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ABSTRACT 20 

It is estimated that 37% of all food produced in Mexico for human consumption is lost or 21 

wasted, while the national dairy herd consumes approximately 455,000 tons of feed 22 

annually. This study proposes a method to carry out a national inventory of food losses 23 

(FL) from the agro-industry that can replace conventional feed in livestock diets. FL chosen 24 

should meet criteria such as documented evidence of its use as livestock feeds, knowledge 25 

of existing treatments to transform them into by-product feeds, information on its 26 

availability, nutritional composition data, and proximity to dairy farms. The method was 27 

applied in Mexico, considering national agricultural statistics data and livestock production 28 

statistics at the municipal level. FL estimation was made using the Commission for 29 

Environmental Cooperation method, considering the pre-harvest, post-harvest, and 30 

processing stages of the agri-food supply chain. The interaction between milk production 31 

and FL generation was calculated using the global desirability function and spatially 32 

assessed using geographic information systems. Twenty-nine potential “strategic food 33 

loss” were identified, including maize, carrots, broccoli, cotton, and potato. The highest 34 

opportunities to use FL as by-product feeds are in 52 municipalities, mainly in the West 35 

Central region, where the Bajio dairy area is located. This research is the first step toward 36 

developing a market for by-product feeds in a circular economy scheme that reduces the 37 

environmental impacts and costs in the dairy industry. 38 

Keywords: Mexican national inventory; Food losses; Agro-industry; Waste valorization; 39 

Livestock diet; Geographic information system.  40 



 

1. INTRODUCTION 41 

Milk and dairy products are among the essential foods for people of all ages, with protein, 42 

fat, lactose, vitamins, and minerals as the primary elements forming a complex food, 43 

serving as the basis for promoting and maintaining population nutrition (Kubicová et al., 44 

2019). Dairy product demand will continue to grow because of increased per capita 45 

income worldwide and is estimated to provide increasingly more essential nutrients in 46 

developing countries (Britt et al., 2018). Worldwide milk production is expected to grow 47 

by 1.7% per year, to 981 Mt by 2028 (OECD and FAO, 2021). This circumstance is 48 

conducive to an increased input demand for dairy production, which relies on natural 49 

resources, such as land, water, nutrients, and energy, resulting in land degradation, water 50 

pollution, biodiversity loss, and deforestation. The global dairy herd consumes 51 

approximately 2.5 billion tons of dry matter feeds annually, 33% of which are human 52 

edible materials (Mottet et al., 2017). 53 

 54 

According to the Food and Agriculture Organization (FAO), approximately one-third of all 55 

food produced globally for human consumption is lost or wasted. This fact denotes a 56 

significant food loss (FL) in the food supply stages of pre-and post-harvest, processing, and 57 

transportation, leading to a threat to food security (FAO, 2019; Yang et al., 2021). 58 

According to the Food Waste Reduction Alliance, the food recovery hierarchy prioritizes 59 

feeding animals over strategies, such as industrial use, composting, incineration, and 60 

landfill disposal (Tavill, 2020). Reusing FL is a circular economy practice that allows scaling 61 

in this hierarchy in developed countries, where their general disposition is landfill. Some 62 



 

FL corresponding to materials obtained as wastes from the agricultural field and 63 

agriculture-related industries from various processes, known as agro-industrial wastes, are 64 

transformed into by-product feeds (that are considered as FL generated during pre-and 65 

post-harvest, processing, and transportation of food but require treatment to be 66 

considered suitable as livestock feed). The adoption of this strategy in the dairy industry 67 

offers benefits such as reduced environmental impact (Makkar, 2018), reduces material 68 

costs (Oliveira et al., 2021), and employment (Padilla-Rivera et al., 2020). Currently, 19% 69 

of the feed consumed in livestock diets is composed of agro-industrial wastes (FAO, 2018).  70 

 71 

Despite the importance of by-product feeds for use in the dairy industry, the 72 

commercialization of many remains in a marginal market, and some efforts have been 73 

made to offer them responsibly. The University of Missouri lists the prices of these 74 

products and suppliers throughout the country (AgEBB, 2022). Another case is Feedipedia, 75 

an online encyclopedia of animal feeds that includes 166 plant products and by-products, 76 

with information that can be used to sustainably develop the livestock sector (INRAE et al., 77 

2022). Developing by-product feeds use is particularly important in emerging and 78 

developing countries, where local feed resources are often under-utilized because of a 79 

lack of information. These by-products can be incorporated directly into livestock diets 80 

through food production facilities that interact directly with local farmers (pre- and post-81 

harvest). However, the standard approach is to use an intermediary that collects FL from 82 

several producers and transforms them into by-product feeds (Tavill, 2020). 83 

 84 



 

By-product feeds come from several types of FL with different nutritional qualities. Stalks, 85 

leaves, and stems are high in acid detergent fiber (>40%) and neutral detergent fiber 86 

(>60%) but low in protein (<6%) and minerals. FL derived from the agro-industry, including 87 

oil seed meals, plant shells, seeds, fruit pulp, fruit pomace, and mushroom substrate, are 88 

low in acid detergent fiber (<50%) and neutral detergent fiber (<40) but high in crude 89 

protein (>40%) (Gowda et al., 2004; Yang et al., 2021). The livestock industry should 90 

explore the possibility of increasing the consumption of this type of biomass because it 91 

provides farmers with a cheaper alternative and benefits the health of animals (Adawiyah 92 

Zayadi, 2021). In addition, dairy production is transitioning to intensive systems owing to 93 

the scarcity of grazing land, the need for more control over animals, and higher returns 94 

from feeding systems. The broader use of by-product feeds has been recognized as an 95 

approach for improving the productivity of animal resources (Yang et al., 2021).  96 

 97 

By-product feeds face techno-economic and environmental challenges. The technical 98 

difficulties include identification, availability quantification, and location. Transitioning to 99 

emerging markets based on FL valorization implies a shift away from the traditional linear 100 

model of production, consumption, and disposal towards a circular economy model in 101 

which FL are reused considering large-scale geographic availability assessment schemes. 102 

Energy content parameters have been used to identify FL susceptible to livestock feeding, 103 

employing established methodologies based on theoretical biomass potential (Avcıoğlu et 104 

al., 2019). In Mexico, the National Renewable Energy Inventory published an atlas of 105 

energy potential, in which the production of 20 types of FL across the country was 106 



 

quantified and geographically located. The approach adopted in Mexico to quantify this 107 

biomass focuses on biotechnological and energetic uses (Mejías Brizuela et al., 2016).  108 

 109 

The location of by-product feeds with valorization characteristics in livestock diets has 110 

been examined in traditional markets (Noegroho et al., 2021) and at the district level (Ali 111 

et al., 2019) using surveys, interviews, and observations in situ. Mehta et al. (2016) used a 112 

geographic information system to map the spatial distribution of macro-nutrients from 113 

agro-industrial wastes in Australia; through survey data of different industries and 114 

nutritional information of crops. Although surveys are the best approach for obtaining 115 

realistic data on the quantification of agro-industrial wastes in a country, it is not a 116 

practical methodology. The Commission for Environmental Cooperation (CEC, 2017) 117 

presented a promising method for quantifying food losses and waste volumes at various 118 

stages of the agri-food supply chain based on FAO data (FAOSTAT, 2022) and the factors 119 

proposed by Gustavsson et al. (2013). However, there is no generalized method to 120 

quantify FL from agri-food supply chains on a national scale, nor has a systematic 121 

approach been determined to assess which of them are strategic and promising for use in 122 

the dairy industry. Quantification at the national scale is a key issue for policymakers to 123 

propose and assess scenarios for greenhouse gas emissions and link them with the 124 

national climate commitments, as well as to reduce the use and need for new agricultural 125 

land. 126 

 127 



 

The present study was conducted in Mexico, where the agri-food sector accounts for 8% 128 

of the Gross Domestic Product (SNIEG, 2019). Mexico produces more than 70 Mt y-1 of FL; 129 

79.4% corresponds to primary waste (e.g., straw from cereals, residues from fruit and 130 

vegetable processing, and crop residues), and the remainder corresponds to the residues 131 

of industrial crops (e.g., rice, coffee, tobacco, and sugar cane) (Sánchez Cano, 2019). 132 

However, the potential use of these FL in milk-producing areas close to their generation 133 

sources has not yet been explored. One case is Guanajuato State, considered the largest 134 

Mexican producer of broccoli, which generated 420,770 t of broccoli stems (considered a 135 

FL) in 2018 (SIAP, 2020a). Guanajuato hosts one of the most dairy basins in the country, 136 

with milk production estimated at 920,000 m3 in the same year (SIAP, 2020b). These 137 

conditions facilitate the development of FL valorization chains in the dairy industry, 138 

establishing semi-formal markets and reducing waste sent to final disposal sites (Quintero-139 

Herrera et al., 2021). The geographic identification and quantification of FL are crucial for 140 

incorporating them as alternative feeds in the dairy industry. These endeavors are the 141 

basis for improving the sustainability of the dairy industry as conventional feed production 142 

generates up to 69% of the total environmental impacts on dairy production in Mexico 143 

(Rivas-García et al., 2015). In addition, crop production is threatened by the high droughts 144 

to which the country is subjected and the restricted availability of new agricultural land 145 

(CONAGUA, 2019).  146 

  147 

This research aimed to make a national inventory of the localized generation of FL with 148 

the potential for use in dairy cattle diets in Mexico through a spatial approach. First, it is 149 



 

necessary to prove that FL have been used to feed dairy cattle and that there are 150 

treatments to transform them into by-product feeds through a bibliographic review. Thus, 151 

it is necessary to quantify FL generated in the pre-harvest, post-harvest, and processing 152 

stages and to examine their by-product feeds. Finally, the geographic information system 153 

correlates waste generation and dairy production per municipality. The novelty of this 154 

work is the development of a method to carry out a national inventory of FL that can 155 

replace conventional feed in livestock diets at the national scale, assisting potential 156 

emerging markets for FL recovery to integrate the agro-industrial and dairy sectors and 157 

helping decision-makers to implement strategies based on the circular economy. 158 

 159 

2. MATERIALS AND METHODS 160 

This study considers the agri-food supply chains of different agricultural foods produced in 161 

Mexico that generate FL. Some of these losses can be transformed into by-product feeds 162 

with the potential to be incorporated into livestock diets. This work designated FL that 163 

meets these requirements as “strategic food loss (SFL)”. The study was conducted at the 164 

municipal level, considering 2,463 municipalities and 80 agricultural foods. The concept of 165 

SFL was defined based on the following criteria: 166 

 167 

 Within the respective food supply chain, evidence of previous use of FL as raw 168 

material for animal feed (Section 2.1). 169 

 Knowledge about existing treatments to transform FL into by-product feeds 170 

(Section 2.1). 171 



 

 Knowledge of the availability of FL (Section 2.2).  172 

 Information on the nutritional composition of FL and by-product feeds (Section 173 

2.3). 174 

 The potential synergy fostered by employing FL and by-product feeds in dairy 175 

industry. This criterion was evaluated through the desirability function, correlating 176 

to FL and milk generation in the respective geographic zones (a more detailed 177 

description of this point can be found in Section 2.4). 178 

 179 

The methodology used to identify SFL in the dairy cattle diet is resumed in Fig. 1. The 180 

figure includes four sections separated into colors that will be explained in detail below. 181 

 182 

 183 



 

Fig. 1 Methodology for identifying strategic food losses in the dairy industry 184 

 185 

2.1 Use and treatments of food losses in the livestock diet 186 

The annual national agricultural production per municipality was taken from the open 187 

database of the Ministry of Agriculture and Rural Development of Mexico in 2020 (SIAP, 188 

2020a), considering all the agricultural foods. Then, a detailed qualitative study of FL 189 

generation in several supply chains, the use of these FL as animal feed, and these 190 

treatments to transform the wastes into by-product feeds were carried out. It was 191 

considered the feed recommended by the Subcommittee on Dairy Cattle Nutrition from 192 

the National Research Council (2001) and a bibliographic review. The study excluded 193 

agricultural foods for which neither the use of their FL in animal diets nor the treatments 194 

to transform them into by-product feeds could be found. 195 

 196 

2.2 Quantification of food losses 197 

The annual quantification of FL from each agri-food supply chain was estimated with an 198 

adjustment to the Food Loss and Waste Quantification Method proposed by Gustavsson 199 

et al. (2013) and updated to Mexico by the Commission for Environmental Cooperation 200 

(CEC, 2017). The food loss and waste method includes all the residues generated in the 201 

agri-food supply chain; however, this study considered FL only in the pre-harvest, post-202 

harvest, and processing stages. Wastes from distribution and consumption, which 203 

represent 31% of food loss and waste in Mexico (CEC, 2017), are outside the interest of 204 

this work because they cannot be considered FL, their generation sources are usually 205 



 

scattered, and it is improbable that these will remain close to intensive dairy production 206 

systems. Their quality presents much uncertainty to be considered suitable for dairy cattle 207 

consumption. In addition, estimating the volume of FL generated by production and 208 

processing is easier compared with estimation for the household and food service sectors 209 

due to standardized practices that generate by-products of known quantity (Ominski et 210 

al., 2021). 211 

 212 

Regional loss factors for the pre-harvest (Lpre), post-harvest (Lpost), and processing (Lproc, 213 

Lmill) stages of the agri-food supply chain were included for each product type to estimate 214 

FL generation. Allocation (a) and conversion (c) factors were applied to estimate the 215 

fraction for human consumption and the agricultural food (edible) fraction, respectively. 216 

These parameters were taken from the Commission for Environmental Cooperation for 217 

Mexico, being the most recent information found in the literature (CEC, 2017). 218 

 219 

FL for the pre-harvest stage (FLpre) in the agri-food supply chain for cereals, oilseeds, 220 

pulses, roots, tubers, fruits, and vegetables was estimated by Eq. 1: 221 

 222 

         Eq. (1) 223 

 224 

where the values of Lpre and a can be found in Table S1 of the Supplementary Material 225 

Section, and P is the annual production quantity (Table S2) [t y-1] extracted from the 226 

agricultural production statistics 2020 database of Mexican Service of Agri-food and 227 



 

Fisheries Information (SIAP, 2020a). FL for the post-harvest stage (FLpost, t y
-1) in the agri-228 

food supply chain for cereals, oilseeds, pulses, roots, tubers, fruits, and vegetables was 229 

estimated through Eq. 2 230 

 231 

         Eq. (2) 232 

 233 

where the values of Lpost are presented in Table S1. FL in the processing stage (FLproc, t y
-1) 234 

was estimated in the agri-food supply chain for cereals (Eq. 3) 235 

 236 

    Eq. (3) 237 

 238 

where the values of Lproc, Lmill and c are presented in Table S1; f is the fraction of food for 239 

human consumption concerning the production quantity available during one year, i.e., 240 

domestic production plus imports minus stock variation (Eq. 4). r is the fraction of 241 

processed food for human consumption concerning the production quantity available 242 

during one year (Eq. 5). 243 

 244 

      Eq. (4) 245 

 246 

      Eq. (5) 247 

 248 



 

In Eq. 4, F is the annual food for human consumption [t y-1]; while in Eq. 5, R is the 249 

processed food for human consumption [t y-1], both extracted from the Food Balance 250 

Sheets of FAO (FAOSTAT, 2022) considering the average between 2010 and 2019 in 251 

Mexico (Table S2).  252 

 253 

FL for the processing stage for oilseeds and pulses (FLproc, oilseeds) and FL for roots and 254 

tubers, fruits, and vegetables (FLproc,roots) were estimated by Eqs. 6 and 7, respectively: 255 

 256 

        Eq. (6) 257 

 258 

       Eq. (7) 259 

 260 

where e is the fraction of agri-food processed fresh (Table S1).  261 

 262 

2.3 Nutritional composition of food losses and by-product feeds 263 

The literature review also included the nutritional characteristics of the agricultural foods, 264 

AW and by-product feeds in each agri-food supply chain (Table S3). Nutritional 265 

compositions from scientific articles were prioritized, and the information was 266 

complemented with the USDA Food Composition Database (USDA, 2022) and the 267 

Feedipedia database (INRAE et al., 2022). Due to the information shortage and the fact 268 

that an important amount of FL comes from the fraction of agricultural foodstuffs lost due 269 

to the agricultural production process, it was considered that the nutritional composition 270 



 

of FL before being transformed into by-product feeds is the same as that of agricultural 271 

foods. The study excluded agricultural foods for which their nutritional characteristics 272 

were not found. 273 

 274 

The first step in calculating the annual availability of FL in the national territory is to 275 

calculate FLm,k for each m-th agricultural food in each k-th municipality [t y-1] considering 276 

the logistical capacity (Eq. 8). 277 

 278 

   Eq. (8) 279 

 280 

where     ,      , and       are Boolean factors that describe the logistical capacity to use 281 

FL in the dairy industry, with 0 being impossible to use and 1 being possible. These factors 282 

were estimated based on the bibliographic review in Section 2.1 (Table S4) considering the 283 

classification of residues described by Sadh et al. (2018). 284 

 285 

Then, FLm,k of each food was calculated based on a shared property, the gross energy. This 286 

information is key to identifying the total potential available in each FL municipality based 287 

on a common nutritional property. The annual potential gross energy of m-th FL for each 288 

k-th municipality (GEm,k, MJ y-1) was obtained (Eq. 9). 289 

 290 

       Eq. (9) 291 

 292 



 

where GEm is the gross energy of m-th FL [MJ kg-1 DM] and DMm is the fraction of dry 293 

matter content of the m-th FL concerning its fresh matter basis [kg DM kg-1 FM]. GEm,k was 294 

spatially assessed using geographic information systems software QGIS 3.18 and the 295 

geostatistical framework of the National System of Statistical and Geographical 296 

Information of Mexico (SNIEG, 2022). The results were categorized into five classes, and 297 

the Jenks natural breaks classification method was used to present the results. This 298 

method is used to group data into a set number of classes or categories based on natural 299 

breaks in the data, and the goal is to minimize the variance within each class and 300 

maximize the variance between classes (Jenks, 1967). The choice of five classes was based 301 

on the distribution of the data and the need to have sufficient number of classes to 302 

identify meaningful patterns in the data while also avoiding overfitting or underfitting the 303 

data. 304 

 305 

Eq. 8 allows for calculating the total availability of FL while Eq. 9 allows to obtain a map of 306 

the available energy from FL in the Mexican territory. However, not all of them could be 307 

valorized in dairy diets. The potential use of FL is refined through the calculation of the 308 

annual by-product feed produced after manufacturing (BFi,k, t DM y-1), which was 309 

estimated using Eq. 10. 310 

 311 

       Eq. (10) 312 

 313 



 

where TFi,m is the transformation factor that describes the mass change due to the 314 

treatment in FLm to produce the i-th by-product feed. These factors were investigated in a 315 

bibliographic review (Table S4). Then, the annual potential metabolizable energy for 316 

ruminants of the i-th by-product feed in the k-th municipality (MEi,k, MJ y-1) was estimated 317 

(Eq. 11). 318 

 319 

       Eq. (11) 320 

 321 

where MEi is the metabolizable energy for ruminants of the i-th by-product feed [MJ kg-1 322 

DM], and DMi is the fraction of dry matter content of the i-th by-product feed concerning 323 

its fresh matter basis [kg DM kg-1 FM]. The metabolizable energy was chosen because 324 

energy-rich feedstuffs are necessary for maintaining the overall health and productivity of 325 

animals; in addition, specific information of energy for ruminants is available in the 326 

databases consulted (INRAE et al., 2022; USDA, 2022). MEi,k was spatially assessed using 327 

the geographic information systems software QGIS 3.18 and the geostatistical framework 328 

of the National System of Statistical and Geographical Information of Mexico (SNIEG, 329 

2022). The outcome of these calculations is the potential availability of FL through all the 330 

available gross energy during one year (GEm,k Eq. 9) and a refined potential specifically for 331 

the dairy industry through the metabolizable energy (MEi,k, Eq. 11). 332 

 333 



 

2.4 Spatial correlation between food loss generation and milk production 334 

The aim of the spatial correlation procedure is to identify the geographic coincidence 335 

between the annual milk production in the k-th municipality (DPk, Ml y-1), obtained from 336 

the livestock production statistics 2020 database of SIAP (2020), and the metabolizable 337 

energy in the k-th municipality calculated with Eq. 11 (MEi,k). For this purpose, the global 338 

desirability method proposed by George (1994), is used for each point of DPk and MEi,k. 339 

The method transforms a multivariate optimization problem into a univariate optimization 340 

problem. This results in a numerical value representative of the relationship between DPk 341 

and MEi,k, in each k-th municipality. For this, three steps are followed: normalization, 342 

smoothing, and global desirability calculation. 343 

 344 

The normalization of the data was used to handle a standard scale between 0 and 1 345 

without distorting the differences in the intervals of values or losing information, since DPk 346 

and MEi,k have different units (Ml y-1 and MJ y-1, respectively). Smoothing of the data dk in 347 

the set of k-th municipalities was done to avoid data masking with atypical values for DPk 348 

(Eq. 12) and MEi,k (Eq. 13).  349 

 350 

      Eq. (12) 351 

 352 



 

      Eq. (13) 353 

 354 

where LIEDP and LSEDP are the lower and upper value of the DPk dataset, LIEME and LSEME 355 

are the lower and upper value of the MEi,k dataset, TDP was the target value calculated as a 356 

percentile of the DPk dataset, TME was the target value calculated as a percentile of the 357 

MEi,k dataset, αDP, αME ,βDP, and βME are exponents that serve to choose the desired form 358 

of the transformation and thus reflect the desires of the experimenter (Fig. 2). If large 359 

values are taken (e.g., α,β ≥ 10), it means that the desirability    only takes large values 360 

when it falls close to its target value; if small values are taken for α and β (α,β ≤ 0.1), it 361 

means that any value of DPk within the interval [LIEDP, LSEDP] is equally desirable; when 362 

there is no idea of degrees of desirability. Sensitivity analysis was carried out to determine 363 

the appropriate values of TDP, TME, LIEDP, LSEDP LIEME, LSEME, αDP, αME, βDP, and βME for 364 

smoothing the data (Table S5).  365 

 366 



 

 367 
Fig. 2 Desirability function of a dataset, LIEDP and LSEDP represent the minimum and 368 

maximum values of the data set, α and β are values for smoothing the dataset (George, 369 

1994). 370 

 371 

The global desirability (GDk) was obtained as the geometric mean of the individual 372 

desirability for each k-th municipality (Eq. 14). 373 

 374 

      Eq. (14) 375 

 376 

where wDP and wME are weighted functions representing the importance of each of the 377 

variables involved, in this way, a characteristic value represents an approximation 378 

between milk and FL production at a geographical level. The significance of GDk is that it 379 



 

provides a measure of the suitability of each municipality for using FL as feed. The higher 380 

the GDk, the more suitable the municipality are for using FL as feed. 381 

 382 

Values of GDk were spatially assessed using geographic information systems software 383 

QGIS 3.18, the geostatistical framework of the National System of Statistical and 384 

Geographical Information of Mexico, and considering the economic regions of Mexico 385 

(Bassols Batalla, 1979). The results were categorized into 5 classes, the Jenks natural 386 

breaks classification method for DPk, while the pretty algorithm of the statistical package R 387 

was used for GDk (Becker et al., 1989). 388 

 389 

3. RESULTS AND DISCUSSION 390 

3.1 Uses, treatment, and nutritional composition of food losses in livestock diets.  391 

The annualized open data of basic agricultural statistics at the municipal level for 2020 392 

allows the identification of 80 agricultural foods. The proposed methodology of Fig. 1 393 

filtered out twenty-nine potentially SFL. The evidence of the previous use of FL as by-394 

product feeds and the knowledge of treatment to transform FL into by-product feeds was 395 

investigated based on more than 70 scientific publications (Table 1). 396 



 

Table 1. Identification of by-products and treatments of crops grown in Mexico 397 

Crop 
By-product 
feed 

Description Treatment Country Reference 

Agave 
Agave 
bagasse 

After the agave heads are cooked, 
crushed, ground, and sugars extracted 
with water, the residual fiber can be 
used as a corn substitute. Agave 
bagasse has high lignin content, which 
generates low digestibility. 

The fiber is separated mechanically, then 
dried in the sun before being cut into 
smaller fibers for use. For use, it is cut 
into smaller fibers. A pre-treatment 
process with calcium hydroxide reduced 
lignin content and increased digestibility. 

Mexico 
        -
Cortina et 
al., 2012) 

Apple 
Apple 
pomace  

Apple pomace remains the solid 
residue after milling and pressing 
apples for cider, apple juice, or puree 
production. A by-product for sheep 
and dairy cows. 

Its usage requires its preservation by 
dehydration or ensiling. Ensiling is 
cheaper than drying. The apple waste is 
aerobically fermented with urea, 
ammonium sulfate, and minerals added. 

Mexico 
Iran 

(Alarcon-
Rojo et al., 
2019) 

Eggplant Brinjal peel 

Cows fed brinjal produced significantly 
(14.3%) more milk, as if they had been 
treated with a light hormone for only 
42 days. 

Fresh samples were cut into 1 cm sieve-
sized pieces and placed in a stifling air 
oven to dry. The dried samples were 
ground to create a homogeneous 
powder which mixed. 

Banglad
esh 

(Hossain et 
al., 2015) 

Banana 

Fermented 
banana peel 

Banana peels were obtained from a 
local banana fritter seller and a local 
market. 

The material was ensiled in two 120 kg 
plastic drums with an air-tightened cap 
for 28 days. 

Malaysia 
(Afiq Bin 
Jais et al., 
2017) 

Banana leaf, 
peel, and 
pseudostem 
hay 

It comes from ripe fruits of the cultivar 
Prata-Anã.  

The banana leaves and pseudostem were 
crushed in a stationary machine and 
were stirred to dehydration. The peel 
was dehydrated by exposure to the sun 
(5 days), crushed in a stationary mincer 
to obtain 3 to 4 cm particles, and packed 
in nylon bags for storage in a covered 
shed. 

Brazil 
(Rigueira et 
al., 2021)  



 

Ripe banana 
peel 

The peel accounts for 18-20% of the 
banana's total waste. 

Fresh samples were cut into 1 cm sieve-
sized pieces and placed in a stifling air 
oven to dry. The dried samples were 
ground to create a homogeneous 
powder which mixed. 

Banglad
esh 

(Hossain et 
al., 2015) 

Beans Beans waste 

The bean residue was composed of 
whole grains (crushed, wrinkled, 
spotted, spelled, and others), broken 
(healthy bands), or shattered (healthy 
pieces) with impurities and extraneous 
matter. 

Harvested beans were used without 
further processing. 

Brazil 

(Rodrigues 
Magalhães 
et al., 
2008) 

Blackberry 

Mulberry 
fruit in feed 
blocks. Black 
mulberry 
aerial part 

Blocks were made from fresh 
blackberries and other ingredients. 
Daily milk production increased by 30-
50%, visibly improving their health and 
intake capacity. 

Fresh blackberries were ground into a 
paste, along with urea, wheat bran, and 
dried alfalfa leaves. The mixture was 
poured into a wooden mold (6 x 6 x 4 
inches) and pressed. 

Pakistan 
(Habib, 
2004) 

Broccoli  

Florets and 
steams 

Broccoli florets and stems are 
processed broccoli by-products that 
are high in protein and fiber. A by-
product for sheep (Sánchez Cano, 
2019) and livestock (Quintero-Herrera 
et al., 2021). 

Broccoli waste was separated into 
groups, cut, and dried at 40 °C until 
constant weight was achieved. 

Spain  
(Sánchez 
Cano, 
2019) 

Pelletized 
broccoli by-
products 

The by-products of processed broccoli 
are rich in protein, vitamins, and 
phenolics. 

The broccoli waste was separated into 
groups, cut, and dried at 40 °C until a 
constant weight and pelletized. 

China 
(Yi et al., 
2015) 

Carrot Fresh carrot 
After juice extraction, surplus carrots, 
carrot tops, and carrot pomace are 
typically culled (graded out). 

These can be fed whole or chopped, 
ensiled, or dehydrated. 

India 
(Wadhwa 
and Bakshi, 
2013) 

Cauliflower 
Stems, 
Sprouts, and 
Leaves 

They are highly degradable protein 
and dry matter sources that rumen 
microorganisms can rapidly ferment. A 
by-product for livestock and poultry. 

In a pilot-scale alfalfa dehydrator, 
commercially grown cauliflower leaf 
residues were dehydrated to produce 
dehydrated meals suitable for poultry 
and livestock feed. 

Spain  
(de Evan et 
al., 2020) 



 

Chickpea 
Chickpea 
Straw and 
grain 

Chickpea straw contains slightly more 
protein than cereal straw but remains 
a fibrous forage. Chickpea seeds are 
used as a concentrate feed, replacing 
soybean meal and cereal grains.  

The secondary compounds are 
inactivated by 12-24 h of in vitro 
incubation with rumen liquor. Processing 
techniques, including dehulling, 
germination, and thermal treatment, 
remove toxic substances and improve 
intake and digestibility. 

Greece 

 (Bampidis 
and 
Christodoul
ou, 2011) 

Coffee 
Coffee pulp 
dehydrated 
and hulls 

The coffee pulp can be fed at levels 
below 20% of the diet without 
affecting milk production in cows. 
Coffee waste and by-products have 
been used in ruminants at a rate of 
10-30%.  

Coffee pulp is obtained when the coffee 
is harvested and processed wet, while 
the coffee husk is obtained when the 
coffee is processed dry. Cattle will only 
accept coffee pulp as feed if it is 
supplemented with highly palatable 
feeds, forages, and protein concentrates. 

Ethiopia 
(Wogderes
s, 2016) 

Cotton Cotton straw 
Cotton crop residues such as cotton 
straw, cotton sticks, and cottonwood 
can range from 5 to 7 t/ha. 

It is produced from nearby cotton fields 
and was ground with an 8 mm sieve.  

India 
(Kirubanat
h et al., 
2003) 

Grape 
Grape 
pomace, 
dehydrated 

Grape pomace is a mixture of skins, 
pulp, and seeds that remain after 
making wine or juice from grapes. 

Grape pomace is dried, crushed, sieved, 
and pelletized with steam conditioning at 
80 °C. 

Romania 
(Eleonora 
et al., 
2014) 

Guava 
Guava, 
waste, dried 

Guava waste is made of variable 
proportions of peels, seeds, and stone 
cells. By-product for sheep 

Collected, dried, and crushed in a disc 
crusher before being thoroughly mixed 
and stored in a well-ventilated area. 

Egypt 
(Hassan et 
al., 2016) 

Lemon 
Lemon fruits, 
dried 

Dried citrus pulp is a by-product 
created after the juice from citrus 
fruits is extracted. 

The remaining citrus pulp is dried, 
crushed, and compressed from the citrus 
juice production. 

Greece 

(Belibasakis 
and 
Tsirgogiann
i, 1996) 

Mango 
Ensiled 
mango peel 

The peel has a high value of 
antioxidant activity and 
glucose retardation index, while 
its aroma and flavor are pleasant 
but high moisture and acidity content. 

To produce good silage from mango peel 
would be desirable to mix it with dry 
materials to adjust moisture (rice Straw) 
and increase protein (Leucaena leaves) 
for proper fermentation of the ensiled 
products. 

Thailand 
(Sruamsiri 
and Silman, 
2009) 



 

Orange 
Orange 
peels, silage 

Oranges (60 %), grapefruits, and 
lemons are commonly used to make 
citrus pulp. It is perishable due to its 
high water and soluble sugar content. 

It should be sun-dried and pelleted or 
ensiled to increase density. Lime is added 
during drying to neutralize free acids, 
bind fruit pectin, and release water. 

Greece 

(Belibasakis 
and 
Tsirgogiann
i, 1996)  

Papaya 
Papaya 
pomace, 
dried 

The papaya pomace is the by-product 
containing peels and seeds obtained 
after juice extraction from fruit. It is a 
potential alternative feedstuff since it 
has a high protein content 

The residues collected in the juice 
industries were stored in a cold chamber 
at -20 °C. Then, it was pre-dried (± 4 
hours) in the sun and coarse grinded in a 
forage crusher to break the endocarp. 

Brazil 

(Augusto 
Gomes 
Azevêdo et 
al., 2011) 

Cucumber 
Silage 
cucumber 
wastes 

Cucumber waste was collected from 
greenhouses after the primary yield 
was harvested. 

The collected vegetables were cleaned 
and cut into 5-10 cm pieces before being 
mixed with 5% palm molasses and firmly 
compressed, closed, and strapped. They 
were then left to ferment at room 
temperature for 30 days. 

Saudi 
Arabia 

(El-Waziry 
et al., 
2013) 

Pineapple 
Ensiled 
Pineapple  

Pineapple waste primarily comprises 
residual pulp, peels, and skin with high 
moisture content. By-products can 
account for a huge portion of a crop 
(70-75 % w/w). 

The pineapple waste was sealed in plastic 
bags and stored for at least 21 days 
before being opened. 

Thailand 
(Suksathit 
et al., 
2011) 

Potato 
Potato skins 
and 
fragments 

Potato processing wastes include 
potato pulp, culls, skins, and grafts. 

The potatoes were steam-dried to 
remove the skin, and those not for 
human consumption were cut. 

United 
States 

(Montoro 
et al., 
2019) 

Rice Palay Rice bran 

The husk, bran, or flour obtained from 
polishing is used to make animal feed. 
Rice bran has been recommended 
because of its fatty acid composition.  

After hulling, the germ and outer bran 
are removed in a set of huller reels and 
pearling cones, in which the waxy cuticle 
is scoured off by the friction between the 
high-speed abrasive cone and its casing. 

Brazil 

(Laerte 
Nörnberg 
et al., 
2004) 

Sesame 
Sesame 
straw 

Sesame by-products in the diet 
improve protein and fiber digestibility 
in animals. Besides a high amount of 
oxalate and phytic acid, sesame seed 
contains almost no antinutritional 

No treatment. Iran 

(Kabinda et 
al., 2022; 
Shirzadega
n and 
Jafari, 



 

factors. 2014) 

Sugar cane 
Sugarcane 
tops 

They are bulky, have low protein 
(protein less than 6 % DM), and have 
fibrous material. 

No treatment. India 
(Bandeswa
ran et al., 
2012) 

Tangerine Taringe peel 
It could be used directly or after pre-
treatments for animal feed.  

It can be used as fresh or dry animal 
feed. 

Morocco 
(El Barnossi 
et al., 
2021) 

Tomato 
Tomato 
pomace 

The tomato pomace is a residue of 
skins, pulp, and seeds obtained after 
extracting tomato juice. By-product 
for goats 

Tomato pomace can be dried in the sun 
or with an industrial process. Tomato 
pomace is crushed after it has dried. 

Brazil 
(Mizael et 
al., 2020) 

Soybean 
Soybean 
hulls 

Soybean hulls are a by-product of the 
extraction of oil from soybean seeds. 
The beans are then cracked, and their 
hulls, consisting mainly of the outer 
coats, are removed. 

After entering the oil mill, soybeans are 
screened to remove broken and 
damaged beans and foreign material.  

United 
States 

(Ipharrague
rre and 
Clark, 
2003) 

Maize grain Maize cobs 
Maize cobs are a by-product of the 
maize crop, consisting of the central 
fibrous rachis. 

No treatment. Adding 1% molasses may 
help to improve intake. 

United 
States 

(Jansen et 
al., 2012) 

Wheat grain wheat bran 
Cows were fed a high-forage diet (75% 
silage DMI), supplemented with wheat 
bran and dried sugar beet pulp. 

All feedstuffs, except for forages, were 
ground (hammer milled) and premixed 
from a commercial feed mill. 

Austria 
(Ertl et al., 
2015) 

All by-products are manufactured for livestock, except those indicated in the description. 398 
 399 

 400 



 

The bibliographic review allows stating that, in recent years, the interest in using some 401 

by-product feeds has decayed due to other more interesting applications that have 402 

been found, such as the case of agave, whose current focus is on the generation of 403 

bioenergy (Alemán-Nava et al., 2018). In addition, the use of fresh agave to feed 404 

livestock is not recommended because of the high saponin content, which can induce 405 

severe diarrhea in farm animals (Pérez‐Zavala et al., 2020). The current trend focuses 406 

on valorizing vegetable waste such as eggplant, broccoli, and cauliflower. According to 407 

Statista (Shahbandeh, 2020), between 2000 and 2020, the global production volume of 408 

vegetables increased significantly, from 682 million metric tons in 2000 to more than 409 

1.15 billion metric tons in 2020. Fruits also play a significant role in animal feed; recent 410 

studies have found apples, bananas (El Barnossi et al., 2021), guavas, grapes, 411 

watermelons, and mangoes (Wadhwa and Bakshi, 2013) as suitable options for animal 412 

feed. 413 

 414 

It is also noted that energy grains have received little attention in recent years; this is 415 

understandable for beans and chickpeas because they do not have high FL and have a 416 

high energy potential for human consumption (Bampidis and Christodoulou, 2011). 417 

Some conventional feeds (soybean, maize, and wheat) have residues such as hulls, 418 

cobs, bran, husk, and straws, and their application in diets has been studied deeply 419 

(Sadh et al., 2018). 420 

 421 



 

The main problem with using FL as by-product feeds is moisture. In most treatments 422 

dehydration is done which can be solar or thermal. The drying stage represents close to 423 

90% of the energy costs in FL processing, which can be drastically reduced by using 424 

renewable energy sources such as solar-based dryers (Fausto-Castro et al., 2020). 425 

However, ensiling is still the most widely used treatment. This treatment consists of 426 

preserving the by-product feeds using fermentation that maintain them in a similar 427 

state when fresh. The nutritive elements locked up in plant cells and partly released at 428 

their death are used by lactic bacteria and transformed into lactic acid. These produce 429 

a decrease in pH and prevent the development of other harmful species (Yang et al., 430 

2019). 431 

 432 

The cases studied in Table 1 generally do not exceed 20% of the livestock diet on a dry 433 

basis, i.e., by-product feeds complement conventional feed but do not replace them. 434 

Although Mexican studies were prioritized, it was observed that there are few studies 435 

in the country focused on the identification of by-product feeds in animal nutrition, 436 

considering that more than 70 Mt y-1 of residual agricultural biomass is generated in 437 

the country (Sánchez Cano, 2019), there is an untapped potential market. The 438 

nutritional characteristics of FL and by-product feed in each agri-food supply chain 439 

were collected (Table S3). FL compositions show that vegetables have high gross 440 

energy, but their high moisture content makes them seem less relevant. This deficiency 441 

could be remedied with drying treatments, which could be problematic regarding 442 

economic and environmental impacts (Fausto-Castro et al., 2020). Treatments and 443 



 

transportation costs could affect the viability of using by-product feeds in the diet; 444 

however, research on these issues is needed. 445 

 446 

The highest energy contents are found in by-product feeds from beans, rice, and 447 

chickpea. However, recent studies do not focus on incorporating this type of food 448 

because of the priority given to its use for human consumption. FL from fruits has a 449 

GEm of around 50 MJ kg-1 DM and DMm of less than 20% (Table S3). By-product feeds 450 

nutrient compositions show that treatment is a crucial factor. When crop FL are 451 

transformed into by-product feeds, the compositions change significantly, mainly the 452 

moisture, which in the case of FL from food crops studied decreased by 60% (Table S3). 453 

The treatments presented in Table 1 improve the nutritional components of by-product 454 

feeds and make them competitive with conventional feeds. However, although FL 455 

valorization favors circular production systems, treatment challenges such as energy 456 

efficiency, GHG emissions, and costs must be addressed (Thao et al., 2022). 457 

 458 

3.2 Milk and food loss availability 459 

The availability of FL on the national scale is expressed in gross energy (Eq. 9) and 460 

presented in Fig. 3. The results consider the pre-harvest, post-harvest, and processing 461 

stages (Fig. 1), according to Table S4, for the twenty-nine SFL identified. A map with the 462 

Mexican regions is presented in Fig. S1. The gross energy availability is in line with 463 

national agricultural production since the West Central and Gulf of Mexico regions have 464 

the highest gross energy potential with 22% and 25% of the national participation, 465 



 

respectively, and the highest agricultural production in the country (SIAP, 2022). 466 

However, the municipalities with the most significant GE potential are in the North 467 

West Region, with maize cobs and ensiled pineapple as the main by-product feeds. 468 

Sugarcane represents 88.9% of the national agro-industrial share (SIAP, 2022), and its 469 

FL generation is high. In this research, the interest is sugarcane top; however, its 470 

applicability in the animal industry is controversial, mainly because it is a poor-quality 471 

forage (Sruamsiri, 2007). The interval between 29.66M and 64.36M MJ y-1 of Figure 3 472 

includes 26 municipalities, five of which are in the Gulf of Mexico Region, where the 473 

production of sugar cane, pineapple, carrot, and lemon residues stands out. The results 474 

of Fig. 3 corresponds to a national inventory of energy available for use in both the 475 

dairy industry and other livestock industries such as swine and poultry. In addition, 476 

other alternatives could be considered, such as waste-to-energy, waste-to-chemicals, 477 

and other circular economy practices (Osorio et al., 2021). 478 

 479 

Fig. 4 shows the annual milk production for each municipality in Mexico in 2020. There 480 

are two important dairy areas in Mexico: (1) the “Comarca Lagunera,” which is formed 481 

by 15 municipalities of the North Region; and (2) the “Bajio,” located in the West 482 

Central Region, accounting for 32 and 40% of national production, respectively. Some 483 

areas with high FL generation are located on the coasts (North West and Gulf of Mexico 484 

Regions), far from the areas with the highest milk production in the West Center and 485 

North Regions. However, there are zones where milk and agricultural production could 486 

co-exist.487 



 

  488 
Fig. 3 Availability of gross energy in strategic food loss of Mexico 489 



 

 490 
Fig. 4 Milk production in Mexico by municipality 491 



 

3.3 Proximity to dairy areas  492 

Fig. 5 presents the results of the correlation between the national milk production in 493 

the k-th municipality (DPk) and the metabolizable energy calculated with Eq. 11 (MEi,k), 494 

i.e., the global desirability (GDk, Eq. 14). The results show considerable potential for 495 

promoting an emerging market for the valorization of FL as food for the intensive dairy 496 

industry. Fig. 6 presents the distribution of the municipalities in the categorized classes 497 

of GDk. Two municipalities are at the top of the potential implementation use of FL in 498 

the dairy cattle diet in the North and West Central Regions (Namiquipa and San Luis de 499 

la Paz, in the states of Chihuahua and Guanajuato, respectively). Table S6 shows the 500 

main municipalities identified to apply the strategy for using FL in livestock diets. In 501 

addition, Fig. 7 reveals that in these two municipalities, SFL from carrots, maize grain as 502 

maize cobs, and apple as apple pomace are the most important sources to implement 503 

the strategy proposed in this research. 504 

 505 

Fifty municipalities are categorized into the interval 0.6-0.8 of the GDk, fourteen 506 

belonging to Guanajuato State (West Central Region) (Table S6). This state is key in 507 

agricultural production, and it is the fifth in milk production volume, with 7% of 508 

national participation (0.87 Ml y-1). Jalisco (West Central region), the state with the 509 

highest milk production in the country at 21%, also includes eight municipalities. Maize 510 

grain, carrot, sugarcane, and broccoli are some of the SFL considered in this interval 511 

(Fig. 7). The discussion is focused on the West Central Region because this zone 512 



 

represents 58% of the municipalities categorized in the interval 0.6-0.8 of the GDk (Fig. 513 

6). 514 



 

 515 
Fig. 5 Desirability function between metabolizable energy and milk production in Mexico by municipality516 



 

 517 

Fig. 6 Categorization of global desirability per municipality 518 



 

 519 

Fig. 7. The percentage distribution of available strategic food losses in each desirability 520 
function range 521 

 522 

Another interesting case is Sinaloa (Northwest Region), state with high FL generation. 523 

According to Fig. 3, only one municipality with the potential to implement the strategy 524 

proposed, due to the low milk production of this state, in part because the geographical 525 

conditions of the Sierra Madre Occidental Mountain range system discourage intensive 526 

production in dairy systems. Finally, the states of Coahuila, Durango, and Chihuahua 527 

(North Region), which account for 30% of national milk production, present only three 528 

municipalities with a high potential for FL use (Table S6) because agricultural production in 529 

the north of the country is not as important as in the center due to the presence of the 530 

Chihuahuan Desert in this zone. 531 



 

 532 

Between 0.4 and 0.6 are 262 municipalities (Fig. 6). These municipalities are scattered 533 

throughout the national territory. Therefore, no patterns indicate a high potential for 534 

implementing the proposed strategy. However, these municipalities should also be 535 

considered; they are geographically focused on the same dairy areas. In this range, the 536 

Gulf of Mexico region contributes to 45 important municipalities in agricultural 537 

production. The possibility of FL collection between nearby municipalities could be 538 

explored to facilitate the economic feasibility of implementing these FL in the dairy 539 

industry, mainly in the West Central Region, representing 38% of the municipalities with 540 

GDk>0.4 (Fig. 6). In this range, FL comes from sugar cane, carrot, maize grain, pineapple, 541 

lemon, and mango (Fig. 7), possibly producing by-product feeds such as sugarcane tops, 542 

ensiled pineapple and mango peel, and lemon dried. The remaining 2149 municipalities 543 

are in the range of GDk<0.4. These municipalities are not considered to explore further FL 544 

valorization strategies proposed in this research; South Pacific and South-Central Regions 545 

account for most municipalities in this category (Fig 6). 546 

 547 

314 municipalities were identified with some potential use of FL in the dairy industry 548 

(GDk>0.4), of which 52 have the most significant potential for implementation (GDk>0.6). 549 

Table S6 presents the SFL according to the highest GDk values. Maize, the most produced 550 

and consumed food in Mexico, is the crop with the most significant potential for use in the 551 

dairy industry for these municipalities. Other important SFL are carrots, sugar cane, 552 

broccoli, and cotton. Broccoli stands out as a strategic vegetable in the Guanajuato region, 553 



 

with 15 municipalities with high broccoli production and GDk > 0.6, encouraging 554 

researchers to investigate different strategies for using this FL (Quintero-Herrera et al., 555 

2021; Ríos-Fuentes et al., 2022). 556 

 557 

4. ISSUES AND CHALLENGES 558 

The study of the identification and location of FL considered five technical aspects to 559 

consider as strategic for potential use as feed for the intensive dairy industry; this 560 

approach is the first step to developing a market for FL valorization. This research 561 

collected a database of the nutritional composition of FL and by-product feeds, developed 562 

a regional quantification of the availability of wastes considering the pre-harvest, post-563 

harvest, and processing stages, and identified the synergy between FL generation and milk 564 

production. However, two fundamental aspects should be considered: the environmental 565 

impact and economic cost. Although nutritional contributions can indicate economic 566 

viability, precisely knowing the cost of treating these by-products will be fundamental to 567 

confirm their strategic value. Although the environmental impact of FL tends to be much 568 

lower than conventional feed, this depends on the treatment used; for example, 569 

dehydration processes require a large amount of energy, which could hinder the 570 

environmental viability of the process. Additionally, the moisture of FL increases the costs 571 

and environmental impacts of the transportation stage. 572 

 573 

As presented in this research, a circular economy approach could benefit the dairy and 574 

agricultural production supply chains. Mexico has significant problems that need to be 575 



 

solved. For example, it is estimated that by 2090, Mexico could be until 5°C increase in 576 

annual mean temperature and a 28.5% decrease in annual precipitation (Hadley Center, 577 

Canadian Center, scenario A2) (Sáenz-Romero et al., 2010). The combination of 578 

environmental elements, such as the increase in temperatures and the decrease in rainfall 579 

precipitation, will cause greater aridity conditions in the arid and semi-arid regions of 580 

México (Thao et al., 2022). Using these by-product feeds could reduce the consumption of 581 

conventional feeds, decrease the water stress caused by intensive agriculture, and reduce 582 

inputs such as fertilizers and pesticides in agricultural production. 583 

 584 

Damage pathways to the environment, such as agricultural land use and deforestation, 585 

are another problem in the Mexican context of agricultural production. In some zones of 586 

the West Central Region, such as the Bajio Dry Forest, over 80% is covered by croplands 587 

driven by the rising demand for forages and non-staple and specialty crops (Bonilla-588 

Moheno and Aide, 2020). Replacing conventional feed with SFL is undoubtedly a 589 

fundamental contribution to solve this problem. However, implementing these proposals 590 

should be addressed by policies that facilitate the development of the emergent market. 591 

E.g., it is necessary to enforce regulations to ensure the safe use of FL in livestock diets. 592 

The General Law on the Prevention and Comprehensive Management of Waste of Mexico 593 

(General Congress of the United Mexican States, 2021) was established to design market 594 

incentives to promote the recovery and integral and sustainable management of wastes. 595 

Some specific standards, such as NOM-251-SSA1-2009 (Hygiene Practices for The Process 596 

of Food, Beverages or Food Supplements) ensure the safety and quality of food products 597 



 

by requiring specific hygiene measures to be followed at all stages of production, including 598 

the selection of raw materials. However, this standard lacks the establishment of technical 599 

and sanitary requirements that FL for use in animal feed must meet. In addition, there is 600 

currently no legislation in Mexico that obliges producers and processors of agricultural 601 

food to prioritize recovery or reuse strategies over landfill disposal; these policies have 602 

been implemented in countries such as the European Union (Tarigan, 2013), United States 603 

(U.S. EPA, 2016) with positive results. Financial incentives and tax breaks should 604 

incentivize these initiatives. 605 

 606 

5. CONCLUSIONS 607 

A methodological structure was developed to elaborate a national inventory of strategic 608 

food losses in the dairy industry. This methodology was applied in Mexico and found 52 609 

municipalities with the most significant potential for using strategic food losses in the local 610 

dairy industry. Maize cobs, carrots, florets and steam of broccoli, cotton straw, and potato 611 

skins were identified as strategic food losses based on criteria such as evidence of 612 

previous use as animal feed, treatments to convert them into feed, nutritional 613 

characteristics, availability, and proximity to dairy areas. Treatment and transportation 614 

costs and the environmental impact of transforming strategic food losses into by-product 615 

feeds should be explored with a better base to support decision-making. The results of 616 

this research allow for identifying which foods are strategic and where efforts in their 617 

valorization should be directed. They are key to solving specific problems in the Mexican 618 

agricultural industry, such as agricultural land availability and water stress. 619 



 

 620 

ACKNOWLEDGMENTS 621 

S.Q.H thanks for the grant from the National Council of Science and Technology 622 

(CONACYT) of Mexico. We thank Juan Felipe Rueda-Avellaneda, Carlos Adolfo Chacon-623 

Gonzalez, Juan Manuel Hernandez-Garcia, Mirna Patricia Balderas-Gonzales, and Cindy 624 

Lisette Garza-Priego for their collaboration. 625 

626 



 

REFERENCES 627 

Adawiyah Zayadi, R., 2021. Current Outlook of Livestock Industry in Malaysia and Ways 628 
Towards Sustainability. JOURNAL OF SUSTAINABLE NATURAL RESOURCES 2, 1–11. 629 
https://doi.org/https://doi.org/10.30880/jsunr.2021.12.02.001 630 

Afiq Bin Jais, M., Jamion, A., Nadiah Mohd Rashid, H., 2017. Alternative livestock feed 631 
from fermented banana peel. Journal of Academia UiTM Negeri Sembilan 5, 1–8. 632 

AgEBB, 2022. By-Products Feed Price Listing [WWW Document]. URL 633 
http://agebb.missouri.edu/dairy/byprod/listing.php (accessed 7.26.22). 634 

Alarcon-Rojo, A.D., Lucero, V., Carrillo-Lopez, L., Janacua, H., 2019. Use of apple pomace in 635 
animal feed as an antioxidant of meat. South African Journal of Animal Sciences 49, 636 
131–139. https://doi.org/10.4314/sajas.v49i1.15 637 

Alemán-Nava, G.S., Gatti, I.A., Parra-Saldivar, R., Dallemand, J.-F., Rittmann, B.E., Iqbal, 638 
H.M.N., 2018. Biotechnological revalorization of Tequila waste and by-product 639 
streams for cleaner production – A review from bio-refinery perspective. J Clean Prod 640 
172, 3713–3720. https://doi.org/10.1016/j.jclepro.2017.07.134 641 

Ali, N., Suhartina, Muktiani, A., Pangestu, E., 2019. Inventory and mapping of food crops 642 
waste as livestock feed resources in the development of beef cattle in Majene 643 
district, West Sulawesi Province. International Journal of Scientific and Technology 644 
Research 8. 645 

Augusto Gomes Azevêdo, J., de Campos Valadares Filho, S., dos Santos Pina, D., Detmann, 646 
E., Ferreira Diniz Valadares, R., Gustavo Ribeiro Pereira, L., Krish de Paiva Souza, N., 647 
Fernando Costa Silva, L., 2011. Intake, total digestibility, microbial protein production 648 
and the nitrogen balance in diets with fruit by-products for ruminants. Revista 649 
Brasileira de Zootecnia 40, 1052–1060. 650 

Avcıoğlu, A.O., Dayıoğlu, M.A., Türker, U., 2019. Assessment of the energy potential of 651 
agricultural biomass residues in Turkey. Renew Energy 138, 610–619. 652 
https://doi.org/10.1016/j.renene.2019.01.053 653 

Bampidis, V.A., Christodoulou, V., 2011. Chickpeas (Cicer arietinum L.) in animal nutrition: 654 
A review. Anim Feed Sci Technol. https://doi.org/10.1016/j.anifeedsci.2011.04.098 655 

Bandeswaran, C., Karunakaran, R., Balakrishnan, V., Valli, C., Professor, A., Author 656 
Bandeswaran, C.C., 2012. Effect of Feeding Time on Rumen Microbial Protein 657 
Synthesis in Cattle Fed with Sugarcane Tops as Staple Roughage. Int J Vet Sci 1, 93–658 
97. 659 

Bassols Batalla, Á., 1979. México: formación de regiones económicas, Igarss 2014. 660 
Universidad Nacional Autónoma de México. 661 

Becker, R.A., Chambers, J.M., Wilks, A.R., 1989. The New S Language. Biometrics 45. 662 
https://doi.org/10.2307/2531523 663 

Belibasakis, N.G., Tsirgogianni, D., 1996. Effects of dried citrus pulp on milk yield, milk 664 
composition and blood components of dairy cows, Animal Feed Science Technology. 665 

Bonilla-Moheno, M., Aide, T.M., 2020. Beyond deforestation: Land cover transitions in 666 
Mexico. Agric Syst 178, 102734. https://doi.org/10.1016/j.agsy.2019.102734 667 

Britt, J.H., Cushman, R.A., Dechow, C.D., Dobson, H., Humblot, P., Hutjens, M.F., Jones, 668 
G.A., Ruegg, P.S., Sheldon, I.M., Stevenson, J.S., 2018. Invited review: Learning from 669 



 

the future—A vision for dairy farms and cows in 2067. J Dairy Sci 1–20. 670 
https://doi.org/10.3168/jds.2017-14025 671 

CEC, 2017. Characterization and Management of Food Loss and Waste in North America. 672 
Commission for Environmental Cooperation, Montreal, Canada. 673 

CONAGUA, 2019. Water Statistics in Mexico (Estadísticas del Agua en México). 674 
de Evan, T., Vintimilla, A., Molina-alcaide, E., Ranilla, M.J., Carro, M.D., 2020. Potential of 675 

recycling cauliflower and romanesco wastes in ruminant feeding: In vitro studies. 676 
Animals 10, 1–16. https://doi.org/10.3390/ani10081247 677 

El Barnossi, A., Moussaid, F., Iraqi Housseini, A., 2021. Tangerine, banana and 678 
pomegranate peels valorisation for sustainable environment: A review. 679 
Biotechnology Reports. https://doi.org/10.1016/j.btre.2020.e00574 680 

Eleonora, N., Alina, D., Valeria, C., 2014. Grape pomace in sheep and dairy cows feeding, 681 
Forestry and Biotechnology. 682 

El-Waziry, A.M., AlKoaik, F., Khalil, A.I., Metwally, H., Al-Mahasne, M.A., 2013. Evaluation 683 
of Tomato and Cucumber Wastes as Alternative Feeds for Ruminants Using Gas 684 
Production Technique in vitro. Asian J Anim Vet Adv 8, 821–826. 685 
https://doi.org/10.3923/ajava.2013.821.826 686 

Ertl, P., Zebeli, Q., Zollitsch, W., Knaus, W., 2015. Feeding of by-products completely 687 
replaced cereals and pulses in dairy cows and enhanced edible feed conversion ratio. 688 
J Dairy Sci 98, 1225–1233. https://doi.org/10.3168/jds.2014-8810 689 

FAO, 2019. The State of Food and Agriculture 2019. Moving forward on food loss and 690 
waste reduction, CC BY-NC-SA 3.0 IGO. ed. Rome. 691 

FAO, 2018. Global Livestock Environmental Assessment Model (GLEAM) [WWW 692 
Document]. URL http://www.fao.org/gleam/en/ (accessed 7.16.18). 693 

FAOSTAT, 2022. Food Balance Sheets [WWW Document]. URL 694 
https://www.fao.org/faostat/en/#data/FBS (accessed 2.22.22). 695 

Fausto-Castro, L., Rivas-García, P., Gómez-Nafte, J.A., Rico-Martínez, R., Rico-Ramírez, V., 696 
Gomez-Gonzalez, R., Cuarón-Ibargüengoytia, J.A., Botello-Álvarez, J.E., 2020. 697 
Selection of food waste with low moisture and high protein content from Mexican 698 
restaurants as a supplement to swine feed. J Clean Prod 256, 120137. 699 
https://doi.org/10.1016/j.jclepro.2020.120137 700 

General Congress of the United Mexican States, 2021. The General Law on the Prevention 701 
and Comprehensive Management of Waste of Mexico (Ley General para la 702 
Prevención y Gestión Integral de los Residuos - LGPGIR), Última reforma publicada 703 
DOF 18-01-2021. Mexico. 704 

George, C., 1994. A Balancing Act: Optimizing a Product’s Properties. 705 
Gowda, N.K.S., Ramana, J.V., Prasad, C.S., Singh, K., 2004. Micronutrient Content of 706 

Certain Tropical Conventional and Unconventional Feed Resources of Southern India. 707 
Trop Anim Health Prod 36, 77–94. 708 
https://doi.org/10.1023/B:TROP.0000009522.30949.1d 709 

Gustavsson, J., Cederberg, C., Sonesson, U., Emanuelsson, A., 2013. The methodology of 710 
the FAO study : “ Global Food Losses and Food Waste - extent , causes and 711 
prevention ,” SIK report No. 857. 712 

Habib, G., 2004. Mulberry-Fruit-Based Feed Blocks. 713 



 

Hassan, T.M.M., Fathy, ;, Abdel-Fattah, A.I., Farid, A.S., Kamel, E.R., 2016. Effect of feeding 714 
guava waste on growth performance, diet digestibility, carcass characteristics and 715 
production profitability of ossimi lambs, Nutrition and Feeds. 716 

Hossain, M.E., Sultana, S.A., Karim, M.H., Ahmed, M.I., 2015. Vegetable peels: a promising 717 
feed resource for livestock. Online Journal of Animal and Feed Research 5, 33–39. 718 

INRAE, CIRAD, AFZ, FAO, 2022. Feedipedia: An on-line encyclopedia of animal feeds | 719 
Feedipedia [WWW Document]. URL https://www.feedipedia.org/ (accessed 7.26.22). 720 

Ipharraguerre, I.R., Clark, J.H., 2003. Soyhulls as an alternative feed for lactating dairy 721 
cows: A review. J Dairy Sci. https://doi.org/10.3168/jds.S0022-0302(03)73689-3 722 

Jansen, C., Blanco, M., Dekkers, J., Lee, M., Nettleton, D., 2012. Breeding for cob traits in 723 
maize. 724 

Jenks, G.F., 1967. The data model concept in statistical mapping. International yearbook of 725 
cartography 7, 186–190. 726 

Kabinda, J., Madzimure, J., Murungweni, C., Mpofu, I.D.T., 2022. Significance of sesame 727 
(Sesamum indicum L.) as a feed resource towards small-ruminant animal production 728 
in Southern Africa: a review. Trop Anim Health Prod. 729 
https://doi.org/10.1007/s11250-022-03062-5 730 

Kirubanath, K., Narsimha Reddy, D., Nagalakshmi, D., 2003. Effect of Processing Cotton 731 
Straw Based Complete Diet with Expander-extruder on Performance of Crossbred 732 
Calves. Asian-Australas J Anim Sci 16, 1572–1576. 733 
https://doi.org/10.5713/ajas.2003.1572 734 

Kubicová, Ľ., Predanocyová, K., Kádeková, Z., 2019. The importance of milk and dairy 735 
products consumption as a part of rational nutrition. Potravinarstvo Slovak Journal of 736 
Food Sciences 13, 234–243. https://doi.org/10.5219/1050 737 

Laerte Nörnberg, J., Stumpf Júnior, W., López, J., Barcellos Costa, P., 2004. Value of Rice 738 
Bran as a Fat Source for Jersey Cows in Early Lactation: Apparent Digestibility  of  739 
Nutrients. R. Bras. Zootec 33, 2412–2421. 740 

Makkar, H.P.S., 2018. Review: Feed demand landscape and implications of food-not feed 741 
strategy for food security and climate change. Animal 12, 1744–1754. 742 
https://doi.org/10.1017/S175173111700324X 743 

Mehta, C., Tucker, R., Poad, G., Davis, R., McGahan, E., Galloway, J., O’Keefe, M., Trigger, 744 
R., Batstone, D., 2016. Nutrients in Australian agro-industrial residues: production, 745 
characteristics and mapping. Australasian Journal of Environmental Management 23, 746 
206–222. https://doi.org/10.1080/14486563.2016.1151838 747 

Mejías Brizuela, N., Orozco Guillen, E., Galáan Hernández, N., 2016. Use of agro-industrial 748 
wastes and their contribution to sustainable development in Mexico 749 
(Aprovechamiento de los residuos agroindustriales y su contribución al desarrollo 750 
sostenible de México). Revista de Ciencias Ambientales y Recursos Naturales 2. 751 

Mizael, W.C.F., Costa, R.G., Rodrigo Beltrão Cruz, G., Ramos de Carvalho, F.F., Ribeiro, N.L., 752 
Lima, A., Domínguez, R., Lorenzo, J.M., 2020. Effect of the Use of Tomato Pomace on 753 
Feeding and Performance of Lactating Goats. Animals 10, 1574. 754 
https://doi.org/10.3390/ani10091574 755 

Montoro, S.B., Lucas, J., Santos, D.F.L., Costa, M.S.S.M., 2019. Anaerobic co-digestion of 756 
sweet potato and dairy cattle manure: A technical and economic evaluation for 757 



 

energy and biofertilizer production. J Clean Prod 226, 1082–1091. 758 
https://doi.org/10.1016/j.jclepro.2019.04.148 759 

Mottet, A., de Haan, C., Falcucci, A., Tempio, G., Opio, C., Gerber, P., 2017. Livestock: On 760 
our plates or eating at our table? A new analysis of the feed/food debate. Glob Food 761 
Sec. https://doi.org/10.1016/j.gfs.2017.01.001 762 

National Research Council, 2001. Nutrient Requirements of Dairy Cattle: Seventh Revised 763 
Edition, 2001. The National Academies Press, Washington, DC. 764 
https://doi.org/10.17226/9825 765 

Noegroho, N., Tedja, M., Primadi, R.S., 2021. New Traditional Market based on Waste 766 
Management using 3R method (Study Case : Warung Buncit Jakarta), in: IOP 767 
Conference Series: Earth and Environmental Science. IOP Publishing Ltd. 768 
https://doi.org/10.1088/1755-1315/794/1/012203 769 

OECD, FAO, 2021. Chapter 7. Dairy and dairy products, OECD-FAO Agricultural Outlook 770 
2019-2028. 771 

Oliveira, M.M. de, Lago, A., Dal’ Magro, G.P., 2021. Food loss and waste in the context of 772 
the circular economy: a systematic review. J Clean Prod 294, 126284. 773 
https://doi.org/10.1016/j.jclepro.2021.126284 774 

Ominski, K., Mcallister, T., Stanford, K., Mengistu, G., Kebebe, E.G., Omonijo, F., Cordeiro, 775 
M., Legesse, G., Wittenberg, K., 2021. Utilization of by-products and food waste in 776 
livestock production systems: A Canadian perspective. Animal Frontiers 11, 55–63. 777 
https://doi.org/10.1093/af/vfab004 778 

Osorio, L.L.D.R., Flórez-López, E., Grande-Tovar, C.D., 2021. The Potential of Selected Agri-779 
Food Loss and Waste to Contribute to a Circular Economy: Applications in the Food, 780 
Cosmetic and Pharmaceutical Industries. Molecules 26, 515. 781 
https://doi.org/10.3390/molecules26020515 782 

Padilla-Rivera, A., Russo-Garrido, S., Merveille, N., 2020. Addressing the Social Aspects of a 783 
Circular Economy: A Systematic Literature Review. Sustainability 12, 7912. 784 
https://doi.org/10.3390/su12197912 785 

Pérez‐Zavala, M. de L., Hernández‐Arzaba, J.C., Bideshi, D.K., Barboza‐Corona, J.E., 2020. 786 
Agave: a natural renewable resource with multiple applications. J Sci Food Agric 100, 787 
5324–5333. https://doi.org/10.1002/jsfa.10586 788 

Quintero-Herrera, S., García-León, A.M., Botello-Álvarez, J.E., Estrada-Baltazar, A., Abel-789 
Seabra, J.E., Padilla-Rivera, A., Rivas-García, P., 2021. The use of broccoli agro-790 
industrial waste in dairy cattle diet for environmental mitigation. Cleaner 791 
Environmental Systems 2, 100035. https://doi.org/10.1016/j.cesys.2021.100035 792 

Ram rez-Cor na, C.R., Alonso-Gu érrez;, M.S., Rigal, L., 2012. Valorization of tequila 793 
agroindustrial residues for ruminants feeding. Revista Chapingo Serie Ciencias 794 
Forestales y del Ambiente XVIII, 449–457. 795 
https://doi.org/10.5154/r.rchscfa.2011.08.059 796 

Rigueira, J.P.S., de Jesus, N.G., Júnior, V.R.R., Monção, F.P., Costa, N.M., David, G.S.S., 797 
Vieira e Silva, F., da Cunha Siqueira Carvalho, C., 2021. Effects of different banana 798 
crop wastes on nutrient intake and digestibility, microbial protein synthesis, feeding 799 
behavior, and animal performance of ¾ Holstein × Zebu heifers in a semiarid 800 



 

rangeland. Trop Anim Health Prod 53, 209. https://doi.org/10.1007/s11250-021-801 
02660-z 802 

Ríos-Fuentes, B., Rivas-García, P., Estrada-Baltazar, A., Rico-Martínez, R., Miranda-López, 803 
R., Botello-Álvarez, J.E., 2022. Life cycle assessment of frozen broccoli processing: 804 
Environmental mitigation scenarios. Sustain Prod Consum. 805 
https://doi.org/10.1016/j.spc.2022.04.001 806 

Rivas-García, P., Botello-Álvarez, J.E., Abel Seabra, J.E., da Silva Walter, A.C., Estrada-807 
Baltazar, A., 2015. Environmental implications of anaerobic digestion for manure 808 
management in dairy farms in Mexico: a life cycle perspective. Environ Technol 36, 809 
2198–2209. https://doi.org/10.1080/09593330.2015.1024758 810 

Rodrigues Magalhães, A.L., Zorzi, K., de Queiroz, A.C., Mello, R., Detmann, E., Pereira, J.C., 811 
2008. Residue from common bean (Phaseolus vulgaris L.) processing in the rations for 812 
milking cows: intake, digestibility, milk production and composition and feeding 813 
efficienc. Sociedade Brasileira de Zootecnia 37, 529–537. 814 

Sadh, P.K., Duhan, S., Duhan, J.S., 2018. Agro-industrial wastes and their utilization using 815 
solid state fermentation: a review. Bioresour Bioprocess 5, 1. 816 
https://doi.org/10.1186/s40643-017-0187-z 817 

Sáenz-Romero, C., Rehfeldt, G.E., Crookston, N.L., Duval, P., St-Amant, R., Beaulieu, J., 818 
Richardson, B.A., 2010. Spline models of contemporary, 2030, 2060 and 2090 819 
climates for Mexico and their use in understanding climate-change impacts on the 820 
vegetation. Clim Change 102. https://doi.org/10.1007/s10584-009-9753-5 821 

Sánchez Cano, J.E., 2019. Revalorization of agro-industrial wastes (Revalorización de  los  822 
residuos agroindustriales), in: Value Chain and Innovation (Cadenas de Valor e 823 
Innovación). Universidad Juárez del  Estado de Durango, Durango, México, pp. 169–824 
185. 825 

Shahbandeh, M., 2020. Leading global producers of fresh vegetables 2020 [WWW 826 
Document]. Statista. URL https://www.statista.com/statistics/264662/top-producers-827 
of-fresh-vegetables-worldwide/ (accessed 9.7.22). 828 

Shirzadegan, K., Jafari, M.A., 2014. The Effect of Different Levels of Sesame Wastes on 829 
Performance, Milk Composition and Blood Metabolites in Holstein Lactating Dairy 830 
Cows, International journal of Advanced Biological and Biomedical Research. 831 

SIAP, 2022. Agri-food outlook (Panorama agroalimentario) 2021. 832 
SIAP, 2020a. Statistical Yearbook of Agricultural Production (Anuario Estadístico de la 833 

Producción Agrícola) [WWW Document]. URL 834 
http://infosiap.siap.gob.mx/gobmx/datosAbiertos.php 835 

SIAP, 2020b. Overview of dairy in Mexico (Panorama de la lechería en México). 836 
SNIEG, 2022. National Geostatistical Framework [WWW Document]. URL 837 

http://en.www.inegi.org.mx/temas/mg/ (accessed 2.17.23). 838 
SNIEG, 2019. Quarterly Gross Domestic Product By economic activity (Producto Interno 839 

Bruto Trimestral Por actividad económica) [WWW Document]. Sistema de Cuentas 840 
Nacionales de México. URL https://www.inegi.org.mx/temas/pib/ (accessed 841 
10.11.19). 842 

Sruamsiri, S., 2007. Agricultural wastes as dairy feed in Chiang Mai. Animal Science Journal 843 
78, 335–341. https://doi.org/10.1111/j.1740-0929.2007.00445.x 844 



 

Sruamsiri, S., Silman, P., 2009. Nutritive value and nutrient digestibility of ensiled mango 845 
by-products. Maejo Int. J. Sci. Technol 3, 371–378. 846 

Suksathit, S., Wachirapakorn, C., Opatpatanakit, Y., 2011. Effects of levels of ensiled 847 
pineapple waste and Pangola hay fed as roughage sources on feed intake, nutrient 848 
digestibility and ruminal fermentation of Southern Thai native cattle. Songklanakarin 849 
Journal of Science and Technology 33. 850 

Tarigan, P.B., 2013. A new Circular Economy Action Plan For a cleaner and more 851 
competitive Europe. J Chem Inf Model 53. 852 
https://doi.org/10.1017/CBO9781107415324.004 853 

Tavill, G., 2020. Industry challenges and approaches to food waste. Physiol Behav 223. 854 
https://doi.org/10.1016/j.physbeh.2020.112993 855 

Thao, N.T.T., Hieu, T.T., Thao, N.T.P., Vi, L.Q., Schnitzer, H., Son, L.T., Braunegg, G., 856 
Braunegg, S., Hai, L.T., 2022. An economic–environmental–energy efficiency analysis 857 
for optimizing organic waste treatment of a livestock-orchard system: a case in the 858 
Mekong Delta, Vietnam. Energy Sustain Soc 12, 25. https://doi.org/10.1186/s13705-859 
022-00347-3 860 

USDA, 2022. USDA Food Composition Database [WWW Document]. Agriicultural Research 861 
Service. URL https://fdc.nal.usda.gov/index.html (accessed 8.5.22). 862 

U.S. EPA, 2016. Food: Too Good To Waste. Implementation guide and tool kit, Department 863 
of Environmental Services. 864 

Wadhwa, M., Bakshi, M.P.S., 2013. Utilization of fruit and vegetable wastes as livestock 865 
feed and as substrates for generation of other value-added products. FAO. 866 

Wogderess, A.S., 2016. Available information on the feeding value of coffee waste and 867 
ways to improve coffee waste for animal feed, African Journal of Biology. 868 

Yang, K., Qing, Y., Yu, Q., Tang, X., Chen, G., Fang, R., Liu, H., 2021. By-product feeds: 869 
Current understanding and future perspectives. Agriculture (Switzerland). 870 
https://doi.org/10.3390/agriculture11030207 871 

Yang, L., Yuan, X., Li, J., Dong, Z., Shao, T., 2019. Dynamics of microbial community and 872 
fermentation quality during ensiling of sterile and nonsterile alfalfa with or without 873 
Lactobacillus plantarum inoculant. Bioresour Technol 275, 280–287. 874 
https://doi.org/10.1016/j.biortech.2018.12.067 875 

Yi, X.W., Yang, F., Liu, J.X., Wang, J.K., 2015. Effects of replacement of concentrate mixture 876 
by broccoli byproducts on lactating performance in dairy cows. Asian-Australas J 877 
Anim Sci 28, 1449–1453. https://doi.org/10.5713/ajas.15.0016 878 

  879 
 880 


