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and environmental dimensions of the design of the farm.

OBJECTIVE: In this work, a two-step methodology is proposed to address simultaneously the formulation of the
feed, the design of the nutrient recovery process, the location of the facilities, and its size, from economic and
environmental points of view.

METHODS: First, prescreening is used to discard locations that do not meet a series of environmental constraints.
Next, an optimization framework is developed by integrating empirical models that estimate the nutritional
needs of the animals, fertilizer consumption, waste production, as well as the effect of selection of locations and
the size of the farm on the objective function. The farm is designed to produce the feed on the premises and
animal wastes are used to produce fertilizers and biogas, implementing the circular economy. The optimization
framework is used to estimate the optimal feed formulation, crop selection, size and location, following a multi-
objective approach.

* Corresponding author.
E-mail address: mariano.m3@usal.es (M. Martin).

https://doi.org/10.1016/j.agsy.2022.103517

Received 1 March 2022; Received in revised form 13 June 2022; Accepted 14 September 2022

Available online 27 September 2022

0308-521X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nec-nd/4.0/).


mailto:mariano.m3@usal.es
www.sciencedirect.com/science/journal/0308521X
https://www.elsevier.com/locate/agsy
https://doi.org/10.1016/j.agsy.2022.103517
https://doi.org/10.1016/j.agsy.2022.103517
https://doi.org/10.1016/j.agsy.2022.103517
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agsy.2022.103517&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Taifouris and M. Martin

Agricultural Systems 203 (2022) 103517

RESULTS AND CONCLUSIONS: The methodology is applied to a case study in Spain. Of the 345 agricultural
districts considered, 145 are discarded in the prescreening. The optimal number of initial animals is 1000. The
results show that the selection of ‘Bureba-Ebro’ and a crop distribution that consumes 12% less nutrients than the
economic scenario, results in the reduction of 35% in the environmental impact. In addition, meat production
cost is 8.87€/kg (1.6€/kg corresponds to the waste treatment). Nevertheless, it can be reduced down to 1.51€/kg
by considering the income from crop sales.

SIGNIFICANCE: Only through this integrated framework it is possible to determine the feed formulation and
facility location that best balance the economic and environmental objective, and determines the percentage of
nutrients that can be recovered. The methodology is generic enough to be applied to other locations, crops, and

animals.

1. Introduction

Livestock and cropping systems represent two of the largest sources
of greenhouse gas emissions, accounting for 24.5% of total global
emissions (U.S. Environmental Protection Agency, 2021). The decou-
pling of both sectors has led to a mismatch between sources of nutrients
through livestock waste and areas with high requirements of these. This
results in nutrient pollution, leading to eutrophication and soil deteri-
oration (Peyraud et al., 2014), as well as a significant carbon footprint
due to the extraction, treatment, and transport of mineral fertilizer.
Regarding livestock waste, several treatment processes have been pro-
posed, including composting, anaerobic digestion (Loyon, 2017), and
nutrient recovery (Martin-Hernandez et al., 2021). Nevertheless, the
cost associated with these processes, as well as the transportation of the
products from livestock areas to crop areas, can be economic and
environmental bottlenecks for the sustainable use of these wastes.
(Makara and Kowalski, 2018; Case et al., 2017).

With the aim of bridging the gap between the two industries, ap-
proaches focusing on the integration of livestock and crop management
have been presented. These integrated systems have several advantages
beyond reducing transportation costs, such as increasing crop yields and
nutrient use efficiency, as well as decreasing total greenhouse gas
emissions, and maintaining soil quality (Moraes et al., 2014). All these
advantages are aimed at promoting the circular economy of waste and
achieving zero waste emission. However, most of these studies have
focused on extensive livestock farming (Sulc and Franzluebbers, 2014;
Bell et al., 2014) when the real problem lies in intensive livestock
farming (Tullo et al., 2019). While extensive farming has several ad-
vantages over intensive farming (preservation of the natural environ-
ment, ecosystem, government support, less environmental impact, and
resource consumption), it has an important disadvantage, its produc-
tivity. As a result, the food generated by this type of farming is more
expensive than intensive farming, requires a higher land use and more
labor (Novikova and Startiene, 2018). Therefore, intensive farming is
necessary to supply food in an economically sustainable way to a
growing population. Authors, such as Taifouris and Martin (2021) have
addressed this type of integration for intensive livestock farming.
Through models for estimating energy and nutritional requirements,
waste treatment, nutrient recovery, and crop management, it is possible
to determine the optimal feed formulation for the animals, the required
crops, as well as the operating conditions of the waste treatment process,
and the optimal formulation of fertilizers. By establishing a multi-
objective approach, these models suggest an optimal solution that is a
trade-off between the economic and environmental optimums. Howev-
er, the proposed design misses the effect of localization of the facility.

Location is a key factor since it determines the growing yield of the
crops, through climate and soil characteristics (Liliane and Charles,
2020; Mechiche-Alami and Abdi, 2020). In addition, the location
selected also determines the availability and cost of the land and water.
These parameters affect both the economic performance and the envi-
ronmental impact of the farm. The design of the product (feed), the
process (waste treatment and nutrient recovery) and the selection of the
location are closely related and synergistic. Depending on the location,

the crops with the highest production yields in that agricultural district
are selected, favoring some feed formulas over others. In the same way,
the process design depends on the composition of the residues (Weinrich
and Nelles, 2015) and that is a function of the feeding of the animals
(Council, 2000). In addition to the parameters related to the economic
aspects of the farm, there are environmental constraints (nitrate
vulnerable zone, natural parks, and water scarcity) that limit the loca-
tion of this type of facility. Integrated product and process design and,
ultimately, three-dimensional concurrent engineering (3DCE) have
proven to be the most efficient way to design production systems (Ellram
et al., 2007). However, its application has been rather limited and
focused on the chemical industry, (Gani, 2004; Martin and Martinez,
2013; Bernardo and Saraiva, 2005), leaving the food industry with a
limited number of studies, (Almeida-Rivera et al., 2007), and even less
in the case of animal feed (Csikai, 2011). Therefore, the development of
a methodology to systematically select the best feed formulation, crops,
process conditions, size, and locations is paramount to globally address
the design of livestock-cropping systems. To the best of the knowledge of
the authors, the integrated design of the animal feed, and waste treat-
ment process together with the selection of optimal size and location for
this type of facility has not been addressed in the literature.

Therefore, this work presents a methodology that aims to simulta-
neously select the optimal number of animals, the annual crop distri-
bution, the properties of the nutrient recovery process, as well as the
location of the facilities. This methodology is implemented through a
multi-objective (economic and environmental) and multi-period math-
ematical optimization model. This model determines the operating
costs, income, amount of each crop, and environmental indexes, as well
as other data of interest, such as the cost of waste treatment with respect
to the cost of meat. Besides, it is generic enough to be easily applied to
any set of locations, crops, and animal types. The rest of the paper is
organized as follows. In Section 2, the methodology is developed
including a description of the problem, the reference framework used as
starting point, and the main modifications introduced in this work. The
solution procedure is also included in this section. In Section 3, the
model is applied to a case study in Spain and the results are shown.
Finally, in Section 4, the conclusions are presented.

2. Framework development
2.1. Description of the problem

This work addresses the integrated design of an intensive beef cattle
farm and the cropping system, as well as its location and size, analyzing
a set of variables that influence both the environmental impact and
economic performance of the farm. The conceptual idea of the inte-
grated system is shown in Fig. 1.

The farm is designed to produce the feed necessary for the animals on
the premises. Therefore, the design of the cropping system is performed
by estimating the area needed, for the amount of crop required, using
experimental yields. These yields are estimated from technical reports
published by governments every year collecting agricultural results and
are based on average values ((Ministerio de Agricultura, 2019)). The
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amount and type of crop are set by the nutritional and energy re-
quirements of the animals. Several studies have been used to establish
experimental relationships between these requirements and the age,
weight, sex, and life stage of the animals. This allows estimating the
variation in feed composition, as well as crop distribution, throughout
the animal's life cycle. These correlations are widely known and can be
consulted in the supplementary material. In addition, there are also
empirical models that determine the degradation of feed in the digestive
process of ruminants (Council, 2000), allowing to estimate the compo-
sition of residues as a function of feeding. These correlations, yields, and
mass balances have also been included in the supplementary material.
The food that is not used as animal feed is sold as a by-product (only
barley and wheat since the rest of the crops are either fully fed or have
no market value (Taifouris and Martin, 2021)). In addition, the manure
is treated to produce biogas and digestate through an anaerobic diges-
tion system. This process is modeled using stoichiometric relationships
from the protein, carbohydrate, and lipid composition of the manure,
experimental kinetics, and biodegradability yields, following the work
of Taifouris and Martin (2018). Nitrogen, potassium, and phosphorous
are recovered using a combined mechanical and membrane separation
system. The nutrients recovered are estimated with empirical yields
obtained from the literature (Martin-Hernandez, 2022). Location is in-
tegrated through a series of parameters related to environmental and
economic aspects. Some of these are used directly to discard locations
(protected areas, nitrate vulnerable zone, natural parks, etc.) while
others (crop yields, soil and water availability, land rental prices, etc.)
affect the objective function of the optimization model. It is worth
highlighting, that the model is multi-objective account for trade-off
between the economic and environmental performances. Rather, the
model is also multi-period, because the optimization variables are
evaluated over 240-time units (20 years).

The solution of this model allows for the simultaneous design of the
feed formulation, the waste treatment process, the nutrient recovery
system, and the crop distribution, as well as, the location and the size of
the facilities.

2.2. Optimization framework

For the development of the optimization framework, previous work
(Taifouris and Martin, 2021), that integrates most of the models
described in Section 2.1, such as models for estimation of nutritional and
energy requirement, crops yield, nutrient recovery and fertilizer con-
sumption, is taken as a starting point. These models are detailed in the
supplementary material. Nevertheless, several important modifications
are required to account for the selection of the location and to increase
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the realism of the work of Taifouris and Martin (2021). These modifi-
cations are the introduction of population groups that grow simulta-
neously over time, a longer time horizon, a new technology for nutrient
recovery, and the integration of the location as a new dimension of the
model. The integration of the different locations is expected to increase
the size and complexity of the reference model. Therefore, a profound
reformulation of the previous models must be performed to solve it.

2.2.1. Integration of the location

The location is integrated by analyzing the parameters that can affect
the operation from economic and environmental points of view. The
integration is performed at two levels. On the one hand, a set of envi-
ronmental constraints (i.e. protected natural areas, nitrate vulnerable
zones, and water scarcity) are used to discard locations previously to
solve the optimization model. On the other hand, another set of pa-
rameters (price, yield, and availability of land and water) is added to the
model affecting both environmental and economic objectives. Besides,
binary variables are defined to select the location and the type of crops
(rainfed or irrigated). In each agricultural district, up to 10 crops (wheat,
barley, barley forage, corn, corn forage, oat, rye, sorghum, alfalfa, and
vetch) can be selected. Nevertheless, only one of the possible locations is
selected.

Thus, the reference framework is converted from nonlinear pro-
gramming (NLP) problem to a mixed-integer nonlinear programming
(MINLP) problem. A large number of locations are expected to be
considered, making the model too complex to be addressed directly.
Therefore, reformulation is necessary to transform it into a mixed-
integer linear programming (MILP) problem. This reformulation is
explained in Section 2.2.3.

2.2.2. Time horizon and animal population groups

In the reference work (Taifouris and Martin, 2021), not only the time
horizon is limited to 5 years, but also all the animals grew at the same
time. In this work, the time horizon is extended up to 20 years, and there
are animal population groups, of different ages, growing simulta-
neously, increasing the realism of the farm model. Each group is formed
by those calves that have the same date of birth, constituting a group in
which all animals have the same age. It is possible to estimate the age
and the number of the animals in each group, as well as the total number
of groups as a function of the life cycle of the farm, before solving the
optimization model. For this purpose, it is necessary to consider that
each cow can have 3 calves and whose births occur in the time unit (TU)
36, 54, 72 of the animal life cycle (Taifouris and Martin, 2021). Females
have a life cycle of 72 TU (each TU is equivalent to 24 days to match
digester operating time), in contrast to males which are slaughtered in

Market

Power

Food (by-product) Power

( ) Feed
Crop Management }——>

Beef cattle

Nutrients

- Water
Fertilizers Supplements
Water Chemicals
Power

~

Biogas
Upgrading

Nutrient
Recovery

. System j

Fig. 1. Diagram of an integrated system of intensive livestock and cropping system.
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the 22 TU. In the last year of the farm operation, all animals are
slaughtered. In addition, it is important to consider that the farm starts
with yearlings of 12 TU of age. There are 26 population groups in total
along the 20 years. With this information, the groups can be modeled
outside of the optimization framework and added as parameters.
Therefore, the interval, the number of animals in each group, and the
age are known before solving the optimization model. The Gantt chart of
different groups can be seen in Fig. S.1 in the supplementary material.

The analysis of the animal population groups is important to estimate
the animal's requirements and the production of waste per TU. It is
necessary to completely reformulate the model to integrate these dis-
tributions and to apply all calculations to each population group,
considering the time gap between them. To do this, the variables related
to nutritional and energy needs, as well as waste production have a new
dimension called ‘group’ (see Sections 1 and 2 of the supplementary
material). For each group, these variables have a value other than
0 when the time unit of the farm is within the life cycle of that group and
0 otherwise.

2.2.3. Updated estimation of dry matter intake and offline calculation

The integration of locations, especially in cases where the number of
these is high, together with the increase of the time horizon and the
integration of population groups, make the model larger and more
complex. Thus, it is necessary to reformulate the original model to
transform it into a mixed-integer linear programing (MILP) problem. In
the reference model, there are several non-linear correlations that
complicate the problem. The most important non-linear correlation is
used to estimate the dry matter intake per day (DMI). It depends on the
weight of the animal and the net energy for maintenance (NEMA) con-
tent of the feed (Council, 2000). Since the weight of the animal at the
beginning of each of the gestation and calving is fixed through experi-
mental data (Council, 2000), the daily weight gain of the animal is
known (see Eq.(S.2)-(S.4) in the supplementary material). Therefore, the
weight of the animals in each TU and in each population group can be
introduced into the model as a parameter. In the same way, the NEMA of
each ingredient is also known (see Table S.6 of the supplementary ma-
terial). Using this information, it is possible to calculate the DMI per type
of ingredient j” (DMIf; ) and per TU ‘t’. Next, the dry matter intake using
the feed (DMl groyp) can be calculated using Eq.1, where Xt groyp repre-
sents the formulation of the feed. This equation is linear.

DMILgraup = Z-xt,/group'DMIfj,z Vta group (1)
J

In addition, there is a set of variables formed by the total weight and
daily weight gain, energy required, the protein required, milk produced
(if lactating), and energy consumed in pregnancy (if pregnant) that can
be estimated separately from the main model. This is because these
variables depend only on the weight of the animal and, therefore, they
can be included as parameters. Following these changes, the model is
completely linear.

2.3. Solution procedure

The solution procedure is performed in two stages. A prescreening
and a multi-objective approach to select the feed formulation, crop
distribution, size of the farm, and its location.

The prescreening is used to discard those locations that do not meet
the following set of environmental restrictions:

e Protected natural areas: The agricultural districts where the national
park (Ministerio de transicién ecoldgica y de reto demografico,
2021c), Red Natura 2000 (Ministerio de transicion ecologica y de
reto demografico, 2021a), or protected landscape (Ministerio de
transicion ecologica y de reto demografico, 2021b) cover an exten-
sion of the territory greater than or equal to 50%, are discarded. This
percentage was selected because it is assumed that the rest of the
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area is large enough to locate the farm without affecting the pro-

tected area. However, the framework is flexible so that this value can

be easily modified without significantly affecting the methodology
presented in this work.

Nitrate vulnerable zones: All water bodies that exceed a nitrate

concentration of 50 mg/] are considered to be ‘Nitrate vulnerable

zones’ (Ministerio de la presidencia, relaciones con las cortes y

memoria democratica, 1996). It is not possible to locate the farm in

those agricultural districts where these zones (Ministrerio de tran-
sicion ecologica y el reto demografico, 2021) coincide with irrigating
crops or where these exceed 50% of districts with rainfed crops.

e Water scarcity: The amount of water used for irrigation is limited in
each place according to the hydrological plan. By consulting these
documents (Ministerio para la transicion ecologica y reto
demografico, 2021), it is possible to establish a maximum limit on
water consumption. It is assumed that only 1% of the resources
currently dedicated to cropping and livestock systems can be used.
These limits are established by provinces.

The software ‘Arcmap’ (Esri, 2015) together with data from the
literature presented above are used to represent and estimate the area
occupied by the protected and vulnerable zones in each agricultural
district. Thus, it is possible to verify whether the agricultural districts
meet the constraints.

Once the districts where farms cannot be installed have been filtered
out, the next stage which consists of applying the optimization frame-
work over the rest is performed. The solution determines the size of the
farm, the best composition of feed, and the location as well as the re-
quirements of cultivation area, the waste treatment, and the nutrient
recovery processes. The models that are included in the optimization
framework are shown in Fig. 2. The equations that constitute each of the
models can be found in the supplementary material. All these equations
are introduced into the optimization model as constraints. Most of them
correspond to mass and energy balances, as well as empirical correla-
tions and yields. These models are used to simulate each of the processes
described in Section 2.1. In addition to the equations, the optimization
model requires information on the fertilizer requirement of the crops
(Table S.5), nutritional and energy properties of the crops (Table S.6),
water availability and price (Table S.8), land rental price (Table S.9), the
available rainfed (Table S.10) and irrigated (Table S.11) area. The
production yields in both types of land are given in Tables S.12 and S.13.
All this information can be found in the supplementary material.

As the optimization framework is multi-objective, the e-constraint
method (Mavrotas, 2009) is used to account for both the economic and
environmental dimensions of the problem. The objective function used
profit (Pro) as an economic indicator (Eq.2), while the environmental
impact is introduced in the model as an additional constraint, limiting its
value. This is quantified by simultaneously considering the effect of the
farm on the atmosphere, soil, and water consumption, through a com-
posite index that is explained at the end of this section. All prices used in
the economic evaluation correspond to the latest annual average prices
published in the literature.

Pro = Iny, + Incy, + Ingi, — Csterop — CStriea—
Cstpenitizer — CStsiorage — CStrabor — CStaux — Cstwageer

(2

The income from the sale of meat (Iny) is calculated by analyzing
the price of the animal (which depends on sex, age, and weight of ani-
mals), the meat yield per animal (Huerta-Leidenz et al., 2013), and the
number of animals produced in 20 years (which can be estimated from
the procedure shown in Section 2.2.2).

Nutritional models (see Section 2.1 and supplementary material)
adjust the amount of crop needed for the animals. Nevertheless, it is
necessary to generate the entire crop to produce certain ingredients. This
is the case for barley or wheat straw, which require producing both
straw and grain. If the model does not select both for animal feed, one of
them (grain or straw) can be sold. Therefore, 4 types of ingredients
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Fig. 2. Optimization framework.

(barley straw, barley grain, wheat straw, and wheat grain) are consid-
ered for sale, and the model selects the destination of the crop. Income
from crop sales (Incy,) depends on the amount of barley and wheat
destined to be sold. The rest of the crops are either fed entirely to the
animal, or their straw has no market value. As biogas is used to produce
power, its heat of combustion (HC), the yield of biogas to produce power
(yd), and the price of power (Pryoer) are used to estimate its income
(Ingjy), following Eq.3. The amount of biogas produced can be estimated
(Amtp;ggqs) from the waste treatment (see Section 2.1 and supplementary
material) by using mass balances.

Inbin = Amtbiagm"yd'Pripowcr'Hc (3)

Regarding costs, they are either estimated using amounts or areas.
The cost of land (Cstieiq) and labor (Cstyqp,r) depend on the area culti-
vated. This is shown in Eq.4-5.

Cstrics = > > PriSeny AreaS; e + PriReeny AreaR; ca, @
I j year
Cstianor = ) Priyp- (AreaS; year + AreaR| s yeur) (5)

jilyear

Where AreaS;,| yeqr and AreaR;yeqr are the area occupied by crop ‘j’
(rainfed or irrigated crops) at location ‘I’ in year ‘year’. PriSgeny and
PriRpeny are the rental prices of rainfed and irrigated crop fields,
respectively, at location ‘1. Priyp is the price of labor. These areas are
determined according to the amount of crop selected as well as its
production yield (kilogram per hectare). The cost of fertilizer (Cstgers-
izer), storage (Cstsiorqge), auxiliary costs (Cstayy), and waste treatment
costs (Cstyaster) depend on the amount of fertilizer needed, crop stored,
chemicals used (including water and supplements), and residues treated,
respectively. These costs are calculated by Eq.6-9.

CStFerli]izer = Ath~PriN + Amtp-Prip + Ath'Pl'iK (6)

. LC arm
Ctitomge = Prisoge- <Z ZDMILgmup> . LCf @
silo

t group

Cstwe = » > WAS\ gy CstUw )

group t

Cstaux = Amtgypp-Pricegpp + Amtgpca-Pricesupca

9
+CStwalerAgrv + CStwamrL[V

Where Amty, Amtp, and Amtyg are the amount of fertilizer used to
provide the nitrogen, phosphorus, and potassium required by the crops
selected to produce the feed, and PriN, PriP, and PriK represent their
respective prices. DMl groyp is the daily dry matter intake of the animals,
LC is the life cycle of the farm and storage facilities, and Pristorqge is the
storage price. WAS; group represents the daily amount of waste generated,
while CstUw is the unit cost of manure treatment. Amt,,p and Amtg,cq
are the amount of phosphorus and calcium supplements needed to meet
the nutritional requirements of the animals. Priceg,,p and Priceg,c, are
the prices of these supplements. Cstyqteragry and Cstyqcerziv are the cost of
irrigation water and the cost of feed water, respectively. These costs are
estimated by Eq.(10)-(11).

Cstyaeragi = CStUwateragr,"CAA;-AreaR; jyear 10)

CstyaerLiv = Waanima NAanimalsyoup “1tAnimal an

Where CstUyqeeragrii is the unit price (€/m®) of irrigation water, CAA;
is the annual water consumption of the crop 4’ and AreaR;yq is the
cultivation area of the irrigated crop ¢’ in the region ‘I’ en the year
‘year’. Wagnimal is the water consumption of the animals (calves, year-
lings, or cows), NAanimaly,, 1S the number of each type of animal in each
group, and lt is the lifetime of each animal. Cstcp is the cost associated
with feeding the animals (only tillage, sowing, and harvesting of the
used crops) to grow the animals from birth to slaughter. This cost is
estimated by Eq.12

t=240

CStCmp = Z Z DMll.group'CS[j'xrj,groL4p'NAunima]g,m,,, (12)

group =1

Where Cst; is the cost of production of each crop and NAanimal,,,, is the
number of animals (calves, yearlings, or cows, depending on the life
cycle of the animal) in each group, that can be estimated following the
procedure shown in Section 2.2.2. X j groyp is the fraction of the crop §’ in
the DMI for each TU ‘t’ and for each group.

These costs as well as the previous ones are fixed by the size of the
farm, its location, and crop selection. To meet specific nutritional re-
quirements, which are set by the model explained in Section 2.1 and
shown in the supplementary material, different crops (type and amount)
can be used. They consume different amounts of fertilizer (see Table S5
of the supplementary material) and have different production yields (see
Table S12 and S13 of the supplementary material) determining the area
occupied. The composition of the selected crops does not only affect the
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amount and composition of the residues, but also the amount of sup-
plement to be added. Therefore, the determination of both costs and
income is carried out in conjunction with the rest of the models
explained in Section 2.1 (see Fig. 2). The procedure for the calculation of
each of these terms is explained in detail in the supplementary material
(Egs. (5§170)-(S189)).

Regarding the environmental impact, a composite index (CI) is pre-
sented to estimate the impact of the facility on the atmosphere (global
warming potential (GWP)), soils and water bodies (eutrophic potential
(EU1)), as well as the water footprint (WF) of both animals and crops.
This is introduced into the model through Eq. (13).

CI= Y w.In, ¥x x € {GWP,EUp, WF} 13)

Where o, is the weight of each contribution and In, are the
normalized indexes. These weights are estimated based on the literature
(Sala and Cerutti, 2018) and the indexes are standardized, with the min-
max method (OECD & European Commission, 2008) using Eq. 14. The
unit value (Tuyy) of the indexes ‘x’ for each type of fertilizer ‘f* can be
found in Table S.2 of the supplementary material. The indexes corre-
sponding to the GWP and EUi are calculated by Eq. 15, while the index
corresponding to WF is calculated by Eq. 16.

I, — min(l)

= max(LL) = min(L,) vx x € {GWP,EUp, WF} 14

In,

I = (Iu,-AmtFy) Vx € {GWP,EUp}, vf
f

€ {NH,;NO;, Ca(H,PO,), ,K,S0, } (15)

L= (ArAmtUW; +AmiCWFC;) ¥j,x € {WF}, 16)

J

Where AmtF; and AmtG; are the amount of each type of fertilizers ‘f’
and crops 9, respectively. AmtUW; is the amount of water per unit of
area of each irrigated crop ‘j” and WFC; is the water footprint of each
rainfed crop ‘j’ (see Table S.5 and S.3, respectively, in the supplementary
material). For more details on the evaluation of the indexes and their
integration into the model, see the supplementary material.

3. Results

The methodology described in Section 2 is applied to a case study
formed by 345 locations, corresponding to the agricultural districts in
Spain. They can be seen in Fig. 3.

First, the prescreening discards the agricultural districts following
the constraints described in Section 2.3. A total of 145 districts are
discarded. Subsequently, the multi-objective approach determines the
size of the facility, its location, and the crop distribution by looking for a
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Fig. 3. .-Agricultural districts in Spain.
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trade-off between economic profit and environmental impact. At this
point, the distributions of crops and animals are also analyzed to
establish relations between them. The model is an MILP with 6 million
equations and 5.3 million variables (36 thousand binary variables). It is
solved using CPLEX (GAMS) in an Intel Core i7-7700 computer at 3.6
GHz.

3.1. Selection of the size and location of the farm

A sensitivity multi-objective analysis is performed to determine the
optimal initial number of animals and the farm location. Profit is used as
an economic indicator and the composite index as an environmental
impact indicator. Therefore, the variation of profit for different values of
Cl, farm size, and locations are analyzed and shown in Fig. 4. It is
assumed that up to 10% of the total available area in each agricultural
district can be used. This value was set so there is sufficient area for an
intensive livestock facility (more than 1000 animals living in the facil-
ity) and at the same time be a conservative and realistic value. However,
this value can be easily changed depending on the specific characteris-
tics of each case study. The composite index is calculated by using of
minimum value of GWP, EUi, and WF of the smallest facility of each
location and the maximum values of these indexes of the largest possible
facility in each agricultural district. After applying the optimization,
there are 3 locations suitable for the installation of the farm, ‘Campi-
na’,’Bureba-Ebro’, and ‘Campos’.

In addition, the crop production is also evaluated against the initial
number of animals (Fig. 5) to determine the reason for the difference in
profit and composite index between the locations considered.

Fig. 4 shows that ‘Campina’ is the best option with respect to profit
when the number of initial animal units is small (less than 450), while
the district ‘Campos’ is the only option when the number of animals is
larger than 1400. ‘Bureba-Ebro’ is the district with the highest profit
from 500 animals, but it has a size limit of 1400 animals. From this
point, the area of cultivation to produce feed is insufficient and this
district cannot be chosen.

‘Bureba-Ebro has the point of highest possible profit considering all
the agricultural districts (i.e 1200 initial animals). However, analyzing
profit together with the composite index of environmental impact, it can
be observed that there are points with similar profit but with a larger
difference in the value of CI. For instance, the point corresponding to
1200 animals, with a composite index of 0.307, has a benefit of 4.95 ME,
while in the case of 1000 animals, there is a scenario with a similar profit
(only 1.6% lower) but with an environmental impact 18.56% lower. The
same occurs with other points corresponding to the cases of 1000 and
1200 animals. Nevertheless, in the rest of the scenarios, the points are
farther away from each other. For this reason, it is considered that the
size that best balances both objectives (economic and environmental) is
the initial 1000 animals.

By analyzing Fig. 5, it shows that the main crop is barley for the three
agricultural districts. In addition, this crop is also the most produced for
any size of farm. Therefore, those districts that have a higher yield to
produce this crop have lower operating costs and lower environmental
impact to produce the same amount of barley. Of the three districts
considered, ‘Campina’ and ‘Bureba-Ebro’ have a similar yield to produce
barley straw (see Table S.13 of the supplementary material). However,
this yield in ‘Campos’ is 1.52 times lower than in ‘Bureba-Ebro’ and
‘Campina’ (1.8 t/ha vs 2.8 t/ha). This means that an increase in the
cultivation area is required to produce the same amount of barley, which
in turn results in an increase in the costs related to the area and fertilizer
consumption. This explains the large difference in profits between this
location and the others. The difference between ‘Campina’ and ‘Bureba-
Ebro’ lies in the cost of the land, being 2.63 times cheaper in ‘Campina’
(see Table S.10). In addition, since barley straw is a key ingredient for
animal feed, its availability limits the selection of districts. ‘Campina’
can only handle up to an initial number of animals of 470 since its
available area is 1.41 times lower than ‘Bureba-Ebro’ for barley
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Fig. 4. Multi-objective analysis of locations and sizes of the facility.

(1.8-10*ha/year vs 2.6-10*ha/year), 1.7 times for rye (5.7-10%ha/year vs
9.7.10%ha/year), and 6.92 times for wheat (5.2:10%ha/year vs
3.6-10%*ha/year), which are the three main crops following the Fig. 5.
However, ‘Campos’ can be selected for an animal's number of 1400 since
it is the district with the highest availability of barley crops, 3.4 times
higher than Bureba-Ebro (6.1-10*ha/year vs 1.8-10*ha/year).
Currently in Spain, one of the most important intensive livestock
farms is in ‘Caporroso’ (Munoz, 2021)(a municipality in the agricultural
district of ‘Ribera Alta Aragén’). If the methodology described in this

work is applied, this location would have been discarded beforehand in
the prescreening because it is a nitrate vulnerable zone. In addition to
this installation, two more are in the planning stage, one for the mu-
nicipality ‘Torralba de Aragon’ (Villanueva, 2021) (in the agricultural
district of "Monegros') and another for the municipality of ‘Noviercas'
(Villanueva, 2020) (in the agricultural district of ’Campos de Gomara’).
‘Noviercas' does not exactly coincide with a nitrate vulnerable zone but
it is very close (less than 10 km) so the procedure would also discard it.
The only location that would pass the prescreening would be ‘Torralba
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de Aragon’. However, ‘Monegros' is a district with a lower yield (3.82
times) in barley straw than ‘Bureba-Ebro’ (2.8 t/ha vs 0.73 t/ha), so the
cost of production would increase (as it would require more cultivation
area) and income would decrease (as there would be less grain to sell).

‘Caporroso’, ‘Torralba de Aragon’, and "Noviercas' are 3 examples of
intensive livestock farms decoupled from crop systems. However, it has
been demonstrated in previous works (Taifouris and Martin, 2021), that
the integrated development of both sectors can reduce the environ-
mental impact by 65% (compared to the uncoupled systems). This
impact can be further reduced by considering the environmental prop-
erties of the place where it is implemented, as is done in the prescreening
stage of this work. This would contribute to reducing the negative image
that these facilities have (Armestre, 2021) due to the improper treat-
ment of waste and animals.

3.2. Multi-objective techno-economic analysis

Once the size and location are fixed, the Pareto curve corresponding
to the size of 1000 initial animals for the”Bureba Ebro” location is
analyzed. This curve could be analyzed directly in Fig. 4, however, the
limits used to normalize the environmental impact indexes (see Section
2.3) must be updated, since they were calculated considering different
farm sizes (the minimum values of each index corresponded to the
smallest sizes and the maximum values to the largest sizes). For this new
Pareto curve, the values of the composite index consider only scenarios
of a farm of 1000 initial animals. The minimum values of GWP, Eui, and
WF correspond to the scenarios that minimize each of these indices,
while the maximum values correspond to the scenario in which profit is
maximized, without considering the environmental impact. These
values are shown in Table S.4 of the supplementary material. For this
reason, the values of the composite index are different from those shown
in Fig. 4. The new Pareto curve is shown in Fig. 6. 3 scenarios of interest
are highlighted. First, a scenario is considered where no environmental
constraint is introduced in the model, resulting in the economic opti-
mum. A second scenario that minimizes the environmental impact of the
economic activity is evaluated. Finally, the scenario that best balances
the two objectives is also considered. A techno-economic study is carried
out for each scenario and the results are presented in Fig. 7.

The profits of the economic, multi-objective, and eco-friendly sce-
narios are 4.9 M€, 4.7 M€, and 2.7 ME, respectively. While the composite
indexes are 1, 0.65, and 0.3 for the economic, multi-objective, and eco-
friendly scenarios, respectively. Between the economic and multi-
objective cases, the composite index drops 35%, while the profit only
drops 0.22 M€ (4.4% lower). Nevertheless, if the multi-objective sce-
nario is compared with the eco-friendly case, the composite index drops
0.35, but the profit drops 2.03 M€. For this reason, the multi-objective
scenario is postulated as a trade-off between economic and environ-
mental objectives.

Concerning income, all scenarios show a higher income from crop
sales than from meat sales (see Fig. 7a). This means that cropping is the
most profitable economic activity. Nevertheless, the central activity is
sought to be the livestock and, therefore, the commercial management
of crops is limited and oriented to animal feed. The income from the sale
of power produced using the biogas generated from waste treatment has
not been included in Fig. 7a because it represents less than 0.05% of the
total income in all scenarios.

Regarding costs, the most important are fertilizer costs, crop costs
(which include tillage, sowing, and harvesting), and waste treatment
costs. The cost of the water used as feed is especially low because water
is cheap. This is because hydrological plans (Ministerio para la tran-
sicion ecologica y reto demografico, 2021) have been used to estimate
the cost of using water from an existing water source (rivers, lakes, etc.).
It can be seen that the cost of waste treatment is similar in the three cases
(over 2.5 M€). This is due to the fact that this cost is estimated based on
the amount of waste generated. Although its composition varies from
one scenario to another, its amount is similar.
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Another important result is the comparison between the cost of meat
production and the consumer benefit (CB). The CB is 1 kg of consumed,
boneless, edible beef and is calculated corresponding to 29% of the live
weight (Asem-Hiablie et al., 2019). In the course of the 20 years of
operation of the farm, 5305 tons of meat are generated, considering both
yearlings and cows slaughtered. The CB is 1538 tons. The cost of meat
production is 8.87 €/CB (of which 1.61 €/CB corresponds to the cost of
waste treatment) for the multi-objective case. This cost is similar to the
selling price of meat in Spain (9.84 €/CB (Statista, 2021)). Nevertheless,
this price includes other economic items, such as packaging, trans-
portation, and profit margin, which are not considered in this work.
However, the meat cost of this work can be reduced, if it is considered
the income from the crops sold, down to 1.51 €/CB.

The decrease in profit between the economic and the multi-objective
scenarios is due to the decrease in the amount of barley straw (see
Fig. 7b), which is replaced by other crops with higher yields (larger
amount per hectare), such as alfalfa and vetch, to reduce the cultivated
area, and therefore, the consumption of fertilizer. In addition, a signif-
icant amount of the barley grain produced (which was destined for the
food market in the economic scenario) is also devoted to animal feed,
reducing the need for wheat or barley straw, as it can be seen in Fig. 7b.
Nevertheless, these changes do not only reduce the environmental
impact of the facility (19% lower in GPW and 17% lower in EUi) but also
the amount of barley grain available for sale, and thus, the income from
crops. However, this is mitigated by economic savings in fertilization,
labor, and soil costs since the total cultivated area is 10% lower. When
comparing the multi-objective scenario with the eco-friendly scenario, it
is observed, in Fig. 7a, that the economic savings in fertilizer do no
longer compensate for the reduction in income from crop sales. In this
case, it is very difficult to further reduce the area needed through
changes in the selection of the crops. Therefore, efforts are concentrated
on increasing the amount of barley grains devoted to animal feed by
2.79 times compared to the multi-objective scenario, as it can be seen in
Fig. 7b. This allows a 6% reduction in the total cultivated area since the
amount of alfalfa, barley straw, and rye are reduced but causes a sharp
drop in profits. The reduction in environmental impact is concentrated
on reducing GPW by 15% and Eui by 25% as it can be seen in Fig. 7c.

Regarding the environmental impact indexes, it can be observed that
the WF is similar in the three scenarios (see Fig. 7c), with the use of
rainwater (green water footprint) being much higher than the artificial
input from rivers, lakes, and groundwater sources (blue water footprint).
This is because irrigated crops are not used in any of the 3 scenarios.

While the green water footprint of the facility is slightly higher (9370
m3/t vs 8849 m3/t) than what can be found in the literature, the blue
water footprint is much lower (Mekonnen and Hoekstra, 2012).
Nevertheless, the water footprint depends on the technology and
weather of the countries since there are some countries, such as Brazil or
China, that can have a water footprint larger than 8000m° per kilogram
of meat, while that others like the United State or the Netherlands does
not exceed 5000 m3/kg (Gerbens-Leenes et al., 2013). Finally, with
respect to GWP, it is observed that the results obtained in the eco-
friendly, multi-objective, and economic scenarios (1.96, 2.31 and 2.85
kgCOy/kg live weight, respectively) are slightly lower than those re-
ported by the literature (Roop et al., 2014; Pelletier et al., 2010). Ac-
cording to these work, GWP varies from 3.47 kgCOy/kg live weight to
5.59 kgCOy/kg live weight depending on the type of crop, the type of
animal, as well as the age, and weight at the time of slaughter. The
numerical data of this Section can be consulted in Table S.7 of the
supplementary material.

Finally, analyzing the nutrient balance, it is determined that, for the
multi-objective case, it is possible to recover the 26.2% of nitrogen and
62% of potassium necessary for crop growth. The nutrient requirement
of the multi-objective scenario is 12% less than in the economic sce-
nario. Whereas, if this scenario is compared to the eco-friendly scenario,
the nutrient requirement is 15.7% higher.

3.3. Animal and crop distribution for the multi-objective scenario

The distribution of animals through the farm operation is analyzed
together with the percentage of each crop needed per year. This study is
shown in Fig. 8. The joint representation of animals (Fig. 8a) and crop
distribution (Fig. 8b) allows relating changes in crops to the number and
age of the animals along the life cycle of the farm.

First, during year 1 there are no animals on the farm, so the crop
distribution in year 2 is grown, harvested, and stored during year 1 to
feed the animals in year 2. Therefore, the crop distribution shown in
Fig. 8b of a specific year corresponds to the feed needed for the animals
of that year yet is planted and harvested in the previous year. Thus, the
crop and animal distributions can be directly compared year by year. It
is observed that in the first years (i.e., years 2 and 3), almost 50% of the
crops are concentrated (wheat and barley grains). This is due to the type
of animals during theses years are only yearlings (12- month-old) and
young cows. They need more concentrate than forage because the dry
matter intake (DMI) of this kind of animals is low and needs more
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energetic ingredients.

Between years 4 and 6, the main changes affect the barley straw and
alfalfa fraction. This year 4, there are cows and calves, yet the largest
proportion of the total DMI belongs to cows. In this year, cows are 48-
month-old and at this age, the energy requirements are lower. For this
reason, the fraction of barley straw is much higher than that of alfalfa
since its NEMA is lower than the NEMA of alfalfa (0.6 Mcal/kg vs 1.24
Mcal/kg). Nevertheless, from year 5, the population of yearlings is older
which affects crop distribution. Cows start eating less feed and yearlings
more. In addition, yearlings need more energetic forage than cows. As a
result, the fraction of alfalfa is larger than in year 4. In year 6, both
yearlings and cows continue to grow and, consequently, cows have a
lower DMI, and yearlings have a higher DMI. This results in a larger
fraction of alfalfa in the crop distribution for the same reason as the
previous year.

However, there is a change in trend in year 7. The number of cows
decreases, yearlings are older, and the number of calves increases. In this
situation, the DMI is adjusted for the needs of the yearling. However,
these yearlings are older and require less energy, increasing the fraction
of barley straw, restarting the loop (see Fig. 8b). It is possible to see 5

11

crop distribution periods since the animal distribution is cyclical every 3
years. Nevertheless, in the two last years (i.e. years 19 and 20), due to
the beginning of the dismantling process of the farm, the distribution of
animals changes, which slightly breaks the periods, significantly
increasing the amount of wheat straw. This is due to the abrupt drop in
the number of yearlings. These results are consistent with previous work
(Taifouris and Martin, 2021).

4. Conclusion

This work presents a methodology for the simultaneous design of
products, processes, and location for an integrated system of intensive
livestock and crop management, which consists of a two-step procedure.
Following this methodology it is possible to systematically select the
best feed formula (and with it the necessary crops year by year),
establish the raw materials and products obtained from the waste
treatment and design the nutrient recovery process, as well as determine
the best possible location and size, all from an economic and environ-
mental points of view. For this purpose, a multi-objective and multi-
period optimization model (MILP) is formulated and applied to a case
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study in Spain.

From the results of the prescreening stage, 42% of the initial loca-
tions available do not meet the environmental constraints, demon-
strating the importance of carrying out a preliminary analysis to study
the viability of the locations considered.

The results of the multi-objective approach show that the optimal
location is closely related to the size of the farm, finding the best value of
1000 initial animals in the agricultural district of ‘Bureba-Ebro’, from
economic and environmental points of view. The profit achieved with
this selection is 2.78 times higher than the second-best option, ‘Campos’.
This demonstrates the importance of considering location and farm
design simultaneously.

Once the facilities are placed in Bureba-Ebro and its size is fixed to
1000 initial animals, the selection of the crops (type and quantity)
necessary to satisfy the nutritional needs of the animals is analyzed,
readjusting the composite environmental impact index and proposing 3
scenarios, economic, multi-objective and eco-friendly. This study shows
that, when comparing the multi-objective scenario with the economic
scenario, a very significant reduction of the environmental impact
(35%) of intensive livestock farming is possible by selecting crops with a
higher yield per hectare (alfalfa and vetch) and orienting the production
of barley grains to animal feed instead of sending them to the market.
This reduces the total crop area, and therefore, the total nutrient con-
sumption (12%). However, this also implies a reduction in profits (4.4%)
that can be compensated by incentive policies oriented to the creation of
sustainable processes (Martin-Hernandez et al., 2022). Since crop yields
depend on the location of the facilities, the consideration of location in
this type of problem is key for holistic optimization.

It is important to highlight that the most profitable economic activity
is crop production (representing between 55% and 65% of total reve-
nues depending on the scenario considered). This opens the possibility
of devoting this type of integration to crop production, with meat being
a by-product of the facility, and comparing it to the approach presented
in this work. In addition, power production through biogas does not
represent an important source of income and the most important costs
are those associated with crops (34.10%), fertilizer (29.11%), and waste
treatment (18.13%) in the multi-objective scenario. Finally, it is possible
to reduce the cost to produce meat by 82.9% by considering the incomes
of the crops as a method of reducing costs.

Regarding crop distribution, it should be noted that, except for the
first years, the most important crops are Alfalfa and Barley (straw). The
variation in the fraction of each of these two crops depended on the
number, age, and type of animals predominant each year, forming a
total of 5 loops where the crop distribution is repeated with the animal
distribution.
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