Spplemantary Information

1.  Modeling framework of amalgamating WLF4ES nexus based on the life cycle assessment thinking
[bookmark: _GoBack]SD-WLF4ES-Nexus integrates the proposed EFA and LCA indicators to account and predicting WLF4ES nexus of corn crop in WLEB and its counties under a number of scenarios for population, planted and harvested land, crop yield, crop production use by segments, and crop production costs and returns.  
The different sectors of DSS-WFEEN are formulated and built utilizing Vensim model. DSS-WFEEN consists of the nine sectors that are:
i) Land footprint (LFP) accounting sector: it predicts planted and harvested areas in the study zone depending on scenarios for the change rate of crop’s planted and harvested areas.  The planted and harvested land footprint of corn at WELB () at time t are accounted inside SD-WLF4ES NEXUS by equation 1 and 2 respectively:

			(1)

			(2)

Where:  and  are the planted and harvested areas of crop i at county c at year t-1 respectively.  Corn planted and harvested areas at the 20 counties in the base year (2016) were collected from [USDA 2017; USDA 2016a; USDA 2016b; USDA 2016c].   and  are the change rate in the planted and harvested area of crop i at county c,  and  are estimated applying the average compound annual growth rate (CAGR) method based on historical data for the planted and harvested areas in the 20 counties under study for the period 2006-2016 as will be described in Table 1. n is the WLEB’s county number. 

ii) Crop production sector: It computes the quantity of the crop production, crop use by segment, and food per capita  for WLEB at time t utilizing equations 3 to 7. 

							 (3)

						(4)

 							(5)
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  							(7)

Where:  is the crop i yield at WLEB at time t, the source of the corn yield in the 20 counties for the base year is (USDA, 2017).   is the yearly change rate in the crop i which is estimated applying CAGR method based on historical data for crop yield in the 20 counties under study for the period 2006-2016 as will be described in Table 1.  is the quantity of the crop use by segment (u, i.e. food, feed, ethanol and by-products, stock, and export at time t).    is the percentage of the quantity of crop i use by segment. the percentage of the quantity of crop i use by segment at for the base year is collected at the national level form (Barton and Clark, 2014) since this data is not available at the county is the yearly change in the percentages of crop i use by segment scenario which is estimated applying CAGR methods based on U.S. corn long term projection for 2017- 2027 (USDA, 2018) as shown in Table 2. is the crop use for food. is the population of county c at time t,  is the annualized percent change of population in county c. Data for population and  annualized percent change of population of the 20 counties for the period 2010 to 2017 is collected from (ODSA, 2019), as shown in Table 1.
iii) Water footprint accounting sector: WFP approach [Chapagain and Hoekstra 2004, Hoekstra A., 2016] is applied to account green, blue, and grey WFP. WFP of corn crop in WELB () inside SD-WFE-EEN by equations 8.  
		(8)
Where: , , and  are green, blue, and grey WFP of crop i in county c.  and  for each county c were collected from [Marston et al. 2018].   is accounted applying equation (9) based on [Franke et al. 2011]. 

					(9)

Where:  is the fertilizer use for crop i at county c at time t. is leaching-run-off fraction of nutrients, is maximum acceptable concentration, is the natural concentration for the pollutant considered, and  is scenario for the change rate in the crop i yield due to practice management scenarios at time t. Data for  were obtained from Pimentel 2019 and USDA-ERS 2018. The data for the application rate of fertilizers were not available at the county level. Therefore, the available data for the fertilizer use at the national level were used from (Pimentel 2009 and USDA2018a). Data for   is collected from (Status of Nutrients in the Lake Erie Basin and Ohio Lake Erie Task Force Final Report, 2010).  Due to data availability and simplicity, data for   are collected from Franke et al. 2011.  According to  , the global average leaching-runoff fraction for N and P were collected from Franke et al. 2011. Grey water for pesticides is not included in the current study.
iv) Energy footprint accounting sub-model: EFP of corn crop in WELB () is accounted inside SD-WFE-EEN by equations 8 based on [El-Gay et al., 2017]: 
				      (10)
Where: eql, eqm, eqd, eqe, eqlp, eqg, eqN, eqPh ,eqPo, eqli, eqe, eqh, eqin, eqt, and eqiw are the energy equivalents of  labour (MJ/h), machinery (MJ/kg), diesel oil (MJ/L), gasoline (MJ/L), LPS (MJ/L),  nitrogen (MJ/kg), P(MJ/kg),  potassium(MJ/kg), lime (MJ/kg), electricity (MJ/Kwh), herbicides (MJ/kg), insecticides (MJ/kg), transportation (MJ/kg),  seeds (MJ/kg), and irrigated water (MJ/m3) for crop i.  The variables l(c,t), m(c,t), d(c,t), g(c,t), lp(c,t), N(c,t), Ph(c,t), d(c,t), Po(c,t), li(c,t), e(c,t), h(c,t), in(c,t), t(c,t), and iw(c,t) are unit quantities of .labour (hour/ton), machinery (hour/ton), diesel fuel (L/ton), gasoline (L/ton), LPS (L/ton),  nitrogen (kg/ton), P(kg/ton),  potassium(kg/ton), lime (kg/ton), electricity (Kwh/ton), herbicides (kg/ton), insecticides (kg/ton), transportation (kg/ton),  seeds (kg/ton), and irrigated water (m3/ton) inputs in crop i production at county c at time t, and n is the WLEB’s county number. The energy equivalents and inputs in the corn crop production are collected from [Pimentel 2009].
The ethanol potential at WLEB level, gallon) and contribution of the ethanol production to the economy of the WLEB at time t are accounted applying Equation 9 and 10 respectively. 							
						(11)
						 (12)	      
Where:  is the crop i production used for ethanol and by-products in WLEB estimated by equation 5,  (gallons/ton) is the ethanol yield collected from [USDA 2019], and   is the unit price of ethanol ($/gallon) collected from [IANR 2020]. Through the current study it is assume that  and  will not change during the study years.
v) Fertilizer (nitrogen, phosphorus, potassium, and lime) footprint, pesticides (herbicides, insecticides) footprint), and P and N load to the water body   in WLEB are accounted applying Equations 13 to 15. Data for  fertilizer and  pesticides application rate is collected from Pimentel 2009 and USDA ERS 2018. is leaching-run-off fraction of nutrients, collected from Franke et al. 2011. We assumed that  and  will not change during the study years.
						(13)
						(14)
								(15)
vi) Environment sector: the potential environmental impacts  of component  ( is ozone depletion, global warming, smog, acidification, eutrophication, carcinogenic, non-carcinogenic, ecotoxicity, respiratory effects, or fossil fuel depletion) due to using parameter v (v is diesel, gasoline, liquid petroleum gas, nitrogen, P, potassium, lime, irrigation, herbicides, insecticides, or electricity parameter) in cultivating crop i at time t is accounted inside SD-WFE-EEN is estimated by applying equations 16 and 17.
						(16)
							(17)
Where:  is footprint of v parameter used for crop i in county c at time t.    is the quantity of parameter  applied per hectare of crop i in county c.   is the environment impact of component   per unit of v.   is the output of applying Gabi model (what is GaBi model).
vii) Economic accounting sub-model: the net return from the crop production at WLEB level are accounted applying by equation 18 to 20:
					(18)
						(19)
						(20)
Where,  is the total gross value of crop production from primary product grain and secondary product silage.    is the total operating costs that includes costs of seed, fertilizer, chemicals, custom services, fuel and electricity, repairs, purchased irrigation water, interest on operating capital. Total, allocated overhead include hired labor, opportunity cost of unpaid labor, capital recovery of machinery and equipment, opportunity cost of land, taxes and insurance, general farm overhead. The data for the costs and returns of cultivating corn for the base year are collected at region level from United States Department of Agriculture [(USDA), 2019b].  and  are the yearly change rate scenarios of gross value and cost of the crop which are estimated applying CAGR methods based on historical data (2006-2016) for U.S. regions, Source of data (USDA, 2019b). 
The economic productivity of irrigation water ($/m3) and the economic productivity of energy ($/J) are calculated inside the economic sector applying equations 21 and 22.
								(21)
								(22)
Water/energy mass productivity is the crop production per unit of water/energy used.  The mass productivity of water (ton/m3) and energy (ton/J) are calculated applying equations 23 to 24.
								(23)
							(24)
viii) Social sector: The social indicators considered within the study are food per capita that is estimated applying equation 5, human labour hours accounted by equation (25), and virtual water and energy that are calculated applying equations 26 and 27 respectively. 
						(25)
 				(26)
				(27)
Where,   is the crop use for export calculated applying equation 4. 
2. Yearly projected WLF4ES Nexus in WLEB (2016-2030)
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