coal,j\, coal,tradey A trade,j+
[pt -(1+7TC 7 )P} JA;

Since, we assume the GL region will only import the oil, so the profit for oil

trade firm will be:

14



trading,oil,j _ oil,j trans,oil,j oil,import oil,import,j
1T = [p’-QQ+TC )P} 1Dy

2.5 Crop Farming Firms

Crop farming firms use labor N;""7 fertilizer F;"°"” and land L;"°"7 at price

crop,j

f CToPI and ptL J respectively as the input to produce @y amount of crops

p

(including corn, soy, wheat , and specialty) and sell at the price p"”’. The

crop farming firm maximizes the profit Hf arm.j,
farm,j
max I}
with

farm,j __ crop,j Crop,j L.,j ycrop,j F,crop,j racrop,j J nrcrop,j
11 = y2 Qy —pe 7 Ly — Pt Fy —wy IV

crop

with r; the interest rate. We assume that fertilizer usage is linear to land area,
Le., F"P7 = ¢7"P7 Li"°P - For simplicity, we assume ¢, "7 = Fj™7 | L5 P7
where F{""7 and Ly " are initial values of total fertilizer usage and land for

each crop type. The crop production function is :

crop,j [ cropsi erop NEropsd Berop
t — ACTOPJ t t

— = A, - ,
crop,j Ccrop,j crop,)

Qo LO N 0

where AP is the productivity for crop in state 5, Gerop and Berop are clas-

L7 and

ticity parameters, for each crop = corn, soy, wheat, specialty. And,

NS™P7 are initial values for land and labor in the state j . We use the initial

values as denominators in the production function for the scaling issue.

15



2.6 Livestock Firms

corn, feed,j

livestock,j
N, ’ , corn QQy

Lfasture,j

Livestock firms choose labor , pasture land

and soybean Q;°V"7°“®J to feed livestock with input being priced at p.v¢**oc*-J

oy livestock,j
t

and p;° respectively, and then produce @ amount of livestock,

and sell them at price p'"******J  The livestock firm maximizes the profit

livestock,j .
! A,

max Hiivestock,j

with

livestock,j livestock,j ~livestock,j corn,j ~corn,feed,j
I =y T Qs T p QYT —p

soy,j nsoy, feed,j 7 arlivestock,j
. ) Qt ) J wt Nt )

The livestock production function is:

livestock,j corn, feed,j Rt soy, feed,j B Lpastur&j m Nlivestochj M
t _ Alivestock,j t t t t
livestock,j ~— 7t Qcorn,feed,j Qsoy,feed,j Lpasture,j le'vestock,j
0 0 0 0 0
li tock,j - I .
where A;""°*""7 is the productivity for livestock, and oy, £;, 7, and n; are
.- livestock,j corn, feed,j soy, feed,j sl
elasticity parameters. Here, Q) , Qo and Q) are initial

values for the livestock production and the usage of corn and soy to feed the

livestock in the state j.

2.7 Food Production Firms

. d,j dj A d,j heat, food,j
Food production firms use labor N{ %7 and Q¢ ™-/00%i  Qsovfoodi  quheat.food.j,

livestock, food,j ialty, food,j . .
livestock.food.j “and Qspecialtv:food of corn, soy, wheat, livestock, and specialty

. . i soyj _wheat,j livestock,j jalty, .
with prices at p;®"7, pi®¥7, p et ptveto I and piP ™YY respectively to

produce th °0d:J amount of food in the state j- The firms sell the food at price
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food,j food,j,
i t :

. The food production firm maximizes the profit II

y
max IT/ °°%

with

H{ood,j {ood,j}/tfood,j _ pgorn,j ngrn,food,j _ pioy,j Qfoy,food,j _ p;uheat,j Qiuheat,j

p

livestock,j ~livestock. food,j specialty,j ~specialty, food,j 7 arfood,j
P 7 Qy R 2 7 Qy ’ Y= wp Ny

The food production function is:

}/tfood,j corn, food,j \ “f soy, food,j \ *f ;uheat,j af
onod,j wi1 corn, food,j + Wy2 soy, food,j + Wgs wheat,j +
0 o Qo o
Specialty, food,j \ ¢ livestock, food,j \ &f Bilog Nfood,j 1-By
t t t
Wra Specialty, food,j + Ws livestock, food,j Nfood,j
QO QO 0

where w1, w2, wys, wra, and wys are shares for corn, soy, wheat, specialty,

and livestock respectively, and o and 3; are parameters.

2.8 Manufacturing Firms

Manufacturing firms use capital K;"*"*7  labor N;"*"7 | electricity E}"*"* !¢

- tr,j . ;
and transportation energy E;"*""""" to produce manufacturing goods Y;"*"**’.

We choose the manufacturing goods as the numeraire so its price is set to one.

The manufacturing firm maximizes the profit IT}**"*7:

max [1]"""J

17



with

H:nanu,j _ Y—tmanu,j _rthm,anuA,j lecEznanu,elec,j _ptrans,jE;nanu,tr,j_wg Ntrnanu,j

€
—P¢ t

We choose the manufactured goods as the numeraire so its price is set to one.

The production function of manufactured goods is:

; S\ Qm i\ Bm i\ 1—m—PBm
manu,j manu,j manu,j manu,j
Y; _ Amanu,j Kt Et Nt
YOmanu,j 0 K(?)nanu,j E(gnanu,j Nomanu,j

where A7 is the productivity for manufacturing, o, and S, are parame-

Emanu,elec,j .
t

ters. The production for electricity is :

Emanu,elec,j Pm Emanu,tr,j pm L/ pm
Emanu,j — Emanu,j ¢ t + (1 _ ¢ ) t
t 0 m Emanu,elec,j m Emanu,tr,j
0 0

where ¢, is the share of electricity used in the production process, and p,, is a

parameter.

2.9 Fossil Fuel Extraction Firms

Fossil fuel extraction firms extract fossil fuel D[ 53 (for ff = coal,ng) with
cost G{ 73 and labor Ntf 73 and then sell them at prices p{ 73 The fossil fuel

. - cotraction,
extraction firm maximizes the profit IT;"""*“*™7

max Hewtraction,j
t
with
rgetroctions _ S (pf 53 DI — GIFT i Nf1)

fr

18



The production function is :
. . . Otff
DI = Alti ( Ntffu)

where A{ 13 is productivity and ayy is elasticity. We assume the fossil fuel are
extracted from finite reserves and the stock remaining at time ¢ is R{ 73 The
resource stock Rf 73 satisfies the following transition law :

Rz{—{f — R{f’J _thfa]

The extraction costs of coal and natural gas are :

1§ 1§ 1§
Ggoa R glycoal(Dtcoa 5J /Rfoa ,J)92,coaz

Ong

ng,j  _ ng,j ng,j /| png;J
G = BY (Dt 7Ry )

where 01 coal; 02,coal, and 6,4 are parameters, and B is an exogenous de-
clining path over time for representing the technology improvement in reducing
extraction costs. We omit oil extraction in the region as the regional oil extrac-

tion (and oil stock) is small.

2.10 Fossil Fuel Electricity Generation Firms

Fossil fuel electricity generation firms are fossil fuel based power plants. They

Eflec,coal,j Etelec,ng,j

produce electricity from coal and natural gas , from labor

! 1,j lec,ng,j Lj elecj .
N o and N 9™ 0 coal D{°* and natural gas D;"9““? with these

inputs being priced at pc* and p"? respectively. And, they sell their outputs

at price p; “*’. The fossil fuel electricity generation firm maximizes the profit
elec,FFF,j .
I :
lec,FF,j
max [T; "7

19



with

Hflec,FF,j _ p;lec,jEtelec,FF,j _p;:oal,j D;oal,j _p?g,j D;Lg,elec,j_wg (Nflec,coal,j_’_Nelec,ng,j)

Electricity production functions for coal and natural gas are :

Belee,coal

elec,coal,j coal,elec,j Gelec,coal elec,coal,j

Et _ Aelec,coal,j Dt Nt

Eglec,coahj - t Dgoal,eleqj Nglec,coal,j
Etelec,ng,j Aelec,ng,j Dfoal’ng"j Qelec,ng Nflec’n‘q’j Betec,ng
Eglec,ngd B t Dgoalﬁng,j Nglec’ng’j

where AZ€e0thd and AS€“99%7 are the productivity for coal and natural gas

based electricity.

2.11 Renewable Electricity Generation Firms

Renewable electricity generation firms produce electricity from wind B¢/
and solar EZ°*°1%"7 with labor wind N*™®7 | labor solar N;°'"™ and capital.

They sell their outputs at price pf'*. The renewable electricity generation firm

L. I i
maximizes the profit [Ty ““"“"* .

max H;lec,renew,j

with

elec,renew,j __  elec ppelec,wind,j elec,solar,j Other,j wind,j solar,j
IT; = py (B} +E; +E; )—we (N +Ny )

where EPther is exogenous electricity generated from other sources including

nuclear and hydropower.
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The production function of wind and solar electricity is :

elec,wind,j wind,j Gwind wind,j Buwind
Et _ Awind,j Kt Nt
Eglec,wind,j 0t ngnew,j Néuind,j
elec,solar,j solar,j Gsolar solar,j Bsotar
Et __ gsolar,j Kt Nt
Eglec,solar,j - Kgolar,j Ngolar,j
ind,j lar,j .. .
where A7 and A;”"“"™ are the productivity for wind and solar based elec-

tricity, @ and (8 are parameters.

2.12 Transportation Energy Firms

Transportation energy firms produce energy Efr’j from labor Ntt T , diesel

diesl,j . line,j - ' i rans,g

D;{**"7 and gasoline Dy**°""7 at price p¢", as well as biofuel ¢/ *"*7 at
. .. l t 1 . . .

price pf™™ and electricity E; ““""""*7 at price p¢le¢ for electric vehicles. They

sell their outputs at price pi”. The transportation energy firm maximizes profit
Hir’j :

o
max IT,"/

tr,j _ tr tr,g oil diesel,j gasoline,j corn,j ~corn,tr,j 7 artr,g elec elec,trans,j
L™ = py" By —p?" (Dy " 4Dy )=py QYT —wy Ny —py BT ’

The transportation energy production function is :

Etr,j ) Ddiesel,j Ger
t _ Atr,] w t +
Eér,j - t tr D(c)liesel,j
Dgasoline,j oerBert qcorn,trans,j ovtrBera Eelec,trans,j
t t t
(1 th) Dgasoline,j qgorn,trans,j Eglec,trans,j
tr,j Ntr
N
t
tr,j
N
0

where Air’j is the productivity for transportation energy, wy,. is the propor-
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tion of the diesel used in the production process, and oy, B, Vi and 7. are

parameters.

2.13 Market Clearing Conditions

In this subsection, we show market clearing conditions in the model. The left-
hand side of equations represent the produced/imported amounts, and the right-
hand side of equations represent consumed/exported amounts. The population

th are allocated among sectors:

j crop,j livestock,j ood,j manu,j
th — E:Nt PJ+Nt J+Ntf J_|_Nt J

crop

+ZNtff,] + Nf‘lec,coal,j + Ntelec,ng,j + Ngﬂind,j + Ntelec,solar,j + Nttr,j
If

2.13.1 Agricultural Sector

Corn :
gorn,j +Att:orn,j+ _ Qtt:orn,food,j +Q§orn,feed,j +Q§orn,tr7j +A;:orn,j—
Soy :
Qfoy’j+Aioy7j+ _ Qfoy,food,j+Q§oy,feed,j+Qioy,em,j+A§oy7]‘_
Specialty :
precialty,j +A§pecialty,j+ _ precialty,food,j +Afpecialty,j—
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Livestock :

livestock,j + Alivestock,jJr
t

! iivestock,food,j + Aiivestock,jf

We assume that all produced food is consumed by the household:

R

We assume that the total land available for planting crops and ecosystem services
is:

j 2 : crop,j asture,j eco,j
L‘g — Lt D>J +Lf 5] +Lt )

crop

and L] is exogenous.

2.13.2 Energy

The total production of electricity from fossil fuel, renewable capital and
other resource equal the electricity used in manufacturing firms plus the elec-

tricity used by the household :

Etelec,coal,j+Etelec,ng,j_’_Eflec,wind,j+Eflec,solar,j+Et()ther,j _ Etrnanu,elec,j_’_ytenergy,elec,jNg_’_Eflec,trans,j

The total produced transportation energy is consumed by the manufacturing

firms and the household:
tr,j _ pmanu,tr,j energy,tr,j nrj
E; " = E; + Yy Ny
Gas:

; . lec.i heat.i i .
D;Lg,] + A;lg,ﬁr _ D;Lg,e eed d?g’ ea ,JNtJ + A?Q,J
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Figure 3: Crop Production

The total amount of imported oil equal the total amount of diesel and gasoline

used in the transportation energy firms:

Dtoil,import,j — D;iiesel,j + Di]asoline,j

3 Result and Discussion

In this part, we will show the result of our model. We will also show what key
factors will change under the different scenarios. '

As shown in Figure 3, we find that Illinois has the highest production for
corn, followed by Indiana, Ohio,Wisconsin, and Michigan. And, we can conclude
from the trend that the production of corn will increase as time goes. This is
because we will use more ethanol in the future as part of renewable energy,
which makes the demand for corn higher. As for the soy, Illinois has the highest
production for soy, followed by Indiana, Ohio, Wisconsin, and Michigan. The

trend of soy production is relatively flat.

!n this paper, we will adapt the Shared Socioeconomic Pathways (SSPs) scenarios.

24



‘Com Production (IL) Com Production (IN)

State-Level
Corn 5
Production
18 ‘Com Production [MI)
Com Production (OH) . Comn Production (WI)

Milkon Tons

4
2000 2025 2030 2035 2040 2045 2050 020 25 2000 2035 W0 208 2050 2020 225 2030 2035 2040 2045 2050
‘Year o Year

Figure 4: Corn Production Scenario Analysis

The Figure 4 shows the corn production under different scenarios in each
state.? The red line (LSHT) and the blue line (LSLT) show higher trade will
lead to higher corn production. This result is very straightforward. Because
higher trade means higher demand which will lead to a higher supply. Moreover,
both blue (LSLT) and green (HSLT) lines have a small jump from 2018 until
2022 on corn production. This jump is because China, which purchases most of
the soy in the world, will impose a high tariff on US soy production during the
trade war, leading to lower soy production. As a result, some of the resource and
capital for the soy production will be allocated to the corn production. Thus,
corn production will have a jump in the Great Lakes region during the trade
war.

From the blue (LSLT) and green (HSLT), we can find higher sustainability

will lead to higher corn production. This result makes sense. We will generally

2HS and LS stand for high and low sustainability. HT represents the high trade and
globalization. LT means low trade and de-globalization. In a low trade scenario, we assume
there will be a trade war between the US and China from 2018 to 2022. A high tariff will be
imposed on the US soy production by China.
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Figure 5: Soy Production Scenario Analysis

think higher sustainability will lead to higher corn production since we will use
more renewable energy, like ethanol. As the demand for corn goes higher, the

production of corn will also be higher.

Figure 5 shows soy production under different scenarios. By comparing the
red line (LSHT) and the yellow line (HSHT), we can see that lower sustainability
will lead to lower soy production. Because corn demand is higher in the high
sustainability scenario, so that, producing corn is more profitable than soy.
Therefore, farmers will allocate more resources and capital to corn production,
leading to lower soy production.

By comparing the red line (LSHT) and the blue line (LSLT), we can conclude
higher trade will lead to lower soy production in the Great Lakes region. This
result is counterintuitive. We generally think higher trade will increase the
demand for the soy, leading to higher soy production. However, we believe the

logic behind this result is as follows. First, the international soy trade market
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Figure 6: Labor

is unique. On the one hand, China is the only major buyer in the soy trade
market. And, most of the soy trade in China is controlled by one national-owned
company. On the other hand, there are a lot of major sellers on the market, like
the US, Brazil, and Argentina. Besides, China has a relatively stable demand
for soy each year. With higher trade and globalization, US soy producers will
face more competition from other soy producers for the Chinese soy market
worldwide. As a result, the soy supply will be higher than the soy demand from
China in the global soy market. Thus, the soy price will be lower. So, farmers in
the Great Lakes region will allocate the resource and land to other agricultural

products, like corn.

As shown in Figure 6 , we find that Illinois has the most labor for corn,
followed by Indiana, Ohio, Wisconsin, and Michigan.This result matches the
corn production order in Figure 3. However, the growth rate for labor corn
is smaller than the production of corn. We think the intuition behind this
result is technology change. Agriculture technology will become more advanced
than before as time goes, making productivity higher. We will need less labor
for producing the same amount of corn than before. And, we can find this,

obviously, with the labor for soy. In the Figure 3, soy production has a flat
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Figure 7: Manufacturing Sector

trend. Given the small soy production growth each year, the labor for soy will
have a downward trend. Also, some of the labor in soy production will switch
to corn production.

Figure 7 shows Illinois, Ohio, Michigan, Indiana, and Wisconsin have the
highest to lowest manufacturing capital, which matches the data. It is easy
to conclude that the manufacturing production will have the same order as
the rank of the manufacturing capital. Because capital is one of the essential
factors in the manufacturing sector. The right side of the Figure 7 confirms this

conclusion.

From the left side of Figure 8, we can find that production for electricity
from wind will grow fast first, and then the curve is relatively flat. The logic
behind it could be that decision-makers will install more and more wind turbines
in the near future due to the lower cost. However, wind turbines could only use
a limited amount of land to generate electricity because of the nature of the
wind. So, the growth of the electricity generated by wind will increase slower
when the available land reach its limit.

From the right side of Figure 8, we can find that electricity generated by

solar grows fast, different from the wind. Because solar panels have less land
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Figure 8: Regional Electricity Generate by Renewable Energy

restriction than a wind turbine, as long as there is sunshine, we can install solar
panels.

From the Figure 9, we find Illinois has the highest oil import, and Wisconsin
has the lowest oil import. Oil import has a fast growth in Illinois, Ohio, and
Indiana. This is a very interesting result. Because, we do not expect a large
growth of fossil fuel since we will use more renewable energy.

However, Figure 9 contradicts this expectation. We believe there are two
potential reasons behind it. First, the increasing usage of renewable energy
can not catch the increase of the total demand for energy. Second, there exists
a Green Paradox effect. As it is known to us, environmental regulation will
become more strict in the future. To maximize the current profits, firms tend

to use fossil fuels as much as they can before they are not able to.

4 Limitation and Future Research

This model is not perfect and has several obvious limitations. Future research
could overcome these limitations by extensions of the work described here. First,

we will recalibrate the parameters to match real-world data better. Second, we
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will improve the trade model, especially the transaction cost. Third, we will
add risk and shock, like the global pandemic into the model. Last but least, we

will work on downscaling the model to the county level.
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