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ABSTRACT

Potential carbon taxes will have spatially heterogeneous impacts on agriculture. The
magnitude of impacts depends on 1) the direct and indirect share of energy in production
costs, 2) the responsiveness of agricultural markets to price changes, and 3) the degree of
possibility of reallocation of resources. This study introduces a theoretical economic
framework for the analytical evaluation of a carbon policy. Then the parameters of the
model are empirically estimated. Finally, the impacts of three scenarios of carbon policies
are computed and uncertainty in the results is discussed. The focus of this study is on
irrigation and nitrogen fertilizer as energy-intensive inputs. Then the consequences for land

and labor markets are analyzed.
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1 Summary

Introduction. Potential carbon taxes will have spatially heterogeneous impacts on
agriculture. The magnitude of impacts depends on 1) the direct and indirect share of energy
in production costs, 2) the responsiveness of agricultural markets to price changes, and 3)
the degree of possibility of reallocation of resources. This study introduces a theoretical
economic framework for the analytical evaluation of a carbon policy. Then the parameters
of the model are empirically estimated. Finally, the impacts of three scenarios of carbon
policies are computed and uncertainty in the results is discussed. The focus of this study is
on irrigation and nitrogen fertilizer as energy-intensive inputs. Then the consequences for
land and labor markets are analyzed.

Significance and contribution. There is a rich literature on quantifying the economic
impact of carbon policies (Chepeliev and van der Mensbrugghe, 2018, Dumortier and
Elobeid, 2021; Golub et al., 2013; Hafstead et al., 2018; Lin and Jia, 2018; Schneider and
McCarl, 2005). Most of these studies are done at the regional or aggregate sub-regional
scales. However, the implications of such policies are expected to vary across space as the
production structure is spatially heterogeneous and does not follow a normal distribution.
This can be mainly due to differences in the cost structure and energy intensity of
productions. This paper provides county-level empirical evidence to show the significant
differences in the cost shares, agricultural production structure, and supply elasticities of

land and water (Doelman et al., 2022; Haqiqi and Hertel, 2019; Beier et al., 2023). This



implies that some communities will be affected more than other communities and the
national average may be misleading for local impacts. This study tries to provide a
framework to improve our understanding of the county-level impacts of climate policies.
This can help form local policies to protect the most vulnerable and affected communities.
It can also help the research community in understanding the likely changes in the
economic geography and relocation of activities.

Theoretical model. This study follows Costinot et al., (2016) to develop a partial
equilibrium international trade model assuming n local markets with uniform farms within
each unit. Each unit produces a slightly different commodity. The consumers (domestic and
international) have Armington-type preferences with imperfect substitution between these
varieties. Local production is modeled assuming a constant elasticity of substitution
function in agricultural production and a constant elasticity of transformation for land
allocation. Agricultural inputs are land, energy, energy-intensive materials, and a
composite of other inputs. The land is allocated to rainfed and irrigated through a constant
elasticity of transformation function. Labor decides about the work location based on local
and remote agricultural wages assuming a constant elasticity of transformation function.
The price of energy and energy-intensive materials are determined in the international
market, but the price of land is determined at each local market. The model is solved
analytically, and the implication of equilibrium conditions are discussed.

Empirical estimation. This study follows the SIMPLE-G framework to parameterize the

model based on the US Department of Agriculture Census of Agriculture for 1997, 2002,



2007, 2012, and 2017. The county-level information is obtained for cropland area, cash rents,
and expenditure shares (energy, labor, fertilizer, land, and other inputs).

Simulations. The carbon pricing scenarios are obtained from the ENVISAGE model
quantifying the final change in prices at the national level for labor wages, energy products,
and fertilizer and used to quantify the likely changes in the spatial pattern of water and
land use given the proposed shocks in input prices. This study considers four scenarios of
carbon pricing ($50, $100, $150, $200) from the ENVISAGE model, the Environmental
Impact and Sustainability Applied General Equilibrium Model (van Der Mensbrugghe
2018). The ENVISAGE Model is a general equilibrium multi-sector model designed to
analyze a variety of issues related to the economics of energy policies and climate change.
This makes it an appropriate tool for this analysis. For each pricing scenario, the final impact
on the commodity prices is calculated. The commodities used in this study are ammonia,
labor wages, natural gas, electricity, and petroleum products.

Uncertainty quantification. This study compares the Monte Carlo analysis and Sobol’s
method in uncertainty quantification (Harenberg et al., 2019; Helgeson et al., 2021; Nossent
et al, 2011). The findings show the significance of uncertainty propagation from
substitution, transformation, and supply elasticities.

Results. The goal of this study is to identify where and why employment and irrigation
may decline or increase. The discussion includes the implications for the job market and
water resources. Figure 1 summarizes preliminary results using a simplified framework.

As a result of a $100 carbon tax policy, the US average price of crop production increases



by 2.3%, and production declines by 3.0%. The average application of nitrogen fertilizer
decreases by 16.0% and the groundwater withdrawal increased by 0.9%. The increase in
water withdrawal along with a decline in fertilizer application indicates a substitution from
fertilizer to water at the national level. The right panel also shows a substitution from
rainfed to irrigated agriculture. Note that the figures also decompose the impact to show
the contribution of changes in fertilizer price and energy price. While the increase in energy
price discourages irrigation, the change in N fertilizer costs is so high that leads to an

increase in irrigation. The full paper discusses the sources of heterogeneity and local

biophysical and economic factors leading to these findings.
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Figure 1. Preliminary results of $100 carbon pricing in the US.



2 Technical details
In addition to providing a new model and dataset, the main contribution of this study
compared to Costinot et al (2016) is a unique structure to account for different degrees of

factor and product mobility across space.

21 Theory

2.1.1  Preferences and product heterogeneity
While Costinot et al (2016) assume different crop commodities in their model, this study

considers one composite crop output for each grid cell. Assume an economy consists of

different-sized grid cells (as units of production) each producing a slightly different

composite crop indexed by g el'= { 1..,G } . The degree of heterogeneity (similarity) of

commodities is different, so the more similar commodities are put together in one category
(e.g. grid cells with a higher share of fruits and vegetables). With this assumption, there are

M categories of commodities consisting of varieties that are less different. These categories

areindexedby meM = { 1., M } . Let Q show the aggregate crop composite and r show

an index for regions r e P = { 1L..R }, a regional aggregator of crop categories will be:
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where A >0 denotes the elasticity of substitution between commodity groups (e.g. corn-

dominant vs fruit-dominant); v>0 is the elasticity of spatial substitution between grid cells



in a similar group (crop category); f is the CES (constant elasticity of substitution)
parameter. Within this structure, considering a single composite crop for each location
provides computational convenience while keeping various degrees of product

heterogeneity.

2.1.2  Spatially resolved production technology

Costinot et al (2016) assume a very simple production technology with labor and land.
This study considers a more complicated production technology. There are four production
inputs: fertilizer (N), labor (H), land (L), and water (W) for each grid cell g. By assumption,
fertilizer is perfectly mobile, labor is imperfectly mobile, while land and water are immobile

factors of production. So the nested CES production technology will be:
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where 0 >0 denotes the elasticity of substitution between labor, fertilizer, and the land-
water composite (L’); w>0 is the elasticity of substitution between land and water; and «is

the CES parameter.

2.1.3  Equilibrium conditions for immobile inputs

For land and water input markets are cleared at each grid cell. Here, there is an upward-

sloping supply function with location-specific parameters.
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where 7 is the shifter, PW is the value of water, PL is the land rent, and u is the supply
elasticity of land with respect to rents for grid cell g. The derived demand for land and

water input in crop production is:
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where 6 >0 and A >0 are the CES parameters and PQ is the unit production cost.

2.1.4  Equilibrium conditions for perfectly mobile inputs

For fertilizer input, markets are cleared at the regional level. Again, there is an upward-
sloping supply function with region-specific parameters.
N, =7NPN/™ (9)
where 1) is the shifter, PN is the price of fertilizer, and p is the supply elasticity. The

derived demand for fertilizer is obtained by:
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Here the market supply of fertilizer is equal to the sum of grid cell demands at a uniform
regional price. In other words, all the grid cells face the same price change for fertilizer

within each region distinguished by an index of transportation and trade margin ¢.

2.1.5  Equilibrium conditions for imperfectly mobile inputs

For labor input, markets are cleared at the sub-regional level. There is an upward-
sloping supply function with sub-region-specific parameters and a CET function for
location decisions.

H,, =7t PH (12
where 7 is the shifter, PH is the average wage rate, and u is the supply elasticity. The

CET-derived gridded labor supply is:
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where ¢, & are CET parameters. The CES-derived gridded labor demand is:
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Here the market supply of labor is equal to the sum of grid cell demands at sub-region
m. In other words, all the grid cells face different wages but the supply of labor to each

location depends on relative spatial wages.
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2.2  Model
The computation framework follows the SIMPLE-G model family solved in GEMPACK

(Horridge et al., 2018). SIMPLE-G is spatially resolved version of SIMPLE, based on
SIMPLE, a Simplified International Model of agricultural Prices, Land use, and the
Environment (Baldos and Hertel, 2014; Hertel and Baldos, 2016; Liu et al., 2017). The crop
production technology follows Baldos et al, (2020). Labor market structure follows Ray et
al, (2023). The additive CET (constant elasticity of transformation) for land allocation
follows Hagqigqi et al (2022) and Hagqiqi et al., (2023b). The sub-regional market structure
follows Haqigqi et al., (2023a). The nitrogen fertilizer modeling and parameterization follows

SIMPLE-G-US (Liu et al., 2018; Sun et al., 2020).

2.3 Data
While previous SIMPLE-G works on gridded economic modeling in the United States

have centered around the year 2010, the model of this study is calibrated based on the 2017

reference year following Hagqiqi et al., (2023a).

References

Baldos, U.L.C., Haqiqi, 1., Hertel, T., Horridge, M., Liu, ]., 2020. SIMPLE-G: A multiscale
framework for integration of economic and biophysical determinants of sustainability.
Environmental Modelling & Software 104805.

Baldos, U.L.C., Hertel, T.W., 2014. Global food security in 2050: the role of agricultural productivity
and climate change. Australian Journal of Agricultural and Resource Economics 58, 554—
570. https://doi.org/10.1111/1467-8489.12048

Beier, F.D., Bodirsky, B.L., Heinke, J., Karstens, K., Dietrich, J.P., Miiller, C., Stenzel, F., Von Jeetze,
P.J., Popp, A., Lotze-Campen, H., 2023. Technical and Economic Irrigation Potentials
Within Land and Water Boundaries. Water Resources Research 59, e2021WR031924.
https://doi.org/10.1029/2021WR031924

11



Chepeliev, M., van der Mensbrugghe, D., 2018. Global Fossil-fuel Subsidies and Emission
Externalities: Inclusive Approaches to Welfare Assessment.

Costinot, A., Donaldson, D., Smith, C., 2016. Evolving comparative advantage and the impact of
climate change in agricultural markets: Evidence from 1.7 million fields around the world.
Journal of Political Economy 124, 205-248.

Doelman, J.C., Beier, F.D., Stehfest, E., Bodirsky, B.L., Beusen, A.H.-W., Humpendder, F., Mishra,
A., Popp, A., van Vuuren, D.P., de Vos, L., Weind], 1., van Zeist, W.-J., Kram, T., 2022.
Quantifying synergies and trade-offs in the global water-land-food-climate nexus using a
multi-model scenario approach. Environ. Res. Lett. 17, 045004. https://doi.org/10.1088/1748-
9326/ac5766

Dumortier, J., Elobeid, A., 2021. Effects of a carbon tax in the United States on agricultural markets
and carbon emissions from land-use change. Land use policy 103, 105320.

Golub, A.A., Henderson, B.B., Hertel, T.W., Gerber, P.J., Rose, S.K., Sohngen, B., 2013. Global
climate policy impacts on livestock, land use, livelihoods, and food security. Proceedings
of the National Academy of Sciences 110, 20894-20899.

Hafstead, M.A.C., C Williams III, R., Golub, A.A., Meijer, S., Narayanan, G.B., Nyamweya, K.,
Steinbuks, J., 2018. Effect of climate policies on labor markets in developing countries:
review of the evidence and directions for future research. World Bank Policy Research
Working Paper.

Hagqiqi, I., Bowling, L., Jame, S., Baldos, U., Liu, J., Hertel, T.W., 2023a. Global drivers of local water
stresses and global responses to local water policies in the United States. Environ. Res. Lett.
https://doi.org/10.1088/1748-9326/acd269

Haqiqji, I., Grogan, D.S., Bahalou Horeh, M., Liu, J., Baldos, U.L.C., Lammers, R., Hertel, TW.,
2023b. Local, regional, and global adaptations to a compound pandemic-weather stress
event. Environ. Res. Lett. 18, 035005. https://doi.org/10.1088/1748-9326/acbbe3

Haqiqi, I., Hertel, T., 2019. Estimating Water Withdrawal Response to Environmental Stresses, in:
2019 AAEA Annual Meeting. Agricultural and Applied Economics Association, Atlanta,
GA.

Haqiqj, L., Perry, C.J., Hertel, T.W., 2022. When the virtual water runs out: local and global
responses to addressing unsustainable groundwater consumption. Water International 47,
1060-1084. https://doi.org/10.1080/02508060.2023.2131272

Harenberg, D., Marelli, S., Sudret, B., Winschel, V., 2019. Uncertainty quantification and global
sensitivity analysis for economic models. Quantitative Economics 10, 1-41.

Helgeson, C., Srikrishnan, V., Keller, K., Tuana, N., 2021. Why simpler computer simulation
models can be epistemically better for informing decisions. Philosophy of Science 88, 213-
233.

Hertel, T.W., Baldos, U.L.C., 2016. Global change and the challenges of sustainably feeding a
growing planet. Springer.

Horridge, ].M., Jerie, M., Mustakinov, D., Schiffmann, F., 2018. GEMPACK manual. GEMPACK
software.

12



Lin, B,, Jia, Z., 2018. The energy, environmental and economic impacts of carbon tax rate and
taxation industry: A CGE based study in China. Energy 159, 558-568.

Liu, J., Hertel, T W., Bowling, L., Jame, S., Kucharik, C., Ramankutty, N., 2018. Evaluating
Alternative Options for Managing Nitrogen Losses from Corn Production. Purdue Policy
Research Institute (PPRI) Policy Briefs 4.

Liu, J., Hertel, T.W., Lammers, R.B., Prusevich, A., Baldos, U.L.C., Grogan, D.S,, Frolking, S., 2017.
Achieving sustainable irrigation water withdrawals: global impacts on food security and
land use. Environ. Res. Lett. 12, 104009. https://doi.org/10.1088/1748-9326/aa88db

Nossent, J., Elsen, P., Bauwens, W., 2011. Sobol’ sensitivity analysis of a complex environmental
model. Environmental Modelling & Software 26, 1515-1525.
https://doi.org/10.1016/j.envsoft.2011.08.010

Ray, S., Haqiqji, I, Hill, A.E., Taylor, J.E., Hertel, T.W., 2023. Labor markets: A critical link between
global-local shocks and their impact on agriculture. Environ. Res. Lett.
https://doi.org/10.1088/1748-9326/acb1c9

Schneider, U.A., McCarl, B.A., 2005. Implications of a carbon-based energy tax for US agriculture.
Agricultural and Resource Economics Review 34, 265-279.

Sun, S., Ordonez, B.V., Webster, M.D., Liu, J., Kucharik, C.J., Hertel, T., 2020. Fine-Scale Analysis of
the Energy—Land-Water Nexus: Nitrate Leaching Implications of Biomass Cofiring in the
Midwestern United States. Environ. Sci. Technol. 54, 2122-2132.
https://doi.org/10.1021/acs.est.9b07458

Van Der Mensbrugghe, D., 2018. The environmental impact and sustainability applied general
equilibrium (ENVISAGE) model, Version 9.0. The Center for Global Trade Analysis,
Purdue University.

13



