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Background
Changes in the economic environment can affect natural capital and ecosystem services (ESS) in various ways. In economic models, a common transmission mechanism is the changes in land use and land cover (LULC). The changes in the ecosystem services have feedback impacts on the economy, for example, through the soil quality and productivity in the agricultural sector. 
This note discusses the LULC changes in MANAGE-WB, a recursive dynamic Computable General Equilibrium (CGE) model. In CGE models, land is treated as a production factor alongside capital and labor but typically used in agricultural activities (such as crops, livestock and forestry) and the owners of land receive payments which is reflected in the Social Accounting Matrix (SAM), the main database for CGE models. The optimality conditions for both producers and landowners determine the demand and supply of land for different uses. The market clearing yields the equilibrium rental rate and the size of land – i.e., total land as well as the allocation between activities. The overall size of land in an economy is fixed but it can be divided into different (land cover) categories such as cropland, pastureland, forest, waste land, build-up land, unmanaged forest etc. In general, it can be divided into two broad categories – managed and unmanaged – depending on whether it generates a stream of revenue for its owners and such revenue is reflected in the national accounts. While cropland, pastureland and forest land are considered as managed land, the others are usually considered as unmanaged land. Land can be converted from one type to another. For example, an increase in cropland must decrease either forest or pastureland or any other unmanaged land as the total land is fixed. The size of managed land could increase over time as its returns increases by decreasing the size of unmanaged land. 
MANAGE-WB considers more than one category of land – economywide land and regional lands. For an illustrative purpose, we discuss the data from the GTAP center related to the so-called GTAP-AEZ (Agro-Ecological Zone) data and model (Lee et al. 2009), using the recently release for GTAP Version 11 (Aguiar et al. 2022). The GTAP center classifies locations by 6 climate zones and 3 growing lengths, resulting in 18 AEZs globally.[footnoteRef:1] [1:  The concept of the AEZs was developed by the FAO (FAO 1996) to categorize land by bio-physical attributes relating to soil and climate and is closely related to efforts to provide geo-referenced data for crop modelling at global scale (https://gaez.fao.org/). Compared to rather fine-grained categorization by the FAO, the GTAP center uses a highly aggregated one.] 

	AEZ
	Description

	1
	Tropical-Arid

	2
	Tropical-Dry

	3
	Tropical-Moist

	4
	Tropical-Sub-humid

	5
	Tropical-Humid

	6
	Tropical-Humid (year-round)

	7
	Temperate-Arid

	8
	Temperate-Dry

	9
	Temperate-Moist

	10
	Temperate-Sub-humid

	11
	Temperate-Humid

	12
	Temperate-Humid (year-round)

	13
	Boreal-Arid

	14
	Boreal-Dry

	15
	Boreal-Moist

	16
	Boreal-Sub-humid

	17
	Boreal-Humid

	18
	Boreal-Humid (year-round)



For each AEZ in a country (or group of countries in the GTAP data base), the GTAP-AEZ data base reports:
1. Harvested areas by GTAP crop activities (paddy rice (PDR); wheat (WHT); other coarse grains (GRO); oilseeds (OSD); fruits and vegetables (V_F); sugar cane and beet (C_B); fiber crops (PFB); other crops (OCR) including cropland used for fodder production)
2. Areas by GTAP livestock activities (cattle (CTL); other animal products (OAP); raw milk (RMK); wool (WOL))
3. Areas of five broad land cover categories of which three relate to GTAP activities (cropland, pastureland, forest) and the remainder can be termed as “unmanaged” from a GTAP perspective (savanna and grass lands; shrubland; built-up land; other land).[footnoteRef:2] [2:  The area of managed forest cover is based on accessibility criteria and derived by GIS analysis. It is important to note that the data base codes do not cover the area of natural forest. It is estimated here as the difference between the total area of an AEZ polygon and the reported areas.
] 

4. Returns to land at agent and market prices for land-using activities.
Note that pastureland is not allocated to individual livestock activities.
For example, the following table has the information for Australia which has 12 AEZs and 13 land-using activities (PDR, WHT, GRO, V_F, OSD, C_B, PFB, OCR, CTL, OAP, RMK, WOL, FRS). There are 8 land cover categories (cropland; pastureland; forest; savanna and grass lands; shrubland; built-up land; other land; unmanaged forest). For each AEZ, the total land used by crop activities is equal to the size of cropland, the total land used by livestock activities is equal to the size of pastureland and the land used by forestry is the same as the size of forest.   
[image: ]
The advantages of using the GTAP-AEZ approach in MANAGE-WB are the following:
1. A better depiction of competition between different activities for land. For instance, certain crops might not be found (or at very small shares) in certain AEZs such that they cannot (or almost do not) compete in these AEZs for land.
2. Carbon stocks per ha and land use class differ across AEZs.
3. Improved interfacing with geo-referenced modelling approaches, for instance, crop and livestock productivity impacts from Climate Change might differ across the AEZs in a country.
Land use in physical term
In MANAGE-WB, the demand for land is defined in physical terms. One of the codes in the MANAGE-WB system reads the data on harvested areas for crop activities, pastureland areas for livestock activities and managed forest area from an available data base – e.g., the GTAP-AEZ data base in the MANAGE-WB system. Different data using different land cover categories can be introduced as well.
The size of land used by activities are read into the parameter land0, along with data on the area of broader land cover categories stored in the set lCov and related carbon stocks per unit of land (carbCnt).
[image: ]
The MANAGE-WB system assigns land0(fp0,a0) to the land-using activities in the SAM (the second statement will remove the information on physical land use if data for some activities is missing). 
If the AEZs are available, the set lnd covers the AEZ lands. Otherwise, it refers typically to one economywide land category.
[image: ]
The above statement initializes land demand (xfac) by activities with the data embedded in land(lnd,a). As land is defined in physical term, the prices of land by activities are expressed in per ha.
Land use cover accounting
The data on land cover categories stored in lCov covers three categories of managed land (cropland, pastureland, forest) which can be linked to the activities in the SAM.
When using the GTAP-AEZ data base, the mapping between cropland, pastureland, forest and the production activities in the SAM is done automatically based on the mapping provided in the MANAGE-WB data base. The code defines three new sets of broader activities (crops, anim, frs) to do so:
[image: ]
The managed (land cover) for these three categories (in million ha) is defined using the definition of xfac for land in physical terms which is the quantity of land demanded.
[image: ]
The unmanaged (land cover) categories are defined as those which are not linked to the SAM accounts. With the exemption of otherLand (glaciers, water bodies etc.) and built-up land, the changes in the summed-up area of managed categories implies the changes in unmanaged ones:
[image: ]
Note that this mechanism is not part of the original GTAP-AEZ model where the stock of total managed land is fixed. However, a version in development by the center will add this.
The three changing categories of unmanaged land are shrubland, SavnGrassLnd and unManagedForest. The data for unManagedForest are not reported by the GTAP center. They are calculated as the difference between the summed-up size of the AEZs of a country based on GIS analysis and the area of all the reported land cover categories. The area of managedForest is calculated by the GTAP center based on a definition of accessibility.
This land cover accounting is implemented in the model based on the equation lCovAreaEq:
[image: ]
The first and second blocks of this equation relate to the three managed land cover categories. Their acreage is calculated by adding up their acreage in t-1 and the change in the land demand xfac for the three blocks of activities (crops, animals, forest) mapped to the three managed land categories (cropland, pastureland, forest). 
The first and third blocks define the size of the unmanaged (land cover) categories – based on their level in t-1 minus the changes in the managed ones multiplied by the land transition matrix, lndTransMat. 
It is recommended to use the additive CET functional form in factor nestings for land use to ensure that the changes in land cover types add-up to zero. In an extreme case, solely one activity is mapped to each of the three managed GTAP-AEZ land use categories. From an economic perspective, the AEZs can be understood as a dis-aggregation of the land account. For an individual activity using land, the GTAP-AEZ introduces a nest which aggregates the land use in each AEZ to total land use. 
In the MANAGE-WB data base, this is implemented by the following table which shows the demand system of the production activities. As can be seen, a water and land bundle in the production, wtr_land, is a CES function of f-land and aez_land while aez_land is a CES function of all f-AEZ1-18. The substitution elasticities of 7.5 implies that the share of total land allocated to the AEZ sub-regions react quite sensitive to the changes in the land rents across AEZs. This implementation assumes that the production function across the AEZs for one activity is identical, the sole difference is the cost share of land relative to all other cost shares. wtr_land is then another component alongside labor and capital in an upper-level nesting which is the value-added nest.

[image: ]
The following table shows the factor supply nesting structure for land. According to this, f-land is allocated between agrLand and a-frs (forestry) and agrland is then allocated between cropland and grassland through an additive CET function. Cropland is then allocated between crops activities while grassland is allocated between livestock activities through an additive CET function. Here factSupElas for f-land is 0.1 implies that the elasticity of land supply with respect to real rental rate is 0.1. omegaCET for f-land being the elasticity of transformation of land between a-frs (forestry) and agrland is 0.25. omegaCET for agrLand being the elasticity of transformation between cropland and grassland is 0.5. omegaCET for grasLand and cropland being the elasticities of transformation within crop activities and livestock activities respectively are 0.75. 
 [image: ]
When AEZs are used, the implementation on the factor supply side is less elegant as it requires extended lists of sub-nests as seen below. The implementation uses the three-layered nesting approach from GTAP-AEZ already implemented before:
1. The same as the general case as above, each AEZ land supply of managed land (f-AEZ1, …, f-AEZ18) responds to the real rental rate.
2. The top layer allocates the total managed land to forestry (a-frs) and agricultural land (e.g., AEZ1_agrLand, …, AEZ18_agrLand ) in each AEZ.
3. The second layer allocates the agriculture land to crop land (cropLand) and pastureland (grasLand). Again, these land use classes are dis-aggregated to the 18 AEZ if available in the data base.
4. The bottom layer allocates crop land to individual crops and pastureland to livestock activities.

[image: ]
Carbon stock changes
Carbon stock changes are calculated from the land cover changes and above- and below-ground carbon content. GTAP center reports carbon content for the different land cover type at the AEZ level. The data on carbon content are aggregated from AEZ to country level using the acreage of the land cover types at AEZ level as weights. The following table shows the carbon content by land cover categories and countries in the GTAP data base.
[image: ]
These carbon content factors allow to calculate the carbon stock changes in the equation dCarbonEq for each land cover type lcov from the simulated change in land cover as shown above.
[image: ] 
The carbon changes are subtracted from the GHG emissions as positive carbon changes act as a sink by removing carbon from the atmosphere. Note the conversion factor 3.67 from carbon (C) to CO2:
[image: ]
Applications of nature-aware MANAGE-WB
Although the model outlined above has been used in many applications, the use of it in relation to accounting for the impact of the regulating ESS is growing. In this section, we discuss two of such applications.  
Application 1: Afforestation in India
Recent work by Banerjee and Cicowiez of RMGEO Consultants Inc titled “Integrating Natural Capital in Evidence-Based Public Policy Making in India” applies the IEEM+ESM approach (a link between three models – a CGE model known as Integrated Economic-Environmental Modeling (IEEM), spatially disaggregated LULC model and Ecosystem Services Modeling (ESM)) in examining the economic impact of an ambitious afforestation and forest restoration initiative in India in the context of India’s Nationally Determined Contributions (NDC) and long-term climate change mitigation goal.
In this section, we try to repeat this work in MANAGE-WB. The IEEM+ESM approach considers the initiative as exogenous changes in LULC. Since we capture the changes in LULC, its feedback effect through the ecosystem services is the same – i.e., there is no need to rerun the spatial LULC model and ESM to generate the feedback shocks which are pollination and soil erosion shocks. 
The following are the main features. 
· We use the same SAM.
· There 3 activities are using land – crops, livestock and forestry.
· There is one economywide land.
· The land cover categories are different from the AEZ – i.e., the set lCov has: moderate_to_dense_forest, cropland, grassland, shrub, wasteland, fallowland, swamp_runn, water_ice, urban_built and open_forest.
· We consider 3 scenarios: NDC, forest restoration and combined. There is investment cost and the benefits coming from the ecosystem (pollination and soil erosion) as positive shocks to the productivity in crops activity in each scenario.
· In the NDC scenario, the land size of moderate_to_dense_forest increase by reducing that of wasteland through afforestation and agroforestry and the land size of cropland increases through agroforestry by reducing the size of fallowland. 
· In the forest restoration scenario, the size of open_forest decreases to increase the size of moderate_to_dense_forest. 
· The combined scenario has the above shocks.         
Flexible nesting
The flexible production nesting is depicted in Figure 1 (a cutoff). As can be seen, land (f-lnd1, f-lnd2, f-lnd3) is mapped to the wland nest through a CES function while wland is component of the va nest.[footnoteRef:3]       [3:  Note that Figure 1 is a cutoff. All the remaining commodities except for electricity are in the nd (intermediate) nest while electricity is in nrgER. The first column indicates that this nesting applies to all activities. An analyst can create a sector-specific nesting by spelling out the name of the activities followed by this general nesting. The elasticities of substitution (subselas) for the value-added nest by activities are the same as those in the GTAP which are defined in the actPar sheet.] 

Figure 1. Flexible production nesting[image: ]
The following figure (a cutoff) shows the flexible nesting for the factors of production. Three lands, f-lnd1, f-land2 and f-land3 are supplied to a-crp, a-lvs and a-frs activities, respectively with zero (eps) elasticities with respect to real rental price as given exogenous in this application.
Figure 2. Flexible nesting for production factors   [image: ]

Baseline
In the baseline run until 2070 from 2015, we impose the GDP growth rates. In exchange, the economywide total factor productivity is endogenous. Consequently, GDP increases in 17.7 folds. Population follows the UN projection and increases from 1.322 billion to 1.690. We impose the upper-limit on the government debt-to-GDP ratio at 90 percent so that if the actual debt-to-GDP ratio reaches it, the government spendings are adjusted. The transfers from the rest-of-the-world follows the population dynamics. The ratio of nominal foreign saving and GDP remains at its initial value. We also assume that the land use does not change in the relevant activities. 
Scenarios and shocks
The following table has the supply shocks (in million ha) to the respective lands in each scenario.
Table 1. Land use changes by scenarios (in million ha)
[image: ]
The following table has the positive feedback shocks (percentage changes) to the productivity of the value-added nest in the crop activity.
Table 2. ESS shocks from the InVEST model (%)
[image: ]
The cost of the investment is considered as nonproductive as it does not increase the capital stock of the economy. Rather, it increases the land uses as in Table 1. 15% of the investment is financed by foreign sources so that foreign saving to GDP ratio is adjusted.
Simulations results
The following table compares GDP in market prices in different scenarios.  
[bookmark: _Hlk146431800]Table 1 presents the impacts on key economic indicators as a difference from the BASE scenario in four time slices: 2030, 2047 (100 years since India’s Independence), 2050 and 2070. In the year 2070, the NDC scenario would be GDP enhancing and compared with the BASE in that year, US $826 billion greater. The NDC scenario would result in a US $16,647 billion increase in cumulative GDP by 2070 (Table 3 and Figure 3). To understand these impacts in relative terms, India’s agricultural sector GDP in the base year of the modelling exercise was US $396 billion. The NDC+Forest Restoration scenario would generate a cumulative US $19,982 billion in additional GDP with respect to the BASE. Figure 4 and Figure 5 present the trajectory of GDP as a difference from the BASE for the entire period in percent and USD terms.
[bookmark: _Hlk125788942]Impacts on employment would be favorable with jobs growing by 0.01 percent more by 2070 as a difference from BASE.
Table 3. Scenario impacts on macroeconomic indicators (difference from the BASE in billions of USD)
	        Year
	2030
	2047
	2050
	2070
	2030
	2047
	2050
	2070
	2030
	2047
	2050
	2070

	        Scenario
	NDC
	Forest Restoration
	NDC + Forest Restoration

	GDP
	45
	345
	394
	826
	(4)
	109
	122
	217
	45
	393
	456
	1,079

	Private Consumption
	53
	346
	(7)
	820
	(2)
	66
	84
	190
	50
	387
	458
	989

	Investment 
	4
	9
	(1)
	(13)
	0
	49
	46
	23
	8
	17
	10
	42

	Exports
	(47)
	(195)
	(246)
	(742)
	(14)
	(26)
	(39)
	(195)
	(51)
	(201)
	(252)
	(643)

	Imports
	(43)
	(186)
	(236)
	(704)
	(12)
	(27)
	(40)
	(199)
	(45)
	(189)
	(238)
	(613)

	Employment (mlln)
	0.1
	7.6
	7.9
	6.9
	-0.1
	1.6
	1.6
	1.6
	0.0
	7.0
	7.4
	6.8


Source: MANAGE-WB estimation
[bookmark: _Ref156534764][bookmark: _Ref156534745]Figure 3. GDP as a percent difference from BASE 
[image: A graph of different types of forest restoration

AI-generated content may be incorrect.]
Source: MANAGE-WB estimation
[bookmark: _Ref156535811]Figure 4. GDP as a difference from the BASE in millions of USD
[image: A graph showing the growth of the forest
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Source: MANAGE-WB estimation
The following table shows the impact of the regulating ecosystem services. In doing so, we shock the productivity of the crop activities with those in Table 2 with the same fixed use of lands as in the BASE. There are no other shocks.   
Table 4. Impact of regulating services (% difference from the BASE)
	Regulating ecosystem services (% change in GDP from the baseline)
	 
	 
	 

	 
	Crop pollination
	
	
	
	 

	 
	
	NDC
	0.08%
	0.08%
	0.07%

	 
	
	Forest Restoration
	0.00%
	0.00%
	0.00%

	 
	
	NDC+Forest Restoration
	0.08%
	0.15%
	0.14%

	 
	Erosion mitigation
	
	
	
	 

	 
	
	NDC
	0.15%
	0.14%
	0.09%

	 
	
	Forest Restoration
	0.01%
	0.07%
	0.05%

	 
	 
	NDC+Forest Restoration
	0.17%
	0.31%
	0.21%


Application 2: Endogenous land allocation
We test MANAGE-WB in different scenarios in which a land allocation mechanism is partially and fully endogenous to the changes in economic environment. We consider a hypothetical policy intervention – the subsidy rate to the crop sector increases in 5 folds permanently in 2026 in the following three scenarios. 
· Scenario 1: The aggregate land supply remains constant. However, the land use between crops, livestock and forest is endogenous depending on the relative rental rates. 
· Scenario 2: The aggregate land supply is endogenous – i.e., it is an isoelastic function of the economywide real rental rate with an elasticity of 0.2. The allocation of land between uses (crops, livestock and forest) was also endogenous.
· Scenario 3: Same as scenario 2, but the supply elasticity is 0.5. The allocation of land between uses (crops, livestock and forest) was also endogenous.  
In the three scenarios, the LULC (Dyna-CLUE) and the ESM (InVEST) models were interacted on a periodic (5-year) basis. For each period, erosion and pollination shocks were calculated and inputted into the MANAGE-WB model. The changes in ESS flows affect economic outcomes through the erosion mitigation and crop pollination impacts on the productivity of the crop sector. 
Figures 5-6 show the changes in cropland, pastureland, forest and total land in the three scenarios. As the total land is fixed, the increase in the subsidy rate in the crop sectors increases the demand for cropland which reduces the pastureland and forest in Scenario 1. In Scenario 2, the cropland expands more by reducing pastureland and forest. As can be seen, the changes are more profound in scenario 3.


Figure 5. Cropland and pastureland
	
	

	
	



The changes in the land use in the InVEST model through Dyna-CLUE create the following regulating ecosystem services – soil erosion and crop pollination. These are percentage changes that affect the productivity of the crop sector.  
Figure 6. Regulating ecosystem services from the InVEST model (%)
	
	



The following figure shows the impact of the policy on GDP. The figure on the LHS shows the percentage deviation of GDP from the baseline in each scenario which is the total impact including that of the ecosystem services. The RHS shows the difference between the ones with and without the regulating ecosystem services in scenario 3. As can be seen, the difference is small at this aggregate level.

Figure 7. GDP impact (% deviation BASE)
	
	



Although the impact of the regulating ecosystem services is small on macroeconomic indicators, the impact can be significant at the micro levels. The following figure shows the impact on the sectoral output in 2050. If the model allows, a further analysis could be conducted at the regional level where the ESS could have more profound effect.  
Figure 8. Impact of regulating ESS on sectoral output (% deviation from no-ESS scenario)

Conclusions
This technical paper aims to show the details of extensions of the MANAGE-WB model with the LULC accounts (GTAP-AEZ data base and flexible nestings) and its pilot applications. 
The pilot applications indicate that the economywide impacts of polices leading to changes in the regulating ecosystems services could be limited. The reasons are in two folds. First, the share of crop sector affected by ESS is small. Second, there are many other ecosystem services are not accounted for. The impact of erosion reduction and sediment control on the economy go beyond crop productivity. Other prominent impact channels include livestock sector productivity hydropower generation capacity, irrigation reservoir capacity, water quality. Forests and agroforestry also help control inland flooding and thus reduce damages to assets. Importantly, they also help regulate seasonal water availability for downstream uses in agriculture and drinking water provision. Furthermore, forest and other vegetation also help purify water which averts cost of water purification. A complete inclusion of the ecosystem services and impact channels would allow a much more comprehensive account of the contributions to the economy.   
Although the macroeconomic impacts policy through the regulating ecosystem services are small, the impacts at the microeconomic levels could be much larger. For instance, the crop pollination and soil erosion shocks in the hypothetical policy scenario (subsidy increase to crops activities) for India could have significant effect on those operating in the crops activities. In addition, the subregional impacts could be considerable on the wellbeing of the households and workers.     
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Cropland (1000 ha)

Scenario 1	2026	2030	2035	2040	2045	2050	0	163.6875	164.109375	164.953125	165.640625	168.046875	170.40625	172.75	175.140625	177.40625	179.78125	182.515625	185.515625	188.6875	192.171875	195.65625	199.21875	202.921875	206.796875	210.921875	215.375	220.375	225.75	232.109375	239.59375	Scenario 2	2026	2030	2035	2040	2045	2050	0	1667.328125	1668.078125	1672.5625	1674.875	1691.71875	1706.703125	1721.40625	1736.15625	1757.375	1783.078125	1803.984375	1823.96875	1842.3125	1863.125	1877.578125	1887.796875	1894.234375	1897.28125	1897.5625	1893.46875	1890.9375	1890.953125	1897.09375	1910.140625	Scenario 3	2026	2030	2035	2040	2045	2050	0	4936.9375	4929.53125	4938.5	4945.375	5016.8125	5085.171875	5139.984375	5194.609375	5277.515625	5382	5457.1875	5528.21875	5591.515625	5661.171875	5703.640625	5729.53125	5740.9375	5739.3125	5726.8125	5699.640625	5676.703125	5659.734375	5662.734375	5688.28125	



Pastureland (1000 ha)

Scenario 1	2026	2030	2035	2040	2045	2050	0	-48.82653809999988	-50.136718799999926	-51.651123100000177	-52.975463899999795	-55.207031200000074	-57.3984375	-59.575927800000045	-61.760009799999807	-63.940673799999786	-66.232177800000045	-68.862304600000243	-71.644042999999783	-74.528320299999905	-77.750244099999691	-80.865722699999878	-83.9921875	-87.141845699999976	-90.325439499999902	-93.575195399999757	-96.765380899999855	-100.18969729999981	-103.62353520000033	-107.42431639999995	-111.74536129999979	Scenario 2	2026	2030	2035	2040	2045	2050	0	-31.457885799999758	-32.448364299999866	-33.607910200000333	-34.495117200000095	-36.585693300000003	-38.622314499999902	-40.628173900000093	-42.627197299999807	-44.418457000000217	-46.564209000000119	-48.780517500000315	-51.181152399999974	-53.726318300000003	-56.584228499999881	-59.413574200000312	-62.333496100000048	-65.348877000000357	-68.469970699999976	-71.726074299999709	-75.106445299999905	-78.739746100000048	-82.403076200000214	-86.405761699999857	-90.899658199999976	Scenario 3	2026	2030	2035	2040	2045	2050	0	5.9445800000003146	5.5500488000002406	5.121581999999762	5.1574706999999762	3.8298339999996642	2.6174316000001454	1.306884699999955	3.442380000024059E-2	-0.45483400000011898	-1.4641114000000925	-2.609375	-4.0266113999996378	-5.7133788999999524	-7.6743163999999524	-9.858886700000312	-12.350586000000021	-15.130371100000048	-18.204589899999974	-21.591308600000048	-25.359863300000143	-29.430175799999688	-33.607910200000333	-38.050781200000074	-42.90625	



Forest plantations (1000 ha)

Scenario 1	2026	2030	2035	2040	2045	2050	0	-114.85644539999976	-113.97534180000002	-113.29467779999959	-112.65283200000022	-112.85131839999985	-113.00512690000005	-113.17065430000002	-113.36889650000012	-113.46044919999986	-113.54418940000005	-113.66723630000024	-113.88085939999974	-114.1691894999999	-114.42871090000017	-114.7810058	-115.22216799999978	-115.77600090000033	-116.47106939999981	-117.34313969999994	-118.61022949999983	-120.18969719999996	-122.13647460000016	-124.68139650000012	-127.85180660000015	Scenario 2	2026	2030	2035	2040	2045	2050	0	-80.501464899999974	-80.281005899999855	-80.251953199999662	-80.327148400000169	-81.101318399999855	-81.782714800000122	-82.479980500000238	-83.205810500000098	-83.857177699999738	-84.576416000000336	-85.112793000000238	-85.724121100000048	-86.399902399999974	-87.050781200000074	-87.794921799999884	-88.64257809999981	-89.615234300000338	-90.738647499999843	-92.043090800000073	-93.74487309999995	-95.725830099999939	-98.025512700000036	-100.83923340000001	-104.18701170000008	Scenario 3	2026	2030	2035	2040	2045	2050	0	-5.8715821000000687	-7.2524413999999524	-8.6782226999998784	-10.194091800000024	-11.522460900000169	-12.793212900000071	-14.2890625	-15.82226559999981	-17.218261699999857	-18.557617200000095	-19.827148500000021	-21.160644499999762	-22.577880899999855	-24.004638600000362	-25.624511699999857	-27.423095699999976	-29.40625	-31.586669999999685	-33.977661099999978	-36.694457999999941	-39.616210899999942	-42.774658199999976	-46.235839900000201	-50.000732400000061	



Total land (1000 ha)

Scenario 1	2026	2030	2035	2040	2045	2050	0	4.5165000003635214E-3	-2.6855999999497726E-3	7.3241000002326473E-3	1.2329099999988102E-2	-1.1474599999928614E-2	2.6855999999497726E-3	3.4178999999312509E-3	1.1718700000074023E-2	5.1270000003569294E-3	4.8827999999048188E-3	-1.3915900000483816E-2	-9.2773999995188206E-3	-1.0009799999807001E-2	-7.0799999998598651E-3	9.5215000001189765E-3	4.3945000002167944E-3	4.0283999996972852E-3	3.6610000029213552E-4	3.5399000003053516E-3	-6.10399999686706E-4	-4.3944999997620471E-3	-1.0009800000489122E-2	3.6620999999286141E-3	-3.4178999999312509E-3	Scenario 2	2026	2030	2035	2040	2045	2050	0	1555.3687743000003	1555.3487548000003	1558.7026366	1560.0527343999997	1574.0317383000001	1586.2980957	1598.2980955999997	1610.3232422000001	1629.0993653	1651.9374999999995	1670.0910644999994	1687.0634765	1702.1862793	1719.4899903	1730.3696289999998	1736.8208008000001	1739.2702636999993	1738.0726318000002	1733.7933349000002	1724.6174316000001	1716.4719238	1710.5245360999998	1709.8487549000001	1715.0539550999999	Scenario 3	2026	2030	2035	2040	2045	2050	0	4937.0104979000007	4927.8288573999998	4934.9433592999994	4940.3383789	5009.1198731000004	5074.9960936999996	5127.0021971999995	5178.8215332	5259.8425293	5361.9782713999994	5434.7509764999995	5503.0314941000006	5563.2243651999997	5629.4929199999997	5668.1572266000003	5689.7575682999995	5696.4008789	5689.5212400999999	5671.2435303000002	5637.5863036999999	5607.6567383000001	5583.3518065999997	5578.4477539	5595.3742676000002	



Soil erosion

Scenario 1	2031	2035	2040	2045	2050	-1.3611861085010697E-6	-2.7223722170021395E-6	-4.0835583255032092E-6	-5.444744434004279E-6	-6.8059305425053487E-6	-8.9018928416159937E-6	-6.9142968152234295E-6	-4.9267007888308653E-6	-2.9391047624383011E-6	-9.5150873603958285E-7	-5.8887818441573152E-6	-1.0826054952275048E-5	-1.576332806039278E-5	-2.0700601168510512E-5	-2.5637874276622092E-5	-4.2743886886754697E-5	-5.9849899496887296E-5	-7.6955912107019901E-5	-9.4061924717152493E-5	-1.1116793732729125E-4	Scenario 2	2031	2035	2040	2045	2050	-9.1510031148695707E-5	-1.8302006229739141E-4	-2.7453009344608712E-4	-3.6604012459478283E-4	-4.5755015574347853E-4	-7.2863367310124706E-4	-7.2518709701292837E-4	-7.2174052092460956E-4	-7.1829394483629086E-4	-7.1484736874795991E-4	-6.9961265665203966E-4	-6.8437794455611953E-4	-6.6914323246019928E-4	-6.5390852036427915E-4	-6.3867380826834654E-4	-6.9883030502462698E-4	-7.589868017809072E-4	-8.1914329853718742E-4	-8.7929979529346785E-4	-9.3945629204974807E-4	Scenario 3	2031	2035	2040	2045	2050	-2.0843988248867108E-4	-4.1687976497734215E-4	-6.2531964746601336E-4	-8.337595299546843E-4	-1.0421994124433555E-3	-1.7061185976347054E-3	-1.7447181353600419E-3	-1.7833176730853786E-3	-1.8219172108107152E-3	-1.8605167485360641E-3	-1.8398161473675598E-3	-1.8191155461990554E-3	-1.7984149450305511E-3	-1.7777143438620468E-3	-1.7570137426935362E-3	-1.8275522569919387E-3	-1.8980907712903409E-3	-1.9686292855887431E-3	-2.0391677998871454E-3	-2.1097063141855416E-3	



Crop Pollination

Scenario 1	2031	2035	2040	2045	2050	-1.1810168874020564E-7	-2.3607161586969804E-7	-3.5391000176775048E-7	-4.7161706632244631E-7	-5.8919302893204702E-7	-5.7407951894481579E-6	-1.0540224131258894E-5	-1.5339423333683321E-5	-2.0138392813216812E-5	-2.4937132586360018E-5	-2.7616229309822803E-5	-3.029477874519363E-5	-3.2972781060156048E-5	-3.5650236422325137E-5	-3.8327144999254337E-5	-4.3393685449941208E-5	-4.845733334312328E-5	-5.3518091155194875E-5	-5.8575961359724237E-5	-6.3630946427450881E-5	Scenario 2	2031	2035	2040	2045	2050	-7.3311623285482664E-5	-1.4654145555111512E-4	-2.1968963359733117E-4	-2.927562939196586E-4	-3.6574157270956819E-4	-5.8876089680649454E-4	-5.9331109853159511E-4	-5.9786108244733486E-4	-6.0241084856935188E-4	-6.0696039691329078E-4	-6.0442846006467815E-4	-6.0189704044221653E-4	-5.993661378874334E-4	-5.9683575224192011E-4	-5.9430588334733326E-4	-6.2280281644281493E-4	-6.5128348024794103E-4	-6.7974788869127765E-4	-7.0819605568549617E-4	-7.3662799512738122E-4	Scenario 3	2031	2035	2040	2045	2050	-1.1772523960734625E-4	-2.3531913759411346E-4	-3.5278191363711581E-4	-4.7011378692354356E-4	-5.873149761523262E-4	-9.5785403014456605E-4	-9.7757049724550289E-4	-9.9728602055727074E-4	-1.0170006001476344E-3	-1.0367142360843582E-3	-1.0343148234693092E-3	-1.0319159010082513E-3	-1.0295174685510061E-3	-1.0271195259474572E-3	-1.0247220730475483E-3	-1.0557993960678914E-3	-1.0868589766178437E-3	-1.1179008298871987E-3	-1.1489249710484163E-3	-1.1799314152566331E-3	



GDP (% deviation from BASE)

Scenario 1	2030	2035	2040	2045	2050	-7.9100000000000004E-3	-1.9494999999999998E-2	-3.1941999999999998E-2	-4.5006999999999998E-2	-5.8324000000000001E-2	Scenario 2	2030	2035	2040	2045	2050	-7.9100000000000004E-3	-1.9399E-2	-3.1786000000000002E-2	-4.4873999999999997E-2	-5.8155999999999999E-2	Scenario 3	2030	2035	2040	2045	2050	-6.4999999999999997E-3	-1.7999999999999999E-2	-3.0499999999999999E-2	-4.3900000000000002E-2	-5.7700000000000001E-2	



GDP (% deviation from BASE)

With ESS shocks	2030	2040	2050	-6.4660000000000004E-3	-3.0491999999999998E-2	-5.7681000000000003E-2	Without ESS shocks	2030	2040	2050	-6.4660000000000004E-3	-3.0176999999999999E-2	-5.7374000000000001E-2	



Crop Production	Livestock production	Forestry	Fishery	Coal	Oil	Gas	Green hydrogen	Other Extraction	Food products	Beverages and tobacco products	Textiles	Wood products and paper	Petroleum, coal products	biomass production	Chemical products	Basic pharmaceutical products	Machinery and Equipment	Ferrous metals	Metals nec	Non-metalic minerals	Metal products	Electrical equipment, electronics, machinery and equipment	Motor vehicles and parts	Manufactures nec	Electricity transmission and distribution	Nuvlear Power	Coal Power	Gas Power	Wind Power	Hydro Power	Other Power	Solar Power	Water, waste and utilities	Construction	Trade	Accommodation, Food and service activities	Road transport	Water transport	Air transport	Communication	Financial services nec	Insurance (formerly isr)	Other services	Public Administration and defense	Education	Human health and social work activities	Abatement services	-2.3837324793241077E-3	-5.4025069651941759E-4	6.6393347386561885E-5	-3.2818008264501319E-4	1.0007353229113392E-4	4.1774447471509824E-4	-4.8410490704620113E-4	1.7983756436468212E-4	3.9813130269572561E-4	-1.5017302544235722E-3	1.4342549980672636E-4	-3.429208281537921E-4	9.2045587669176143E-5	5.4745328317173936E-4	-2.8565799842394934E-4	-6.1821537249651115E-5	-2.3065213045736499E-5	4.1139125941680454E-4	2.5784881657542336E-4	4.971951164389754E-4	1.1341103818662823E-4	2.5030532934589012E-4	3.7234963105925445E-4	1.9271634979811658E-4	4.7248133698718497E-4	-3.379962735916564E-5	-9.7379907661010456E-5	-3.4685213083329725E-4	-8.9141514776569508E-5	-3.5207312391039025E-5	-2.0517666954744662E-4	-5.2361199187944685E-5	-2.5664057487495562E-5	9.0393255410159412E-4	2.9494271557073404E-5	-4.0165720788731818E-4	-4.8537882552124323E-4	-7.3317499391090113E-4	4.287152511837089E-4	1.4168821508264706E-4	-5.0565224398946285E-5	-1.0214504596539609E-4	6.7814293166490458E-5	2.875372435093837E-4	-3.5999526863372822E-4	-1.2117393306354529E-4	9.4465725470893602E-6	-1.4377166033574529E-4	
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xfac.1(lnd,a,old, tt) $ (land(lnd,a) $ xfac.l(lnd,a,old,tt)) = land(lnd,a) ;
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set grapanim(aGtap) /
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/
crops(2) = sun(mapaGtap (EEEEEREN, 20), mapis (a0,2)) 1
anim(a) sum (mapaGtap (gtapAnim, a0) ,mapis (a0, a)) ;
frs(a) = sum(mapaGtap ("frs",a0),mapis(a0,a));
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ropLand", tt) = sum(crops,xfac.l(lnd,crops,old,tt)) + eps;
astureLand", tt) sum(anim, xfac.1(1lnd, anim, 0ld, tt)) + eps;
orest", tt) - sum(frs, xfac.l(lnd,frs,old,tt)) + eps:
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1CovMng (1Cov)
1CovUnMng (1Cov)

$ sum(lnd, 1CovArea.l(1lnd, lcov,t0)) YES;
$ (not sum(lnd,1CovArea.l(1lnd,lcov,t0))) = YES;

——— land cover changes proportionally to stock in t0, with the exemption of fixed ones

1CovUnMngChg (1CovUnMng) $ card(land0) = YES;
1CovUnMngChg ("Otherland") = NO;
1CovUnMngChg ("BuiltupLand”) = N





image7.jpeg
* --- land cover definition

1CovAreaEq(1lnd,1Cov,ts(t)) $ ((lCovArea.l(lnd,1lCov,t®) gt eps) $ (lCovMng(lCov) or lCovUnMng(lCov))) ..
1CovArea(1lnd,1Cov,t)/max(1,1CovArea(lnd,1Cov,t-1)*%scaleMult%) =E=

{
*
& -- previous year stock of land cover type
*
1CovArea.l1l(1lnd,1Cov,t-1)
*
* --- changes in managed categories from changes in xFac (expressed in Mio ha)
*
+ sum((crops,vp) $ flagXFac(lnd,crops,vp),xfac(lnd,crops,vp,t)-xfac.1(1nd,crops,vp,t-1)) $ sameas(lCov,"cropLand")
+ sum((anim,vp) $ flagXFac(lnd,anim,vp), xfac(lnd,anim,vp,t) -xfac.l(lnd,anim,vp,t-1) ) $ sameas(lCov,"pastureLand")
+ sum((frs,vp) $ flagXFac(lnd,frs,vp), xfac(lnd,frs,vp,t) -xfac.l(lnd,frs,vp,t-1) ) $ sameas(lCov,"forest")
*
E --- changes in unmanaged categories driven by changes in other land categories
* (managed land plus built-up land) times land transition matrix (ha to ha)

- sum(1lCovDrv $ (1CovArea.l(lnd,lCovDrv,t®) gt eps),
(1CovArea(lnd,1lCovDrv,t) - 1lCovArea.l(1lnd,lCovDrv,t-1))*1lndTransMat(1lnd,lCovDrv,1Cov)
) $ 1CovUnMng(lCov)
}/max(1,1CovArea(1lnd,1Cov,t-1)*%scaleMult%);
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image12.png
* ——- carbon stock changes from land use change

dCarbonEq (1nd, 1Cov, ts(t)) § lCovArea.l(lnd,1Cov,t0) ..
dCarbon (1nd, 1Cov, t) /max (1, carbCnt (1nd, 1Cov) *1CovArea (1nd, 1Cov, t0) *0.01*$scaleMults)
=E= carbCnt (1nd, 1Cov) * (lCovArea(lnd,1Cov,t) - lCovArea(lnd,lCov,t-1))
/max (1, carbCnt (1nd, 1Cov) *1CovArea (1nd, 1Cov, t0) *0.01*$scaleMults) ;




image13.png
BRESEES (om, ts (t)) $ card(emiFlag) ..

emiTot (em, t) /max (1, emiTot.1 (em, t-1) *$scaleMults) [sum(emiFlag (em, aa) , emiSecA (em, aa, t))
$ifi "$considerCarbon$ " - sum((1lnd,1Cov) § lCovArea.l(lnd,1Cov,t0), dCarbon(lnd,1Cov,t)*3.67) $ sameas (em, "co2")
]/max (1, emiTot.1 (em, t-1) *$scaleMult$) ;
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labus labsk ksk nrgER nrgCG nrgCGO nrg kse wland va nd f-top

subselas 0.5 0.5 0.2 0.25 0.9 0.5 0.5 0.25 0.8 0.7 eps eps

additive

labus labsk ksk nrgER nrgCG nrgCGO nrg kse wland va nd f-top

all f-lfsk 1

all f-lfus 1

all f-lisk 1

all f-lius 1

all f-capo 1

all f-lnd1 1

all f-lnd2 1

all f-lnd3 1

all labus 1

all labsk 1

all ksk 1

all nrgER 1

all nrgCG 1

all nrgCGO 1

all nrg 1

all kse 1

all wland 1

all va 1

all nd 1

all c-crp 1

all c-lvs 1

all c-frs 1

all c-fsh 1

all c-coa 1

all c-oil 1

all c-gas 1
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agrLab manuLab restLab f-lfsk f-lfus f-lisk f-lius f-capo f-lnd1 f-lnd2 f-lnd3

additive

omegaCET inf inf inf 2 2 2 2 infeps eps eps

factSupElas 0.2 0.2 0.2 0.2

agrLab manuLab restLab f-lfsk f-lfus f-lisk f-lius f-capo f-lnd1 f-lnd2 f-lnd3

agrLab 1 1 1 1

manuLab 1 1 1 1

RestLab 1 1 1 1

agrLand

cropLand

grasLand

a-crp 1 eps

a-lvs 1 eps

a-frs 1 eps

a-fsh 1

a-coa 1

a-oil 1

a-gas 1

a-oxt 1

a-fod 1

a-b_t 1


image16.emf
Scenarios 2023 2024 2025 2026 2027 2030 2040 2050 2060 2070

NDC_AFFOR a-frs 0.0             0.7             4.6             4.6             4.6             4.6            

NDC_AGROFORcropLand 1.2             3.0             5.9             8.9             11.9           11.9           11.9           11.9           11.9           11.9          

NDC_AGROFORa-frs 0.0             0.1             0.6             0.6             0.6             0.6            

NDC cropLand 1.2             3.0             5.9             8.9             11.9           11.9           11.9           11.9           11.9           11.9          

NDC a-frs 0.1             0.8             5.2             5.2             5.2             5.2            

FOR_REST a-frs 0.0             0.2             2.2             4.6             6.8             7.5            

COMBI cropLand 1.2             3.0             5.9             8.9             11.9           11.9           11.9           11.9           11.9           11.9          

COMBI a-frs 0.1             1.1             7.5             9.8             12.1           12.7          


image17.emf
2023 2030 2035 2040 2045 2050 2055 2060 2065 2070

NDC pollination 0.00372    0.00372    0.00372    0.00372    0.00372    0.00372    0.00372    0.00372    0.00372   

NDC erosion 0.00112    0.00736    0.00736    0.00736    0.00644    0.00644    0.00552    0.00552    0.00460    0.00460   

FOR_REST pollination 0.00003    0.00006    0.00005    0.00011    0.00016    0.00016    0.00016    0.00016    0.00016   

FOR_REST erosion 0.00046    0.00116    0.00198    0.00252    0.00330    0.00333    0.00333    0.00278    0.00278   

COMBI pollination 0.00372    0.00371    0.00370    0.00708    0.00708    0.00708    0.00708    0.00708    0.00708   

COMBI erosion 0.00124    0.00819    0.00868    0.00943    0.01349    0.01427    0.01271    0.01271    0.01059    0.01059   
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image1.emf
PDRWHT GRO V_F OSD C_B PFBOCR CTL OAP RMK WOL FRS Shrubland Cropland PasturelandBuiltuplandOtherlandForestSavnGrassLndunManagedForest

AEZ1 0            0        0        0        5,464      15,765   1,931      1,513      35,946            0                  24,672            0                      207             4,137                  149                              

AEZ2 2            9            5        1        86      0      0        9,254      27,857   3,271      727         39,607            103             41,110            14                   1                  16,642               154                              

AEZ3 3            27         17      3        163   0      1        6,589      13,283   2,329      331         10,191            214             22,532            10                   42,797               1,222                          

AEZ4 2            9            3        1        35      0      0        518         452         183         5              19      2,367              50               1,158              10                   19        12,085               1,161                          

AEZ5 0            1            0        0        3        0      0        50            8              18            0              41      148                  4                  76                    6                      41        355                     707                              

AEZ6 0            0            0        0        0        0        19            1              7              0              26      24                    0                  27                    2                      26        147                     697                              

AEZ7 13    1,052   619       84      95      14   38      55,773   96,295   19,713   20,627   102,381         1,915         192,407         24                   1,306         40,177               524                              

AEZ8 43    5,941   2,265   452   485   108   30   513   21,448   10,390   7,581      7,713      2,384              9,837         47,131            18                   3,034                  216                              

AEZ9 10    4,741   2,978   510   504   43      65   308   9,655      1,526      3,413      3,333      9        4,691              9,160         17,926            35                   9           6,579                  531                              

AEZ10 4      1,368   914       172   242   38      57   48      5,278      460         1,866      1,892      200   2,563              2,842         9,496              176                 200      6,332                  3,187                          

AEZ11 1      628       416       83      103   23      33   11      4,385      362         1,550      1,481      254   1,429              1,298         7,778              146                 254      5,107                  4,634                          

AEZ12 0      286       213       59      26      47      24   2        2,616      221         925         751         744   813                  656             4,512              384                 744      4,611                  13,855                        


image2.png
--- defined in 1000 ha

land (1nd,a) = sum((£p0,mapis (a0,a)) $ mapis (£p0,1nd) , HEHEN (fpo,a0));
carbCnt (1nd, 1Cov) = sum( (£p0) $ mapis (£p0, 1nd), carbCnt (£p0, 1Cov)) *0.001;
land(lnd,a) § (not sam(lnd,a)) = 0;




