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Abstract:

This paper aims to evaluate whether different specifications of production functions in a
Computable General Equilibrium (CGE) model are significant when conducting environmental
impact assessments. For this reason, the CGE MAGNET has been expanded with different new
modules to better represent Nitrogen and Phosphorus producing sectors (i.e. representation
of both chemical and organic fertilisers and general improvement in structuring the livestock
production system). Furthermore, it tested the implications of the implementation of a
guantity preserving function instead of a regular CES function for products that have a relevant
associated physical quantity of nutrients. In this case, the focus was tailored to organic and
chemical fertilisers since their Nitrogen and Phosphorus footprint are critical elements of the
planetary system as well as two key planetary boundaries. The paper shows that the two
different types of production structures lead to a consistent difference in the results. As such,
the choice between the two options could significantly influence the political choices assessed
through modelling. Therefore, the paper concludes that implementing a quantity preserving
function is recommended when dealing with physical quantities and variables that need
particular attention with regard to the physical values they rely on, as it is crucial for both the
environment and their repercussions in the political arena.

1. Introduction

Environmental questions are at the core of our century’s challenges. In particular, how to
ensure basic needs and at the same time that the world does not exceed the planetary
boundaries that would create permanent change to the planet’s system is an issue that has
been addressed by a large part of academia (Foley, 2010; Richardson et al., 2023; Rockstrom
et al., 2009; Steffen et al., 2015). The Nitrogen and Phosphorus use boundary is a
particularly important one (de Vries et al., 2013; Pefiuelas & Sardans, 2022), as many
countries have far exceeded it, and it has sensitive ties with the issues of food production
and food security. Indeed, Nitrogen and Phosphorus applications are key inputs for
agricultural and livestock production, whose pressure is expected to increase, mirroring the
growth trends of population and food demand. For this reason, there is a clear necessity to

have precise instruments for assessing the nutrient application repercussions when



simulating different scenarios or policies. As such, this paper assesses the implications of the
expansion of the Computable General Equilibrium (CGE) Model MAGNET with regard to a)
the inclusion of both organic and non-organic sources of nutrients b) implementing a
guantity preserving (QP) function for nutrient sources. To do so, section 2 introduces the
methodology, the relative improvements and the design of the experiment, section 3

describes and analyses the results, section 4 concludes.

2. Methodology and Experiment Design

The paper provides an analysis of nutrient application and possible policy options using

a Computable General Equilibrium model, MAGNET (Woltjer et al., 2014), explicitly extended
to assess materials flows of nutrients and phosphorus from both chemical and organic
sources. As such, it introduces manure as a livestock byproduct and factor of

production, which allows for a better representation of both the livestock and crop sectors
and their environmental footprint. The regional and sectoral aggregation used in this paper

are reported in Figure F1 and Table T1 in the Supplementary Information.
2.1 Introduction of organic nutrient sources in the model.

Manure is an important commodity produced by the livestock sectors, and a critical factor
influencing the economic and environmental performance of the agricultural sectors, due to
their relevant role in the provision of in Phosphorus and Nitrogen. Moreover, manure is a
necessary by-product of the livestock sectors, therefore it could potentially be considered a
zero-price commodity, though it has an implicit value due to its nutrient components. In
MAGNET there are five livestock-based sectors which are considered suitable for manure
production: beef cattle, dairy cattle, pigs, poultry and other cattle. The data on the nutrient
intensities of manure are retrieved from the OECD Agri-environmental Indicators Database?.
The database reports the Nitrogen and Phosphorus intensity of manure (in tonnes) of five
different types of Livestock: Cattle, pigs, poultry, sheep and goats, and other livestock. The
OECD data are available from 1990 to 2021 for 52 countries, which include all EU28
countries and some non-OECD economies (e.g. Brazil, India, China, Vietnam). The total

nutrient values are obtained by summing up the available data in tonnes of Phosphorus and

" https://data-
explorer.oecd.org/vis?lc=en&df[ds]=dsDisseminateFinalDMZ&df[id]=DSD_AGRI_ENV%40DF_NB&df[ag]=
OECD.TAD.ARP&df[vs]=1.0&dq=.A.BO_H....&pd=2012%2C&to[TIME_PERIOD]=false&vw=tb



Nitrogen. Neither the country nor the sectoral details of the OECD data match directly with
the MAGNET requirement. Therefore, the OECD values have been adjusted to match
MAGNET’s sectors on the basis of the proportion of the value added in its livestock
sectors. The OECD values have been adjusted to match the MAGNET ones following the
mapping reported in Table T2 in the Supplementary Information. Nevertheless, MAGNET
is based on an economic database, which reports the economic value of the products and
flows in million dollars. For this reason, data on prices for sector-specific manure have been
retrieved from (Brown, 2021). The mapping between the two sets of livestock in MAGNET
and the Brown data is reported in Table T2 in the Supplementary Information. Due to the
absence of regionally detailed data on the estimates of manure prices, the average per
livestock prices retrieved from Brown (2021) where applied to all the OECD countries. The
final results is a database that reports the economic value for different types of manure at

the global level (Figure 1).

Figure 1. Manure value by Livestock Category per Country.




Manure is then introduced as a production factor in three different sub-groups:

crops, livestock and biogas. The structure of the relative production functions are

reported in Figure F2 in the Supplementary Information. In general, manure is introduced as
a competitor of chemical inputs such as fertilisers. In the case of livestock, manure is
introduced as a production inputs since it is used to grow the feed for the livestock. Finally,
for what concerns the biogas production structure, manure is introduced as an alternative
feedstock. Other feedstocks are monocrops, landfill gas and residues and waste from crop

production.
2.2. Quantity Preserving Production Function

In general, manure enters the productions structures to be a competitor of chemical inputs
of production such as the fertilisers. In the case of livestock manure is introduced as
production inputs because it is used to grow the feed for the livestock. For what concerns
the biogas production structure, instead, manure is introduced as an alternative feedstock.
Other feedstocks are monocrops, landfill gas and residues and waste from crop production.
In order to better track Phosphorus and Nitrogen application in MAGNET, a quantity-
preserving function is being introduced in place of the standard Constant Elasticity of
Substitution (CES) production function for the nutrient-producing commaodities. In doing so,
the model becomes capable of preserving additivity of nutrient-based commodities, i.e. the
sum of the volumes of the single components adds up to the total volume. The integration
of additivity preserving functions in the model has been operated on the basis of the CES
function assumed for production/supply in MAGNET on the basis of the methodology
proposed by van der Mensbrugghe and Peters (Dixon & Rimmer, 2006; Giesecke et al.,
2013; Van Der Mensbrugghe & Peters, 2016). This would allow to ensure that the sum of
volumes of the single components adds up to the total volume. The quantity preserving
feature is extremely useful in several cases, for example, to ensure that total land supply
across land uses adds up to total available land (Fujimori et al., 2014), or that the allocation
of national production is correctly accounted for between domestic and trade uses. The
initial structure of production in MAGNET is based on different nested CES production
functions. The standard linearized equation applied to each nest of the function is described

in Eq. 1.



Eq. 1 pfa(i,j,r) = 2 Ni(k,j,r)* [pfa(k,j,r) - afa(k,j,r)]

Where pfa is the price of the commodity i produced by sector j in region r by the specific

nest, Nl is the nest inputs by input commodity k, sector j, and region r (e.g. primary inputs or
other intermediates that would act as inputs in the specific nest) and afa is the technological
productivity change by commodity i, sector j, region r. This production function has therefore
been updated for nutrient-producing commodities (chemical and biological fertilizers) with a

function as the one presented in Eq. 2.
Eq' 2 pfa(i,j,r) = z NI(kIJIr)* [pfa(k,j,r) * qfa(kljlr)] - qfa(k,j,r)

Where gfa is the intermediate quantities of commodities asked for production in the nest. A
Description of the code changes introduced to implement the new function can be found in

Section 2 of the Supplementary Information.
2.3 Footprint Calculation.

The MAGNET model is an economic CGE, and, as such, only tracks monetary values, as based
on MRIO tables. To assess physical quantities, additional material balances are computed for
specific variables in order to track “dollar-based quantities”. These values are cleaned for all
non-material components, such as tariffs or transport costs (Gatto et al., 2023; Kuiper et al.,
2025). The tracing of the physical quantities is then derived through the Leontief inverse
approach, which identifies the intermediate demand over total output and then tracks back
to domestic and foreign sources the final consumption of each region, a methodology used,

for example, in (Lenzen et al., 2021).
2.4. Experiment design.

This implementation has been tested first by running a baseline scenario both with the

guantity preserving option and without.

Baseline scenarios are generally used in CGE impact assessments to create the status quo
against which the subject of the study is evaluated against (policy or shock). In this case, the

baseline consists of the following assumptions:

- GDP, population, factor productivity and globalisation from SSP2 (Riahi et al., 2017)



- labour supply from the Wittgenstein Centre?.
- Efficiency of feed use over time, based on IMAGE data (Stehfest et al., 2014)
- Nuclear energy, biofuels and Grassland are assumed to be fixed to 2017.

Then the scenarios assessment were performed in order to test the results and model
behaviour against an hypothetical policy shock. As such, two scenarios, one with the
guantity preserving function and one without, were tested against the implementation of a
tax on chemical fertilisers up to 2050. The tax is implemented on all chemical fertilisers
(Nitrogen, Phosphorus and Potassium) to avoid creating a hidden subsidy for potassium and

was set as a 20% increase for each time step, starting from the base year 2017.

3. Results

The implementation of a quantity preserving function leads to significant changes in the
results of the model, as the baseline projections up to 2050 already show some differences
in regional footprints. Indeed, while the total Nitrogen and Phosphorus footprint for the
EU27 region does not seem to be significantly affected, a difference in the aggregated Rest
of the World footprint is noticeable. This already shows the importance of implementing a
guantity preserving function on environmental footprint-relevant variables, as it could affect

the overall level of projected impact (Figure 2).

Analysing the composition of the results, it seems that most of the adjustment between the
preserving and not preserving impact is driven by the domestically consumed production of
the countries. On the other hand, the contribution to nutrient footprint of traded products

seems to be consistently overestimated.

2 https://dataexplorer.wittgensteincentre.org/wcde-v2/



Figure 2. Domestic and International Nutrient Footprint with and without QP
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Nevertheless, when a tax on intermediate and imported uses of chemical fertilisers is
imposed in a region, in this case the EU, implementing (or not) a quantity preserving
function leads to significant differences in the overall impact for the affected region (Figure
3). Indeed, while the rest of the world seems relatively unaffected due to the balancing out
of regional trade effects coming from the EU, it is clear that implementing different functions
could lead to significant changes in the footprint of the affected region, leading to crucial
implications for the evaluation of the policies efficiency. Figure 4 shows how most of the
difference in the nutrient footprint comes from the domestic consumption of livestock

products and composite foods.

Figure 3. Domestic and International Nutrient Footprint with and without QP in different
scenarios
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Figure 4. Domestic and Imported Eu footprint by scenario.
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To understand the reason behind the difference in the footprint of the two tax scenarios, it is
useful to look at the impact on all types of fertilisers, that is both chemical and organic (i.e.
manure). As shown by Figure 5, most of the difference in the footprint is due to the quantity
of organic fertilisers used in domestic production, which is overestimated in the case in
which the quantity preserving function is not included (Figure 4). This finding provides a
particularly relevant insight on the importance of using quantity preserving functions for
environmental policy assessment, as its absence would lead to an underestimation of the

efficiency of the policy.

Figure 5. Total, inorganic and organic Nitrogen and Phosphorus use in EU by scenario.
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4. Conclusions

The paper aimed to test different specifications of production functions in a CGE model. In
particular, the model has been expanded with different modules to better represent
Nitrogen and Phosphorus producing sectors (i.e. representation of organic fertilisers and
general improvement in structuring the livestock production system) in order to assess the
implications of the implementation of a quantity preserving function instead of a regular CES
function for products that have a relevant physical quantity associated. In this case, the
focus was tailored on organic and chemical fertilisers and their Nitrogen and Phosphorus
footprint, as they are critical elements of the planetary system as well as two key planetary
boundaries. The paper shows that the two different types of production structures lead to a
significant difference in the results. As such, the choice between the two options could
significantly influence the political choices assessed through modelling. Therefore, the paper
concludes that implementing a quantity preserving function is recommended when dealing
with physical quantities and variables that need particular attention with regard to the
physical values they rely on, as they have a significant for both the environment and their

repercussions in the political arena.
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Supplementary Information.

Section 1. Figures and Tables.

F1. Regional Aggregation in MAGNET

Canada . Other Latin America Other Europe Other Asia South-East Asia

. United States . Former Soviet Union . Middle-East & North Africa . China - Australia and New Zealand

I brazi B euvrer [l suo-sanaren Africa B e

T1. Sectoral Aggregation in MAGNET
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wht Wheat wht, r_wht wht, wht Wheat

wol Wool, silk-worm wol wol Wool
cocoons
wood Wood products lum lum wood

T2. Mapping of activities in MAGNET with additional data sources

Dairy Rmk Beef (splitted) Dairy

Other cattle Othctl Sheep, goats, horses Sheep, Horses
Beef cattle Bfctl Beef (splitted) Beef, veal

Pigs Pigpls Pigs Hogs

Poultry Pltry Poultry Chicken, Turkeys

F2. Crop, Livestock and Biogas production structures in MANGET
2.1Crops

CROPS: pdr wht grain veg fruit nuts roots pulses oils sug oagr crops
red = elasticities (range)
(% of cost structure, range)
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2.2 Livestock

LVSTCK: othctl cattle pigpls pltry milk wol

red = elasticities (range)
(% of cost structure, range)
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Section 2. Code modifications to implement the quantity preserving
production function.

Changes magnet code: sets and coefficients

Set Q_source
read elements from file header ;

Coefficient (all,i,Q_source)(all,r,DREG)

DQQNT(i,r) ;
Read DQQNT from file header ;

Coefficient (all,i,Q_source)(all, m,REG) QQNT(i,m);
Formula (all,i,Q_source)(all,m,REG)
QQNT(i,m) = sum(r,DREG:DREG2REG(r) = m,DQQNT(i,r));

Write(set) Q_source to file header ;
Write QQNT to file header ;

Changes magnet code: production trees data and sets
Its implementation include the following steps:

a) Define the variables used by the quantity preserving CES function to define
the physical quantities that need to be used for calibration:

Coefficient (all,i,FIRM_COMM)(all,j,ACTS)(all,r,REG)
QQNT(i,j,r) ;

Formula(initial)(all,i,FIRM_COMM)(all,j,ACTS)(all,r,REG)
QQNT(i,j,r)=0+If(i in Q_source,DQQNT(i,r)
*VFP(i,j,r)/ID01[sum<{k,ACTS,VFP(i,k,r)}1);

Update(all,i,FIRM_COMM)(all,j,ACTS)(all,r,REG)

QQNT(i,j,r)=afa(i,j,r);

set nQ_source= COMM-Q_source;

Coefficient (all,d,FIRM_COMM)(all,a,ACTS)(all,r,REG)
QFP(d,a,r);

formula(all,d,FIRM_COMM)(all,a,ACTS)(all,r,REG)
QFP(d,a,r)=QQNT(d,a,r);

b) The quantity preserving nests, i.e. the nodes of production that need to preserve
quantities, need to be identified.

Set NNNO

Read elements from file header ;
Set NNNO1

= NNNO intersect SUBPR_COMM;

Set NOUP

Read elements from file header ;
Set NOUP1

= NOUP intersect SUBPR_COMM;

Set NODW

Read elements from file header ;
Set NODW1

= NODW intersect SUBPR_COMM;



c) the quantity preserving nests are identified based on the set “"Q_source”, i.e. the sets
that we want to be quantity preserving. Note that the quantity preserving CES function
can only be used if quantity data is available. It is however possible to have a mixed
production tree with some nests using quantity preserving CES function and some nest
using a normal CES function. For the crop and livestock sectors we have implemented the
quantity preserving CES function for only part of the production tree namely the manure
and fertilizer nests. All other nests in these trees are still normal CES nests.:

Coefficient (all,i,Q_source)(all,j, NNNO1)(all,k,CESACTS)
QPCESNS(i,j, k);
Formula (all,i,Q_source)(all,j, NNNO1)(all,k,CESACTS)
QPCESNS(i,j, k) = CESNESTSTRUC(i,j,k);
Set Reltrees
= (all, i, CESACTS:sum<{j,Q_source,sum{k,NNNO1,QPCESNS(j,k,i)}}>0);
Set QPNESTS
= (all, i, NNNO1:sum{j,Q_source,sum{k,Reltrees,QPCESNS(j,i,k)}}+>0);
Set NQPNESTS = NNNO1 - QPNESTS;

d) The nests are mapped to each other to single out which ones need to be quantity
preserving:

coefficient (parameter) (all,i, NOUP1) MAP_ORDER2(i);

Formula (initial) (all,i, NOUP1) MAP_ORDER2(i) = $POS(i) ;

Mapping (ONTO) NOUP12NNNO1 from NOUP1 to NNNO1;

Formula (all,c,NOUP1) NOUP12NNNO1(c) = ROUND(MAP_ORDER2(c));
coefficient (parameter) (all,i, NODW1) MAP_ORDER3(i);

Formula (initial) (all,i, NODW1) MAP_ORDER3(i) = $POS(i) ;

Mapping (ONTO) NODW12NNNO1 from NODW1 to NNNO1;

Formula (all,c,NODW1) NODW12NNNO1(c) = ROUND(MAP_ORDER3(c));

set QP1 = QPNESTS intersect NOUP1;

Coefficient (all,i, NODW1)(all,r,Reltrees) QP2C(i,r);

Formula (all,i, NODW1)(all,r,Reltrees)

QP2C(i,r) = 0 + IF(sum<{j,Q_source,QPCESNS(j,NODW12NNNO1(i),r)}>0,1);
Coefficient (all,j,NNNO1)(all,r,Reltrees) QP3C(j,r);

Formula (all,j,NNNO1)(all,r,Reltrees)

QP3C(j,r) = 0 + IF(sum{i,Q_source,QPCESNS(i,j,r)}>0,1);

set NPDW = NODW1 union NNNO1;

subset NPDW is subset of SUBPRT_COMM;

Coefficient (all,j, SUBPRT_COMM)(all,r,Reltrees) QP4C(j,r);

Formula (all,j,NNNO1)(all,r,Reltrees) QP4C(j,r) = QP3C(j,r);

Coefficient (all,j, NODW1)(all,r,Reltrees) QP5C(j,r);

Formula (all,j,NODW1)(all,r,Reltrees) QP5C(j,r) = QP4C(j,r);

Coefficient (all,j, NODW1)(all,r,Reltrees) QP6C(j,r);

Formula (all,j,NODW1)(all,r,Reltrees) QP6C(j,r) = 0 + IF(QP5C(j,r)>1,1);
set QP2= (all, i, NODW1:sum{k,Reltrees,QP6C(i,k)}>1);

set QP3 = QPNESTS intersect QP2;

Coefficient (all,i,ACTS) (all,j,Reltrees)

CESSECTQP(i,j) ;
Formula (all,i,ACTS) (all,j,Reltrees)

CESSECTQP(i,j) = CESSECTALLOC(i,j);

Set SETQP =(all,i,ACTS:sum{k,Reltrees, CESSECTQP(i,k)}>0);
set cro3=(all,i,ACTS:CESSECTALLOC(i, )>0);

set ani3=(all,i,ACTS:CESSECTALLOC(i, )>0);

set bgas1=(all,i,ACTS:CESSECTALLOC(], )>0);



e) a matrix of quantity and non-quantity preserving nests and products is created:

Coefficient(all,i, FIRM_COMM)(all,j,ACTS)(all,r, CETPROD_REG)
NQUANT_M(i,j,r);

Formula (all,i,FIRM_COMM)(all,j,ACTS)(all,r, CETPROD_REG)
NQUANT_M(i,j,nN=1;

Coefficient(all,i,FIRM_COMM)(all,j,ACTS)(all,r, CETPROD_REG)
QUANT_M(i,j,n);

Formula(all,i,FIRM_COMM)(all,j,ACTS)(all,r, CETPROD_REG)
QUANT_M(i,j,r)=0;

Formula(all,i,Q_source)(all,j,SETQP)(all,r, CETPROD_REG)
QUANT_M(i,j,nN=1;

Formula (all,i,FIRM_COMM)(all,j,ACTS)(all,r,CETPROD_REG)
NQUANT_M(i,j,r)= NQUANT_MC(i,j,r)-QUANT_M(i,j,r);

Coefficient(all,i,FIRM_COMM)(all,j,ACTS)(all,r, CETPROD_REG)
Nest_other(i,j,r);

Formula(all,i, FIRM_COMM)(all,j,ACTS)(all,r, CETPROD_REG)
Nest_other(i,j,r)=1;

Coefficient(all,i,FIRM_COMM)(all,j,ACTS)(all,r, CETPROD_REG)
Nest_QP(i,j,r);

Formula(all,i,FIRM_COMM)(all,j,ACTS)(all,r, CETPROD_REG)
Nest_QP(i,j,r)=0;

Formula(all,i, QPNESTS)(all,j,SETQP)(all,r, CETPROD_REG)
Nest_QP(i,j,r)=1;

Formula(all,i, FIRM_COMM)(all,j,ACTS)(all,r, CETPROD_REG)
Nest_other(i,j,r)=1-Nest_QP(i,j,r);

f), the structure of production is modified to account for either quantity preserving
or value preserving CES functions. In particular the price of intermediate production
is modified as:

pfa(i,j,r)=
IF(i in SUB15_@S,
nest_other(i,j,r)*sum(k,INP15_@S,
CSINP15_@S(k,j,r) * [pfa(k,j,r) - afa(k,j,r)])
+Nest_QP(i,j,r)*(sum(k,INP15_@S,
CSINP15_@S(k,j,r)*(pfa(k,j,r)+afa(k,j,r)))-afa(i,j,r)))

While the quantity of intermediate demand form firms is modified as:

gfa(i,j,r)=0*time+
IF(i in INP15_@S,

NQUANT_M(i,j,r)
*(- afa(i,j,r) + sum{k,SUB15_@S,qgfa(k,j,r)}
- sum{k,SUB15_@S,EL_PROD(k,j,r)}
* [pfa(i,j,r) - afa(i,j,r) - sum{k,SUB15_@S,pfa(k,j,r)}])
+IF(QFP(i,j,r)>=0,QUANT_M(i,j,r)
*(sum{k,SUB15_@S,qgfa(k,j,r)}
- sum{k,SUB15_@S,EL_PROD(k,j,r)}
*[pfa(i,j,r)-sum{k,INP15_@S,QCSINP15_@S(k,j,r)*pfa(k,j,r)}1)))

This structure ensures that if a commodity is produced by a quantity preserving nest or
has positive quantities in the preserving value header, it will adopt the second part of the
equations, i.e. the quantity preserving functions.



