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Introduction: New poultry feed valorization pathways for recovered household 
food could be enabled by commercially available household devices that dry 
uneaten food material, arrest spoilage, and preserve nutrient content. However, 
the nutrient composition, safety, and feed incorporation potential of dried 
recovered household food (DRHF) is presently unknown.

Methods: Thirty-eight households spanning 31 states participated in a 4-to-
6-week survey to generate and collect food residues that were dried using an 
in-home device. The DRHF samples were evaluated for chemical composition, 
digestibility of energy and amino acids, and safety to determine their potential for 
inclusion in chicken feed.

Results and discussion: The DRHF had average levels of 15.9% crude protein, 
13.3% crude fat, and 22.6% neutral detergent fiber, and 3.18 kcal/g of nitrogen-
adjusted true metabolizable energy (by dry weight). The Windows User-Friendly 
Feed Formulation 2.1 modeler was used to perform linear programming and 
develop chicken feed rations for broilers and layers that incorporated DRHF 
alongside conventional feed ingredients, including corn, soybean meal, 
dicalcium phosphate, limestone, synthetic amino acids, salt, vitamin premix, and 
mineral premix. The feed formulation results showed that, on average, DRHF 
incorporation rates of up to 33 and 37% (by weight) are predicted to avoid any 
nutrient deficiencies or electrolyte imbalances in the broiler and layer rations, 
respectively. In the broiler ration, DRHF displaced corn, soybean meal, and 
limestone to varying degrees, while corn, soybean meal, animal fat, dicalcium 
phosphate, and limestone were substantially displaced in the layer rations. 
Addition of vitamin premix was predicted as necessary to facilitate DRHF inclusion 
in the layer rations. Furthermore, foodborne pathogens, mycotoxins, and heavy 
metals were either absent or below United States regulatory threshold levels. 
Measured levels of biogenic amines and fat/oil oxidation were consistent with 
prior research showing compatibility with chickens. These results can inform 
future in vivo feeding trials to validate the use of DRHF with varying properties in 
poultry feed.
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1. Introduction

Currently, the majority of non-industrial food waste in the 
United States is disposed of in landfills (55.9% of total non-industrial 
food waste; US Environmental Protection Agency, 2018) with minor 
fractions routed to animal feed (2.9%), composting (4.1%), and biofuel 
production (8.3%; US Environmental Protection Agency, 2018). 
Landfilling of food waste is associated with deleterious environmental 
effects, such as the emission of methane, a greenhouse gas with 80.8x 
the warming power of carbon dioxide over the first 20 years following 
its generation (Arias et al., 2021). Additional emissions stem from the 
collection, transportation, storage, and processing of food waste (Lam 
et  al., 2018). In 2015, United  States landfills were estimated to 
contribute 115.7 MT of carbon dioxide equivalent emissions to the 
atmosphere, representing the third largest source of national 
greenhouse gas emissions (US Environmental Protection Agency, 
2017). Among the organic wastes deposited in landfills, food waste 
contributes most to the degradable carbon that drives greenhouse gas 
emissions (Lee et al., 2017).

In light of the risks of landfilling organic waste, legislation has 
started to mandate diversion of such wastes, including food waste, 
from landfills in some states. For example, California (Senate Bill 
1,383), Maryland (House Bill 264), New Jersey (Assembly 2,371), and 
Vermont (Act 148) have set limits on the amount of food waste sent 
to landfills. While mitigating generation of food waste and routing 
excess edible food to humans for consumption are paramount, 
solutions are required for the residual food that will remain as part of 
the post-consumer food system (Jaglo et al., 2021). Feeding recovered 
household food to poultry has deep historical roots (Barber, 2018) and 
remains relevant today in United States urban, suburban, and rural 
regions (Blecha and Leitner, 2014; Elkhoraibi et al., 2014). However, 
this practice is primarily confined to non-commercial flocks kept by 
individual households (Blecha and Leitner, 2014; Elkhoraibi 
et al., 2014).

For commercial chicken production, feed production is a major 
determinant of overall environmental impact (Schader et al., 2015; 
Skunca et al., 2018). The use of land and other resources to produce 
animal feed can also lead to competition with human food production 
(Breewood and Garnett, 2020). Accordingly, replacement of feed 
ingredients that have high environmental impact with lower impact 
alternatives that avoid feed-food competition is an important tool for 
improving overall production sustainability (Di Paola et al., 2017; 
Searchinger et al., 2018; Skunca et al., 2018; Benavides et al., 2020). 
Research has indicated that aggregated residual food from food 
service facilities and restaurants can be processed into a dewatered 
and pelletized poultry feed (Siddiqui et al., 2021), which suggests there 
are opportunities for consolidating post-consumer recovered food for 
feed applications. Such strategies could create circular food economies 
where recovered food enables community and commercial production 
of poultry, linking agricultural and consumer-level sustainability 
practices. Assessment of this approach at community scales has 
suggested that utilization of aggregated recovered household food for 
chicken feed could have pronounced economic, energy efficiency, and 
environmental benefits for poultry meat and egg production (Hall 
et  al., 2014; Trainer et  al., 2019). Furthermore, data suggest that 
adoption of sustainable production practices could spark consumer 
interest in the resulting food products (Verain et  al., 2012). In 
particular, younger consumers are increasingly recognizing the 

importance of sustainable food systems and factoring sustainability 
into their food purchasing decisions (Su et al., 2019).

As interest in promoting food system sustainability grows, new 
household appliances have entered the market that allow recovered 
food to be milled and dried into a stable material. Manufacturers of 
these devices sometimes promote the dried material as a soil 
amendment. However, such dried recovered household food (DRHF) 
materials may also be a promising animal feed due to their being 
stabilized in the home soon after the food residues are generated. In 
this way, the nutrient content and safety of the original food residues 
may be retained. Should the DRHF be a viable animal feed ingredient, 
it could motivate new pathways to collect and utilize the dried material 
in sustainable animal production. Previous work has examined 
incorporation of post-consumer and retail-level food residues, 
including dried residues, in pig diets (Rivas et al., 1994; Myer et al., 
1998; Westendorf et al., 1998; Myer et al., 1999; Altizio et al., 2000; 
Westendorf, 2000; Adedokun et al., 2015; Dou et al., 2018). Much of 
this work has focused on scraps and wasted edible food from 
restaurants. However, the authors are aware of no studies that have 
evaluated the properties of household food residues that have been 
stabilized through in-home drying or the incorporation of such 
materials in conventional commercial poultry feed. Accordingly, the 
goals of this study were to assess the nutritional and safety properties 
of food residue samples from households using food residue 
dehydrators and conduct an initial assessment of their suitability for 
animal feed. Specifically, a survey was conducted to collect DRHF 
from households across the contiguous United States. The DRHF 
samples were screened for toxicological and microbiological hazards 
and nutritional properties, which informed linear programming to 
model the incorporation of DRHF into chicken feed rations. Both 
broiler finisher and layer rations were considered. The results are 
useful for informing future strategies to aggregate dried recovered 
household food and develop scalable valorization approaches to 
convert them into chicken feed.

2. Materials and methods

2.1. Participant selection for DRHF survey

In March 2022, a survey was conducted to identify a group of 
households across the United States that met the following criteria: 
household size greater than or equal to two, annual household income 
greater than $100,000, and a willingness to spend money to do 
something good for the environment or try new product solutions to 
help address climate change. The survey platform dscout (222 N La 
Salle St Ste. 650, Chicago, IL, United States) was used for recruitment 
and over 3,000 individuals submitted applications. Participants were 
not informed of the investigators’ identities to remove any potential 
biases. All communications were managed via the dscout platform, 
entries were submitted via text, photo, or video uploads, and responses 
were reviewed asynchronously. Of the total applicants, 40 were 
selected based on their availability to participate in a 4 to 6 week long 
survey, a qualitative assessment of their ability to provide thorough 
responses, and their state of residence.

While 40 participants accepted the invitation to join the survey and 
received the necessary materials, 2 participants stopped responding 
after the first week. The remaining 38 completed the full 4-to-6-week 
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survey. The selected participants ranged in age from 28 to 54, with an 
average age of 39.3, and represented a diverse set of industry 
backgrounds (public utility, financial services, aerospace, apparel and 
accessories, non-profit, telecommunication, education, entertainment 
and leisure, manufacturing, health care, consulting, transportation, 
government and politics, service, design consulting, legal, customer 
services, managed care, technology, retail and wholesale, banking, and 
defense). All participants reported an education level of at least ‘college-
level’, with 21 participants reporting ‘postgraduate coursework’. 34 of the 
38 participants self-reported as ‘employed full time (30 h +)’, with 1 
participant self-reporting as working ‘part-time’, and 3 participants self-
reporting as ‘homemaker’. For household ethnicity 28 of the 38 
participants self-identified as ‘White’, 3 self-identified as ‘Black or 
African American’, 2 self-identified as ‘White, Hispanic or Latinx’, 1 self-
identified as ‘Hispanic or Latinx’, 2 self-identified as ‘Asian’, and 2 
preferred not to say. Household size included adults and children, with 
37 of the 38 participants reporting living with a partner or spouse, 29 of 
which also reported having at least one child under the age of 18. The 
participant who did not report living with a partner or spouse reported 
living with a child under the age of 18. All participants reported an 
annual household income of at least $100,000, with 6 households 
earning between $125,000 - $149,999 and 22 households earning greater 
than $150,000. The households represented 31 unique states (AZ, CA, 
CO, FL, GA, IL, IN, KS, MA, MD, MI, MN, MO, NC, NH, NJ, NV, NY, 
OH, OK, OR, PA, RI, SC, TN, TX, UT, VA, WA, WI, and WV) and the 
District of Columbia, with two households represented each of the 
following 6 states: CA, CO, GA, IL, NY, and TX.

2.2. Processing and collection of DRHF

Each household received a FoodCycler™ FC-50 (Vita-Mix 
Corporation, Olmsted Falls, OH) dryer unit, a 5-gallon screw-top pail 
(ULINE, Pleasant Prairie, WI), and a cardboard tab-locking box with 
a compostable bag (Better Packaging Co., Auckland, NZ) for lining. 
Participants were asked to use the dryer for 4 to 6 weeks, which 
involved adding all of the compatible food residues generated by their 
household each day, and running a cycle when the device bucket (2.5 L 
capacity) filled up. Participants were prompted to follow guidance 
provided by the device manufacturer in the user manual. The manual 
advised against the addition of items ‘larger than the size of a human 
palm’ unless they were cut down to a smaller size to reduce stress on 
the device. Large bones (such as pork or beef bones), pits, candy, gum, 
nuts, and hard shells were specifically listed as potential hazards that 
may cause damage to the bucket and/or cause the motor to overload. 
Oil, water, and any flammable materials or compounds were also listed 
as items to avoid adding to the device. Supplemental instructions were 
also provided to participants. All vegetables, fruits, herbs, meats, dairy 
products, eggs, frozen food, chicken and fish bones, coffee grounds, 
filters, tea bags (no staple), fiber-based food packaging, and food-
soiled paper towels and napkins were listed on an ‘Ok to add’ list. The 
following items were highlighted in the ‘Do not add’ list: liquids, oils, 
grease, compostable plastic, large bones, hard shells (e.g., clam and 
oyster), wire ties, rubber bands, or other packaging. Participants were 
asked to follow the guidance to the best of their ability and report any 
items they were unsure about.

The 4-to-8-h drying and grinding cycle achieved temperatures 
of 60.0 to 80.5°C in the food material and transformed the wet 

food residues into a dried and ground output material. Participants 
were instructed to empty the output material into the 5-gallon 
pail. As soon as the 5-gallon pail was full, participants sent a 
message via the dscout platform and a courier pickup was 
requested on their behalf. If participants had not filled their pails 
after approximately 4 weeks, they were instructed to send their 
partially full pail in and continue collecting DRHF in the 
tab-locking box with the compostable bag liner. Each participant’s 
DRHF were aggregated upon reception depending on how many 
containers they filled. Additionally, a portion of each participant’s 
DRHFwas sieved to reject particles greater than 9.5 mm. Aliquots 
of 875 g of sieved DRHF from each participant were stored in 
opaque, airtight containers under ambient conditions until 
further use.

2.3. Chemical and microbiological analyses

Sieved samples from each participant’s collected DRHF were 
aliquoted into plastic bags, sealed, and shipped to external labs for 
chemical composition, lipid peroxidation, and microbiological 
analyzes. All samples were shipped at ambient temperature using 
two-day shipping. The various analyzes followed the standardized 
methodologies summarized in Supplementary material S1. Totox 
(total oxidation) number (Shahidi and Wanasundara, 2002) was 
calculated as Totox = 2 × peroxide value + p-anisidine value. The 
available phosphorus in each sample was estimated as 40% of the total 
phosphorus value. Although available phosphorus data are not 
available for DRHF in chicken feed, this conversion factor is similar 
to the available P:total P ratio found in several grains used in swine 
feed (which, like chickens, are non-ruminant animals; National 
Research Council, 1994).

2.4. Calculated and measured 
nitrogen-corrected true metabolizable 
energy

Metabolizable energy (ME) was calculated based on the following 
formula for protein-rich poultry feed (Nascimento, 2007; Alvarenga 
et al., 2011):

 ME kcal kg EE g kg NDF/ , . . / .( ) = + ×( ) − ×( )2 707 71 5 863 1 606,  (1)

where EE is ether extract (g/kg) and NDF is neutral detergent 
fiber (g/kg).

Additional DRHF samples underwent empirical measurement of 
true metabolizable energy corrected to zero nitrogen retention (TMEn; 
n = 5 cages) using a previously described method (Parsons et al., 1982). 
The DRHF samples for TMEn analysis were generated by pooling 
DRHF samples of approximately equal mass from all participants and 
then randomly sampling from different locations of the bulk material 
to compile the 1 kg of DRHF required for the analysis. The ratio 
between the average predicted ME based on the composition data and 
the average empirically measured TMEn was used to create a 
conversion factor that could adjust the calculated ME values for each 
DRHF sample to better reflect expected TMEn values.
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2.5. Digestible amino acids

Samples of aggregated DRHF (prepared as described in the 
preceding section) were processed for empirical measurement of 
digestible amino acids (n = 5 cages) using an existing method (Engster 
et al., 1985). The average measured digestibility for each amino acid 
was multiplied by the total level for each amino acid in each DRHF 
sample to predict the sample’s digestible amino acid content.

2.6. Chicken feed formulation

The Windows User-Friendly Feed Formulation 2.1 (WUFFDA2.1) 
modeling tool was used to determine DRHF incorporation rates into 
various chicken feed rations (Alhotan and Pesti, 2016). WUFFDA2.1 
uses the solver function in Microsoft Excel software to perform linear 
programming and combine a user-specified list of feed ingredients to 
match a user-specified ration nutrient profile while minimizing the 
cost of the final ration. Specifically, DRHF inclusion in Hy-Line W-36 
layer and Cobb 500 broiler rations was considered. Both breeds utilize 
indoor production systems and have been used commercially for 
decades. The layer ration corresponded to hens at 85–89% of peak egg 
production, while the broiler ration represented a finisher diet for 
chickens 23–42 days old. The nutrient criteria for each ration met or 
exceeded the nutrient requirements specified by the National Research 
Council (1994) and breeders’ recommendations (Hy-Line 
International, 2020; Cobb-Vantress, 2022) and are given in Table 1. The 
composition data for each DRHF sample were entered into the modeler 
to generate a series of corresponding feed formulations. Corn, soybean 
meal, animal fat, dicalcium phosphate, limestone, DL-methionine, 
L-lysine, L-threonine, common salt (sodium chloride), and vitamin 
premix (including choline and folate) were designated as possible 
ingredients to complement DRHF in the rations. Compositional 
properties for these conventional feed ingredients were obtained from 

the National Research Council (1994, 2012) and the National Animal 
Nutrition Program (2022). The default conventional ingredient costs 
in WUFFDA2.1 were used, which, despite continuously shifting 
market conditions, reflect the general differences in ingredient cost 
magnitude: corn, $176/ton; soybean meal, $445/ton; animal fat, $540/
ton; dicalcium phosphate, $960/ton; limestone, $160/ton; 
DL-methionine, $4,800/ton; L-lysine, $2,700/ton; L-threonine, $3,700/
ton; common salt, $50/ton; vitamin premix, $3,600/ton. To maximize 
the inclusion of DRHF, the cost of DRHF was set at $0 in WUFFDA2.1. 
Additionally, all feed ingredients were set to have upper limits of 100% 
in the final ration formulation to allow the modeler to find a solution 
that best satisfied the nutrient requirements without constraining 
ingredient selection. The resultant feed formulations were used to 
identify the upper limits of DRHF inclusion in each ration and to 
discover potential excess nutrients in the rations. In cases where 
nutrients or dietary electrolyte balance (DEB) levels (Mongin, 1981) 
were found to exceed chicken tolerances, appropriate maximum limits 
were added to WUFFDA2.1 and the feed rations were reformulated for 
each DRHF sample. Specifically, to agree with recommended poultry 
limits for sodium (0.23%; Cobb-Vantress, 2022) and DEB 
(150–250 mEq/kg with tolerance up to 350 mEq/g; Gezen et al., 2005; 
Ahmad et al., 2009; Mushtaqi et al., 2013), maximum limits of 0.23 and 
1.11% for sodium and potassium, respectively, were imposed and 
rations were reformulated. WUFFDA2.1 was also used to generate feed 
rations without DRHF inclusion to facilitate comparison of rations 
with DRHF against rations containing only conventional 
feed ingredients.

2.7. Statistical analysis

Multivariate correlation analysis of the ingredients in the feed 
ration formulations was performed in JMP Pro 16 software (version 
16.2.0, SAS Institute Inc.).

TABLE 1 Nutritional requirements in feeds for Cobb 500 broilers (for broilers from 23 to 42  days of age) and Hy-Line W-36 layers (targeted at 85–89% 
peak egg production).

Nutritional Requirements Cobb 500 Broiler Hy-Line W-36 Layer

True Metabolizable Energy (kcal/g) 3.05 2.82

Crude Protein (%) 18.50 16.00

Ca (%) 0.74 4.10

Available P (%) 0.37 0.38

Na (%) 0.16 0.18

Cl (%) 0.16 0.18

K (%) 0.60 0.60

Choline (mg/g) 0.35 1.80

Digestible Lysine (dLYS) (%) 1.06 0.74

Digestible Methionine (dMET) (%) 0.44 0.37

Digestible Total Sulfur Amino Acids (dTSAA) (%) 0.82 0.67

Digestible Threonine (dTHR) (%) 0.70 0.52

Digestible Tryptophan (dTRP) (%) 0.19 0.16

Digestible Arginine (dARG) (%) 1.16 0.79

Digestible Valine (dVAL) (%) 0.81 0.59
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3. Results

3.1. Chemical composition and dietary 
properties of DRHF

The complete set of measured values for the assays outlined in 
Supplementary material S1 are provided in Supplementary material S2. 
Select properties are summarized in Figure 1A. The drying process 
resulted in DRHF with an average dry matter content of 90.5%. 
Average values for compositional properties required for ration 
formulation in WUFFDA2.1 included 3.2% calcium, 0.72% chloride, 

15.9% crude protein, 1.1% potassium, 0.46% sodium, and 0.33% total 
phosphorus (yielding an estimate of 0.13% available phosphorus).

The mean values for crude fat and NDF were 13.3 and 22.6%, 
respectively. Individual crude fat and NDF values were used in 
conjunction with Equation 1 to calculate ME values for each DRHF 
sample. The mean calculated ME value based on DRHF composition 
data was 3.12 kcal/g whereas the mean in vivo- measured TMEn value 
was 3.18 kcal/g (Supplementary material S3). Accordingly, each 
calculated ME value was multiplied by a correction factor of 1.02 
[(3.18 Kcal/g; 3.12 Kcal/g)−1] to obtain the TMEn values inputted to 
WUFFDA2.1. For each DRHF sample, the total values for each amino 

FIGURE 1

Compositional properties of DRHF collected from participant households. Values show select proximate characteristics, elements, and TMEn (A) and 
total and digestible levels of amino acids (B). Error bars indicate one standard deviation. AR, value given in material as-received; DW, values given on 
dry weight basis.
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acid were multiplied by the corresponding average measured in vivo 
digestibility values (Supplementary material S4) to obtain estimates of 
digestible amino acid concentrations in each DRHF sample 
(Figure 1B).

3.2. Toxicological and microbiological 
properties of DRHF

Complete results for microbiological, heavy metal, biogenic 
amine, mycotoxin, and lipid oxidation assays are given in 
Supplementary material S2. There was no detection of heavy metals, 
Staphylococcus aureus, Escherichia coli, Listeria, or Salmonella in any 
DRHF samples. Additionally, most mycotoxins were not detected in 
any samples (specifically, aflatoxins B1, B2, G1, G2; deoxynivalenol; 
fumonisin B2, B3; T-2 toxin; zearalenone). There was one sample out 
of 38 that showed detectable fumonisin B1 (0.3 ppm) and 2 of 38 had 
measurable ochratoxin (2.6 to 5.8 ppb).

Biogenic amines 2-phenylethylamine, cadaverine, histamine, 
spermine, and tryptamine were not detected in any DRHF samples. 
Spermidine was detected in 2 of 38 samples at levels ranging 5.5 to 
6.1 mg/kg. Putrescine was found in 4 out of 38 samples at levels 
spanning 6.8 to 11.6 mg/kg. Tyramine was detected in 8 out of 38 
samples at levels ranging 5.3 to 21.2 mg/kg.

Thirty-one of the 38 DRHF samples contained measurable 
peroxides. For samples with non-zero values, the values ranged 2.8 to 
21.6 and the mean value was 8.4 meq/kg fat. P-anisidine values 
averaged 52.2 across all 38 samples (with values ranging 14 to 165). 
Totox values across all samples had a range of 17 to 191 with a mean 
value of 65.9.

3.3. Chicken feed rations containing DRHF

Broiler and layer rations were formulated without DRHF inclusion 
to provide baseline diets for comparison against rations containing 
DRHF (Figure 2). Both formulations contained corn as the primary 

ingredient, representing 70% broiler ration and 55% of the layer 
ration. Soybean meal content was similar in both rations (25–27%). 
The layer rations required 5–10% of animal fat, dicalcium phosphate, 
and limestone, while the broiler rations contained comparatively less 
or no amounts of these ingredients. Additionally, the layer ration 
uniquely contained 0.56% vitamin premix. Conversely, the broiler 
rations uniquely contained L-lysine (0.22%) and L-threonine (0.07%). 
Both rations contained similar levels of DL-methionine (0.20–0.27%) 
and common salt (0.34–0.37%). Both baseline rations provided 100% 
of the necessary TME, crude protein, calcium, available phosphorus, 
and sodium, but contained an excess of chloride (145–150% of target 
values) and potassium (119–137% of target values). For the layer 
ration, 100% of the required choline was provided while an excess of 
choline (439% of target) was delivered in the broiler ration. Digestible 
amino acids (dLYS, dMET, dTHR, dTRP, dARG, and dVAL) were 
supplied at levels ranging 100 to 135% of the target values in 
both rations.

Ration formulations with maximal DRHF inclusion resulted from 
linear programming with no upper limit restrictions for any target 
nutrient. Under these criteria, DRHF incorporation ranged 51–85% 
in the broiler rations, with a mean of 70%, and 22–79% in the layer 
rations, with a mean of 64% (Figures  3A, 4A). Compared to the 
baseline rations, the near total displacement of corn was the primary 
effect of DRHF inclusion (Figures 3C, 4C). The rations developed for 
broilers and layers met or exceeded all required nutrient levels 
(Figures  3E, 4E). However, ration formulations with maximal 
inclusion of DRHF often showed elevated sodium and DEB levels. As 
a result, limits on sodium, potassium, and DEB were imposed in 
WUFFDA2.1 as described in the methods and rations 
were reformulated.

The reformulated rations satisfied all nutritional requirements 
while maintaining tolerable sodium levels and electrolyte balance. 
For the broiler rations, DRHF incorporation spanned 15–68% with 
a mean value of 33% (Figure  3B). The broiler rations contained 
similar average levels of corn and DRHF with an average soybean 
meal content of 26% (Figure 3D). The rations satisfied all nutrient 
criteria, with levels close to the target values for most nutrients 

FIGURE 2

Composition of baseline feed rations (i.e., lacking inclusion of DRHF) for broilers and layers.
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(Figure  3F). Calcium levels in the rations were most variable. 
Sodium, chloride, and potassium levels remained higher than the 
target values; however, the reformulation criteria maintained a 
tolerable average DEB of 264 ± 31 mEq/kg, with none of the 
individual formulations exceeding a DEB of 300 mEq/kg. 
Multivariate analysis of the various broiler ration compositions 
revealed significant correlations between DRHF incorporation and 
other ingredient levels (Figure 5). Namely, there were significant 
negative relationships between DRHF and corn levels (p < 0.0001) 
and DRHF and limestone levels (p < 0.0001).

Similar to the broiler rations, the reformulated layer rations 
contained an average DRHF incorporation rate of 37% based on 
individual rates that spanned 21–69% (Figure 4B). Corn was the next 
greatest ingredient at 26%, followed by soybean meal at 22% 
(Figure 4D). Most nutrient levels in the rations were close to the target 
values, with available phosphorus being the exception, showing high 
variability and a mean level of 400% of the target value (Figure 4F). 
Chloride and potassium were also elevated, but, as with the broiler 
rations, the DEB was in the tolerable range, having a mean value of 
249 ± 38 mEq/kg. Multivariate analysis indicated that DRHF level had 

FIGURE 3

Incorporation of DRHF into Cobb 500 broiler finisher feed rations. Results represent DRHF inclusion without upper limit constraints for ration nutrient 
targets (A,C,E) and with maximum sodium and potassium limits of 0.23 and 1.11% imposed, respectively (B,D,F). Data show a histogram of DRHF 
inclusion in the formulated rations (A,B), the ingredient distribution in the ration formulations (C,D), and agreement with ration nutrient targets (E,F). 
Error bars represent one standard deviation. Arrows in C and D indicate the level of each ingredient in the baseline ration that lacks DRHF.
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significant negative correlations with corn (p < 0.0001), limestone 
(p = 0.002), and dicalcium phosphate (p = 0.006; Figure  6). 
Additionally, the level of DRHF exhibited a significant positive 
relationship with the vitamin premix level (p < 0.0001).

4. Discussion

Compositional data for DRHF indicated that they contain more 
protein, fat, calcium, sodium and chloride than corn, with TMEn 

comparable to corn but higher than that in soybean meal. As a result, 
the DRHF have the potential to be a suitable energy ingredient in 
poultry feed (National Research Council, 1994). Specifically, 
formulated broiler and layer rations containing DRHF satisfied the 
minimum nutrient requirements as specified by poultry genetics 
companies (e.g., Cobb and Hyline) and the National Research 
Council (1994). By comparing the baseline rations and formulated 
rations with DRHF (Figures 1, 3D, 4D), it was observed that the 
DRHF displaced approximately 50% of the corn required in both 
broiler and layer rations on average. Additionally, the inclusion of 

FIGURE 4

Incorporation of DRHF into Hy-Line W36 layer 3 feed rations. Results represent DRHF inclusion without upper limit constraints for ration nutrient 
targets (A,C,E) and with maximum sodium and potassium limits of 0.23 and 1.11% imposed, respectively (B,D,F). Data show a histogram of DRHF 
inclusion in the formulated rations (A,B), the ingredient distribution in the ration formulations (C,D), and agreement with ration nutrient targets (E,F). 
Error bars represent one standard deviation. Arrows in C and D indicate the level of each ingredient in the baseline ration that lacks DRHF.
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DRHF was predicted to partially replace soybean meal (average of 
3.7 to 10.8% decrease depending on ration), limestone (average of 
20.2 to 28.6% decrease depending on ration), and common salt (76.2 
to 78.0% decrease depending on ration) in broiler and layer rations. 
Unique to the layer ration formulations, DRHF partially displaced 
animal fat (33% decrease) and dicalcium phosphate (27% decrease), 
but required additional inputs of vitamin premix (80% increase) and 
methionine (1.3% increase). The increase in vitamin premix 
stemmed from the absence of choline data for DRHF; additional 
vitamin premix was required to compensate for the lost choline in 
the corn displaced by DRHF. Future measurement of choline in 
DRHF may show that less choline supplementation is needed, 
particularly if DRHF choline levels are comparable to corn. 
Conversely, DRHF inclusion in the broiler ration was predicted to 
require additional animal fat (1,800% increase); while a notable fold-
change, this represents an increase of 0.1 to 1.8% animal fat in the 
ration. Additionally, the broiler rations with DRHF were predicted 
to require increased supplementation with methionine, lysine, and 
threonine, with average increases in these ingredients spanning 3 to 
12%. This is primarily due to the higher protein required in a broiler 

diet as opposed to a layer diet, which requires higher energy relative 
to protein.

From an economic perspective, least cost feed formulation within 
NRC guidelines is the primary incentive for the poultry industry. 
Considering the quantity of each conventional ingredient displaced 
by DRHF, along with any additional ingredient supplementation, a 
coarse estimate of the value of DRHF can be calculated. Using the 
default ingredient costs in WUFFDA2.1, the net cost displaced by 
DRHF was $159.25/ton DRHF and $226.05/ton DRHF for the broiler 
and layer rations, respectively. At the time of this writing in December 
2022, corn prices have risen to $319.72/ton and soybean meal sells at 
$489.97/ton [United States dollars, values are averages from monthly 
price data spanning January to October, 2022; data sourced from the 
Federal Reserve Economic Data (2022)]. Keeping all other ingredient 
prices at their WUFFDA2.1 defaults, current prices for corn and 
soybean meal would raise the minimum value of DRHF to $305.97/
ton DRHF and $341.60/ton DRHF when included in broiler and layer 
rations, respectively.

Notably, the formulated rations showed highly variable levels of 
calcium (broiler rations) or available phosphorus (layer rations), 

FIGURE 5

Scatterplot matrix for feed ingredients in formulated Cobb 500 broiler finisher rations. Numbers within colored circles denote the Pearson correlation 
coefficients while the circle diameters relate to the p-values for the correlations. The intensity of the blue and red coloring in the circles indicate the 
degree of positive and negative correlation, respectively. Shaded areas around regression lines show 95% confidence intervals.
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owing to the differences in diet requirements and the variability in the 
levels of these elements within DRHF. Research has shown that the 
ratio of calcium to available phosphorus, rather than calcium levels 
alone, can influence broiler growth performance (Gautier et al., 2017). 
For formulated broiler rations, the average calcium:available 

phosphorus ratio was 4.91 (1.82% Ca/0.37% available P). Prior work 
has shown that a ratio of 4.28 (0.77% Ca/0.18% available P) did not 
significantly affect the growth of finishing broilers (Rousseau et al., 
2012). Conversely, another study observed that a ratio of 4.07 (1.1% 
Ca/0.27% available P) resulted in decreased growth, but that ratios in 
the 1.2 to 2.2 range did not show a negative growth effect (Li et al., 
2012). Examination of the Ca:available P distribution for the 
formulated rations containing DRHF showed that approximately one 
fourth of the formulations had Ca:available p values in the 1.9 to 2.2 
range (Figure 7). Approximately, 40% of broiler rations containing 
DRHF had ratios below 3. As a result, only a subset of DRHF with 
suitably low Ca may be appropriate for broiler rations. Alternatively, 
DRHF with higher Ca may require blending with lower Ca DRHF to 
achieve desired Ca:available P levels in the final ration. For layers, the 
ratio of calcium to available phosphorus in the rations containing 
DRHF (2.78,1) has not been tested in feeding trials. Previous research 
has examined calcium to available phosphorus ratios down to 3.87:1 
and found no significant impact on body weight, feed conversion, egg 
production, or egg properties (Hassan and Al Aqil, 2015). Additionally, 
excess phosphorus can be excreted by the kidneys but may require 
careful management of the excreta to avoid eutrophication (Waldroup, 

FIGURE 6

Scatterplot matrix for feed ingredients in formulated Hy-Line W-36 layer 3 rations. Numbers within colored circles denote the Pearson correlation 
coefficients while the circle diameters relate to the p-values for the correlations. The intensity of the blue and red coloring in the circles indicate the 
degree of positive and negative correlation, respectively. Shaded areas around regression lines show 95% confidence intervals.

FIGURE 7

Histogram of Ca:available P ratios in broiler rations formulated to 
include DRHF.
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1999). Nevertheless, DRHF are compositionally unique relative to 
other feed ingredients and in vivo feed trials will be  required to 
determine if additional management of the calcium levels is needed.

Based on the results of microbiological, heavy metal, biogenic 
amine, and mycotoxin analyzes, minimal concerns were identified 
for the use of DRHF in chicken feed. The fumonisin B1 
concentration (0.3 ppm) in the sole DRHF sample that contained a 
detectable quantity was considered acceptable in animal feeds based 
on FDA guidance (US Food and Drug Administration, 2001). The 
highest measured ochratoxin level in the DRHF samples was 
5.8 ppb. Although the US FDA has not established guidance for 
ochratoxin levels in animal feed (US Food and Drug Administration, 
2016), the highest observed ochratoxin level was lower than the 
limit established for ochratoxin in the European Union (100 ppb; 
European Commission, 2016).

Biogenic amines are metabolites that can be formed during the 
putrefaction of organic matter. The DRHF did not show detectable 
levels of certain biogenic amines known to affect poultry health. 
Specifically, there was an absence of histamine and cadaverine, 
which have been observed to cause reduced food intake or 
malabsorption of nutrients in chickens (Saadoun et al., 1997; Barnes 
et al., 2001). Spermine was not detected in any DRHF samples but 
is known to be linked to both toxicity and growth promoting effects 
in chickens, depending on concentration (Sousadias and Smith, 
1995). Similar effects have been detected for spermidine and 
putrescine in chicken feed. For spermidine, inclusion at 0.05% in 
the diet was found to significantly increase growth rate in chicks 
while levels at or above 0.4% inhibited growth (Smith et al., 1996). 
However, for the 2 out of 38 DRHF samples with detectable 
spermidine, the levels (approximately 0.0006%) were orders of 
magnitude below the concentrations associated with either effect. 
Similarly, low inclusion of putrescine (0.03%) in the feed of growing 
broilers improved the energy efficiency ratio (Hashemi et al., 2014) 
whereas high levels (≥0.2%) led to significantly impaired feed 
consumption and egg mass in layers (Chowdhury and Smith, 2001). 
In the 4 of 38 DRHF samples that showed measurable putrescine, 
the greatest observed level was 0.0012%, well below the known 
inhibitory level. Tyramine was the most frequently observed 
biogenic amine (detected in 8 of 38 samples), with levels ranging 
5.3 to 21.2 ppm in positive samples. There is limited research about 
the animal health effects of tyramine in chicken feed. However, as 
it is a product of meat putrefaction, tyramine has been studied in 
fermented carcasses that may be used to generate feed additives. In 
this work, 550 ppm was proposed as the limit for animal feed to 
avoid toxicity (Tamim and Doerr, 2000). The highest observed 
DRHF tyramine level, 21.2 ppm, was over an order of magnitude 
below this limit. Combined, these results indicate that the in-home 
food residue drying strategy was successful in stabilizing the food 
residues before excessive putrefaction and biogenic amine 
generation could occur.

Peroxide values measure the concentrations of peroxides and 
hydroperoxides, while p-anisidine values reflect the concentration 
of aldehydes, the oxidation products in fat. Both metrics are 
commonly used to determine the oxidative status of fat and oil in 
animal feed (Danowska-Oziewicz and Kaprińska-Tymoszcyk, 2005; 
Shurson et al., 2015). However, p-anisidine value is considered to 
be the more useful metric since it directly captures the oxidative 
products. The Totox value is a function of both the peroxide and 

p-anisidine values. Freshly refined oils usually have a peroxide value 
lower than 1 meq/kg oil; values above 10 meq/kg oil are considered 
to be oxidized (Gunstone, 2009; Frankel, 2012). Fresh oils and fats 
typically have p-anisidine values lower than 4. Oxidized fats and 
oils are indicated by p-anisidine values above 6 (Esfarjani et al., 
2019). The mean peroxide, p-anisidine, and Totox values observed 
in the DRHF were consistent with those found in heavily used 
cooking oil (Sebastian et  al., 2014), indicating a high level of 
oxidation. Presently, it is unclear if the oxidation was present in the 
original food material, perhaps owing to cooking, or was introduced 
through the foods residue heating and drying process. However, 
researchers have highlighted that no single metric can encompass 
all effects of oil and fat oxidation and their relevance to animal 
health (Liu et al., 2014). While broilers fed diets including highly 
oxidized oil exhibited decreased growth after 2 weeks of feeding 
(Enberg et  al., 1996), the peroxide value (156 meq/kg fat) was 
considerably greater than the average value in DRHF (6.9 meq/kg 
fat across all samples). Another study showed that, broilers fed diets 
that included heavily oxidized corn oil (p-anisidine values up to 
150) showed a 2.5 to 4.2% decrease in apparent ME but there was 
no measurable effect on body weight gain, feed intake, feed 
efficiency, or abdominal fat pad weight when compared against 
chickens fed a control diet (Ehr et al., 2015).

While nutritional and toxicological compatibility are crucial 
requirements for realizing commercial use of DRHF in poultry feed, 
there are additional drivers and targets for future work that can help 
to highlight the sustainability and food security benefits of utilizing 
DRHF in poultry production. Existing life cycle assessments show 
that conversion of recovered food into dry animal feed can deliver 
pronounced reductions in greenhouse gas emissions compared to 
landfill disposal. Emissions reductions were on par with, or in some 
cases exceeded, reductions achieved through diversion from 
landfilling to composting (Shurson, 2020). Routing of DRHF into 
poultry feed may lower emissions compared to landfilling by 
decreasing the water weight and thus the fuel needed to transport 
the recovered food as well as avoiding methane production from 
anaerobic digestion in landfills. Displacing a fraction of 
conventional poultry feed ingredients can also avoid the embedded 
emissions associated with their cultivation, processing, and 
distribution. The energy use to dry recovered household food is a 
determinant of the carbon footprint for DRHF production. As a 
result, future work to optimize the efficiency of the drying process 
and understand the impact of the local electricity grid energy 
profile (specifically, the mix of renewable versus non-renewable 
sources) on the embedded emissions during drying will 
be important for maximizing environmental benefits. Moreover, 
while this study focused on DRHF generated from households 
across the United States, the DRHF-to-poultry feed pathway also 
warrants investigation in developing countries as a potential 
mitigating strategy for conventional feed supply chain disruptions, 
which can severely affect poultry production in these regions (Attia 
et al., 2022).

5. Conclusion

This study provides the first detailed report on the proximate, 
chemical, toxicological, and digestibility properties of recovered 
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food from households that has been processed using commercially 
available in-home drying devices. Here, the data were used to assess 
compatibility of DRHF with chicken feed. However, these data may 
also enable ration formulations for other livestock as well as 
facilitate research into other bioconversion strategies to 
valorize DRHF.

The feed modeling results presented in this study can inform 
future in vivo feeding studies to investigate the performance of 
chicken feed rations containing DRHF. The results of this work 
suggest that DRHF is a suitable nutrient source for poultry. 
Specifically, linear programming to formulate chicken feeds that 
include DRHF alongside conventional feed ingredients indicated that 
average DRHF inclusion rates up to 33 to 37% (by dry weight) can 
be achieved in broiler finisher and layer diets, meeting nutritional 
requirements while avoiding excessive sodium and electrolyte 
balance issues. Predicted calcium and available phosphorus levels in 
the formulated broiler and layer rations, respectively, were highly 
variable. For available phosphorus, the average level was outside the 
concentrations examined in prior feeding studies. DRHF screening 
and aggregation strategies, along with consideration of additional 
formulation algorithms, may help to control the variability of these 
nutrients in rations. These strategies could include measuring 
calcium and available phosphorus levels in individual batches of 
DRHF and either rejecting those with excessive levels or selectively 
aggregating them with other DRHF batches that are lower in calcium 
and phosphorus to achieve acceptable levels.

This initial assessment of feed potential focused on major 
dietary nutritional requirements; however, a complete assessment 
of available micronutrients (vitamins and trace minerals) should 
also be  performed for DRHF ahead of in vivo feed trials. 
Additionally, while the ration formulations focused on Cobb 500 
broilers and Hy-Line W-36 layers, these breeds have similar 
nutrition requirements to other popular breeds (e.g., Hy-Line W-80 
and Hy-Line Brown for layers, Cobb 700 for broilers). As a result, 
the developed rations provide insight into the potential to 
incorporate DRHF into a broad range of chicken feed rations.

The toxicological screening results indicated that there were no 
detectable levels of heavy metals, common foodborne pathogens, and 
most major mycotoxins in rations containing DRHF. Sparsely 
detected levels of fumonisin B1 and ochratoxin were below 
concentrations that are expected to be hazardous. Biogenic amines 
were largely absent in the DRHF and those that were detected were 
present at levels that are not expected to impact chicken growth or 
performance. Indicators of fat and oil oxidation were consistent with 
levels in the literature that have not affected broiler performance. As 
a result, it is likely that DRHF can be safely included in poultry feed.

Based on the net cost displaced by the DRHF in each ration, the 
minimum potential value of the DRHF is expected to fall between 
that of corn and soybean meal. To better understand the economic 
incentives associated with DRHF incorporation into chicken feed, 
additional analysis is warranted to examine the minimum potential 
value of DRHF in relation to the conventional feed ingredients that 
it displaces, considering previously observed or anticipated changes 
for the prices of these ingredients. Understanding more granular 
economic decision making, including regional pricing, spot markets 
and alternative ingredients, will be necessary to better evaluate the 
true economic value of this alternative feed. The displacement of 
conventional feed ingredients also has sustainability implications 

that may enhance the value of DRHF. The feed formulations 
identified in this work can inform life cycle assessments to quantify 
changes in land use, resource inputs, and environmental impacts 
due to the inclusion of DRHF in animal feed in lieu of other 
cultivated ingredients, such as corn. Together, the results of the 
present work and those of future related studies may motivate 
policy and industry action to promote the use of DRHF in 
animal feed.
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