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ABSTRACT

The dairy cattle industry is expanding rapidly to accommodate
the growing demand for human consumption. This results in high
cattle feed production. This study aims to forecast the amount of
maize residue and calculate the circularity level of using maize
residue as a feedstock for total mixed ration feed production in dairy
cattle feed production. The multiple linear regression analysis is
performed to predict maize yields in Thailand so that maize residues
can be calculated and used in feed production. The material circularity
indicator is also used with biological cycles to assess the circularity
level of dairy cattle feed production under the circular economy
concept. The results show that the maize yield is expected to
increase, resulting in more maize residues. The use of maize residues
in daily cattle feed production gives the MCI value of 0.6038,
representing a high degree of circularity and explaining the
sustainable management of wastes in the cattle feed industry.
Moreover, using maize residues as a part of feed ingredients instead
of the Napier grass saves the cost by 14.2%. The study results
provide a guideline for farmers and related authorities to plan for
managing maize residue in daily cattle feed production to lower
operation costs and minimize environmental problems.
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INTRODUCTION

The dairy cattle industry is expanding rapidly to serve human
consumption demand and the growing population. In 2015-2019, the demand
for dairy cattle consumption in Thailand increased by an average of 6.62% per
year, raw milk production increased by 2.97% per year, and the demand for
milk consumption increased by 2.99% per year (Pattamanont et al., 2022).
There were 710,445 million dairy cattle in 2020; this increased from 2019 by
6.62% (Department of Livestock Development, 2019; Department of Livestock
Development, 2020a). As a result, the demand for feed consumption for total
dairy cattle was increased to 1.04 million tons in 2020 to serve the nutrient
requirement of dairy cattle in Thailand (Thai Feed Mill, 2021).

Maize is one of the most important cereal crops grown for dairy diets
worldwide (Silva et al., 2015). Office of Agricultural Economics (2020) revealed
that the maize harvested area in Thailand was 1,100,907 ha in 2020, with an
estimated total maize yield of 4.8 million tons per year or 698 kg per rai and
an annual growth of 10.2 %. Maize harvesting brings many residues, mainly
leaves, stalks, husks, cobs, roots, and dust (Punyalue et al., 2018; Department
of Alternative Energy Development and Efficiency, 2016). Rusinamhodzi et al.
(2015) mentioned that maize residues may be used for animal feed and soil
fertility. Tian et al. (2016) assessed the impacts of various proportions of maize
residues on soil retention and forage on soil total organic carbon, total nitrogen,
carbon/nitrogen ratio, grain yield, economic benefits, and nutritional contents
of removed residues. The results show that the crop yield is improved when
the residue retention increases. Mupangwa et al. (2019) examined the crop
yield when different amounts of maize residue were used as soil cover in
Southern Africa and concluded that using maize residue increases grain yield
by 20% across the sites operated. Mazurkiewicz et al. (2019) analyzed the
possibility of using methane fermentation maize straw harvested in different
weather conditions in Central-Eastern Europe. They concluded that maize straw
could be a good substrate for the biogas plant. Klopfenstein et al. (2013) stated
that maize residue can be used as a roughage source in finishing diets, mixed
with wet byproducts, and fed as an energy source to cattle or beef cows. Silva
et al. (2015), however, mentioned that the residues are mostly burned or
plowed into the soil, even though they can be used as energy and fiber sources
for dairy cattle to promote high intake and milk production. If the maize
residues are fully utilized in the cattle industry, they will benefit the industry
and the environment (Kahyani et al., 2019).

The circular economy (CE) concept has recently been considered in waste
management. It is a regenerative economic system in the value chain to
optimize waste management (Blomsma and Brennan, 2017; SCG, 2023). CE is
based on the make-use-return practice in the closed-loop system with
appropriate processes. At the same time, the linear economy focuses on using
resources to produce the product, and that waste is discarded and not recycled
(Hetbroenebrein, 2023). The business model must shift from the linear
economy to the CE to modify the emerging resource shortage crisis, use fewer
raw materials, and contribute to sustainable growth (Jahier, 2018; Ellen
MacArthur Foundation, 2023a).

Therefore, this study aims to predict maize yields in Thailand and
examine the level of circularity in dairy cattle feed production from the use of
maize residues. Multiple linear regressions (MLR) and material circularity
indicators (MCI) are the main approaches to achieving the research aims. The
study results are expected to give insights into sustainable maize residue
management. Several objectives are listed to achieve the research aims.

Open access freely available online NAT. LIFE SCI. COMMUN. 2024. 23(1): E2024006




N LS Natural and Life Sciences Communications: https:// cmuj.cmu.ac.th

e To extract key factors affecting the maize yield from the Thai and
abroad literature.

e To conduct the MLR analysis to predict the maize yield in Thailand.

e To calculate the MCI from using maize residues in the daily cattle feed
production to achieve circularity and sustainable development.

MATERIALS AND METHODS

Multiple linear regression (MLR) model

MLR is an extension of simple linear regression used to predict the value of
a variable based on the value of two or more other variables. The variable required
to indicate is called the dependent variable, and the variables used to predict the
value of the dependent variable are called the independent variables or the
predictors (Laerd Statistics, 2018). Several forecasting studies have been
conducted utilizing the MLR method. For example, Sathya and Gnanasekaran
(2023) utilized the MLR-LSTM model to predict the paddy vyield in the Tamil Nadu
Delta, India. Piekutowska et al. (2021) applied the MLR and artificial neural
network models to predict the yield of very early potato cultivars before harvesting
in Poland. Jantankaew and Soonthornphisaj (2023) used regression algorithms to
predict maize prices sold by Thai farmers.

In this study, maize yield prediction involves forecasting maize yield based
on historical data, such as historic maize yield and soil, rainfall, and weather
parameters, see Equation 1, where yiis the dependent variable, which is the maize
yield, xiis an independent variable, which is the factor that affects the farmer's
maize production, Bois the y-intercept (constant term), Bn is slope coefficients for
each independent variable, € is a random disturbance, and i is several observations
(Laerd Statistics, 2018; Shastry et al., 2017).

¥i = Bo+ BiXis + -+ BuXin + € (1)

Key factors affecting maize yield in this study are extracted from the maize-
and agricultural-related literature from Thailand and other countries. For example,
Tofa et al. (2022) mentioned that nitrogen (N) and phosphorus (P) fertilizers affect
maize productivity in Nigeria. Li et al. (2023) optimized the N, P, and potassium
(K) fertilization regimes to improve maize productivity in China under double
ridge-furrow planting with full film mulching. Baffour-Ata et al. (2023) explored
the effects of rainfall and temperature variability on maize yield in Ghana. They
concluded that the increase in annual rainfall and temperature patterns
significantly affect maize yield positively. Supasri et al. (2021) stated that maize
seed and N, P, and K fertilizers are crucial factors in maize cultivation in Thailand.

Based on the above literature, the maize yield in this study is affected by six
key factors: maize cultivation area, maize seed, effective rain, and N, P, and K
fertilizers, see Figure 1 (Niedbata, 2018). Data used in the MLR analysis to predict
the maize yield in Thailand are retrieved from the Office of Agricultural Economics
(2020) and Meteorological Information Research and Developments (2023), see
Table 1.
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Independent Variable(X) Dependent Variable(Y)
MA MY  Maize cultivation area (ra1) MY Maize yields (kg/ra:)
S MY  Maize seeds (kg/rai)

ER. MY  Effective rain (mm)

Nitrogen added through

e e

P,0; MY Phosphorus (kg/rai)

K;0 MY Potassium (kg/rai)

Figure 1. Factors affecting maize yield in this study.

Table 1. Data used in the MLR analysis (Office of Agricultural Economics, 2020;
Meteorological Information Research and Developments, 2023).

Year MY MA_MY S_MY ER_MY N_MY P20s_MY K;O0_MY

2010 646 139,680 299 64.66 811 558 595
2011 657 136,399 379 8268 961 735 577
2012 692 173,328 3.57 5830 818 6.86 553
2013 676 192,378 3.02 7102 891 6.92 6.23
2014 676 189,443 3.00 77.38 917 781 6.15
2015 652 149,240 362 5194 748 466 567
2016 689 176,700 3.39 7102 762 443 591
2017 737 174,584 352 94.34 8.37 572 6.16
2018 745 183,128 345 5830 9.36 643 6.86
2019 674 226,475 312 64.66 846 582 621
2020 678 227,550 3.00 8268 851 585 6.25

According to Laerd Statistics (2018), the steps of MLR analysis are as follows.

e Perform the backward elimination to specify how independent variables
(i.e., six key factors affecting the maize yield in Thailand) are entered
into the analysis. The variables with the smallest partial correlation with
the dependent variable are removed. The procedure ends when no
variables in the equation satisfy the removal criteria.

e Input the data into the model and calculate the adjusted R?, the
adjusted coefficient of determination. A value closer to 1 indicates good
model results.

e Calculate the coefficients of the independent variables and test the
multicollinearity between them using the variation inflation factors
(VIF). The value lower than the threshold of 10 indicates no
multicollinearity problems (Mohammed, 2021).

e Summarize the MLR equation used in the maize yield prediction.
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Circular economy (CE)

CE is designed under the concept of recycling waste, focusing on
effectively using resources to minimize waste management problems. It
considers the 3Rs: reduce, reuse, and recycle (Hetbroenebrein, 2023; De
Oliveira Neto et al., 2023). This concept works in the long term and focuses on
value preservation. The CE model has two different cycles: biological and
technical cycles. Organic materials and products are returned to the
bioeconomy in the biological cycle through regenerating natural systems. In
the technical cycle, on the other hand, products, components, and materials
are kept in the market at the highest possible quality and for as long as possible
through repair and maintenance, reuse, refurbishment, remanufacture, and
ultimately recycling (Ellen MacArthur Foundation, 2023a; Chorolque et al.,
2022).

The concept of circularity for biological cycles

Biological cycles enable the recycling of bio-based material back into the
manufacturing processes and new applications (University of Helsinki, 2023).
Composting provides an inexpensive alternative for the disposal of animal-
based wastes and other biological residuals in the agricultural sector (Ayilara
et al., 2020). It is a natural, biological process by which organic material is
decomposed. It is also the fast aerobic degradation of biodegradable organic
wastes. Generally, it takes 4-6 weeks for the degradation. This compost
material is odorless, soft, not stiff, dark brown, and has a fine texture and a
moisture content of 40-50% (Rayne and Aula, 2020).

Consequently, cow manure is considered in this study with biological
cycles to maintain soil fertility for growing certain crops. Biogas generated in
the process is also considered in this study for energy production (Organics
Group, 2022). Biogas is produced during the anaerobic digestion of organic
materials, which contains methane (CH4) by 50-70%, carbon dioxide (CO2) by
30-40%, and the remaining gases, such as ammonia (NH3), hydrogen sulfide
(H2S), and water vapor (H20) (Department of Alternative Energy Development
and Efficiency, 2016). The types and contaminants in biogas depend on the
sources of raw materials used in the production. The biogas produced from
livestock waste accumulation is affected by different factors, such as animal
feeding systems, animal proportional weights, and total solid wastes
(Shapovalov et al., 2020).

Material circularity indicator (MCI)

MCI is used to identify the degree of circularity of materials from their
products and mitigate material supply (Ellen MacArthur Foundation, 2023a). It
was developed by the Ellen MacArthur Foundation and constructed by first
computing virgin feedstock, see Equation 2, where V is the mass of virgin
material, M is the mass of the product, Fr is the fraction of mass of recycled
feedstock, Fuis the fraction from reused sources, and Fs is the fraction of mass
of a product’s biological feedstock from sustained production.

V =M(1—-Fg —Fy —F) (2)

Unrecoverable waste through a product's material going into landfill (Wo)
is subsequently calculated, as shown in Equation 3, where Cr is the fraction of
the mass of the product being collected for recycling, Cu is a fraction of the
mass of a product that is going into reuse material, Cc is a fraction of mass of
a product being collected going into a composting process, and Ck is a fraction
of mass of a product being collected for energy recovery. The Ce in Equation 3
is calculated using Equation 4, where Ee is the energy recovery efficiency into
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biological materials and Bc is carbon content (default value of 45%) (Ellen
MacArthur Foundation, 2023a). Ee is achieved through Equation 5, where Er is
energy recovered (in MJ or BTU), HHV is a higher heating value (in MJ or BTU),
and Ms is the mass of biological material.

Wy =M(1—Cg — Cy — Cc — Cg) (3)
Cg = Eg X Be (4)
Eg = (ER/(HHV X MB)) (5)

Mass of unrecoverable waste from the recycling of a product is then
achieved, as shown in Equation 6, where Ec is the efficiency of the product
collected for recycling, and CR is a fraction of the mass collected for a recycling
process. The mass of unrecoverable waste generated when producing recycled
feedstock for a product is given in Equation 7, where Er is the efficiency of the
recycling process used to produce recycled feedstock. The overall amount of
unrecoverable waste (W) is then achieved by considering Wo (in Equation 3),
Wec (in Equation 6), and Wk (in Equation 7), as shown in Equation 8. The linear
flow index (LFI) is calculated, as shown in Equation 9. It measures the
proportion of material flowing in a linear from virgin materials and as
unrecoverable wastes.

We = M(1 — Ec)Cr (6)

Wy = (M(l—E];::F)FR) (7)

W= W_O + ((WF+WC)/22) (8)
_ V+W

LFI = ——wrwey (=) (9)

The utility (X) is then calculated using Equation 10, where L is the actual
average lifetime of a product, L_av is the average lifetime of an industry-
average product of the same type, U is the actual average number of
functional units achieved during the use phase of a product, and U_av is an
average number of functional units achieved during the use phase of an
industry's average product of the same type. The MClI is finally calculated, see
Equations 11-13, by considering the LFI of the product and a factor F(X),
which is a function F of the utility X. Setting X of 0.9 ensures that the MCI
takes, by convention, the value 0.1 for a fully linear product as LFI = 1 (whose
utility equals the industry average as X= 1). The MCI gives a value ranging
from 0 to 1, where higher values indicate higher circularity. When MCl is 1, a
product has a full restorative flow irrespective of the product's utility (Ellen
MacArthur Foundation, 2023a).

x= () () (10)
MCI} = 1 — LFI x F(X) (11)
F(X) = °X;" (12)
MCI, = (0, MCI}) (13)
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Modified MCI for biological cycles

MCI calculation proposed by the Ellen MacArthur Foundation is based on
the condition that the mass of the product must not change from production to
end of use, and there is no material loss from the process of collecting the
product for reuse (Ellen MacArthur Foundation, 2023b). The MCI only focuses
on the technical cycles and does not cover the biological cycles commonly
occurring in cattle livestock (Akerman, 2016). This might not be appropriate
for dairy cattle feed production, as the product may be consumed or burned.
The product is lost during the process when dairy cattle consume the feed.
Hence, the MCI should be modified to match the biological cycles of dairy cattle
feed production in the dairy cattle industry. It should consider the utilization of
the waste generated after the consumption of cattle in farms and wastes
excreted as cattle manure (Phimphakarn et al., 2021). Equation 3 is modified,
as in Equation 14, where W_0 is the mass of unrecoverable waste through the
product. It is calculated by adjusting the mass of the final product (M) to the
mass of the waste generated from the use phase of the final product (W_m),
which is the mass of the total cattle manures. Likewise, the definitions of CR,
CU, CC, and CE are also modified as the fraction of the mass of cattle manure
collected for recycling, reusing, composting, and energy recovery, respectively.
Nevertheless, other MCI calculation equations do not need to be adjusted.

Wy = W (1 —Cgr — Cy — C¢ — Cg) (14)

RESULTS

Maize yield prediction and maize residues

Six key factors affecting the maize yield in Thailand are analyzed with the
MLR method. The backward elimination results reveal that the maize cultivation
area (MAwmy) has the smallest partial correlation with the maize yield (MY); thus
it is removed from the analysis, resulting in five key factors affecting the maize
yield, including maize seeds (G_MY), effective rain (ER_MY), N fertilizer
(N_MY), P fertilizer (P205_MY), and K fertilizer (K20_MY). The adjusted R2 is
calculated as 0.825, closer to 1, revealing good model results. Figure 2 shows
the coefficients, where the K20_MY has the most effect on the maize vyield,
followed by the G_MY, N_MY, P205_MY, and ER_MY, respectively. The
calculated VIF values confirm the non-multicollinearity of the five factors as
they fall within the threshold value of 10 (Mohammed, 2021).

Coefficients”
Standardized
Unstandardized Coefficients Coefficients
Model B Std. Error Beta t Sig
2 (Constant) -101.580 115.755 -.878 420
G_MY 102.719 19,237 958 5.340 .003
ER_MY 714 271 385 2.640 046
N_MY -90.487 21.479 -1.947 -4.213 008
P205_MY 43.589 11.492 1.453 3.793 013
K20_MY 145.485 22,276 1.639 6.532 .00
a. DependentVariable: MY

Figure 2. Coefficients of factors affecting maize yield.
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The coefficient values in Figure 2 are input into Equation 1 to achieve the
equation used in the maize prediction in Equation 15.

MY = —101.58 + (145.495 x K,O0py) + (102.719 X Gyy) — (90.487 x
Nmy) + (43.589 x P,0s,,. ) + (0.714 X ERyy) (15)

Maize yield in 2022 is then predicted based on Equation 15. According to
Srisaikham and Lounglawan (2021), it is recommended that 3.5 kg of maize
seed be used per rai (i.e., Guy = 3.5). The nutrients of N, P, and K fertilizers
(Nmy, P20swy, and K20Owmy) should be 7.5, 3.27, and 6.23 kg/rai, respectively
(National Bureau of Agricultural Commodity and Food Standards, 2010). The
effective rainfall value (ERwmy) is set at 110.24 mm (Meteorological Information
Research and Development, 2023).

Inputting the above data into Equation 15, the maize yield prediction in
2022 is 706.54 kg/rai or 4,415.88 kg/ha. Based on this maize yield, the cattle
feed industry can analyze the agricultural waste from maize residues used as
feedstock in cattle feed production. The proportion of agricultural wastes from
maize residues, including maize stalks, leaves, roots, husk, and maize cobs,
are 0.44, 0.31, 0.45, 0.16, and 0.21 kg maize residues per kg of maize yield,
respectively (National Bureau of Agricultural Commodity and Food Standards,
2010; Meteorological Information Research and Development, 2023).
Consequently, maize residues of stalks, leaves, roots, husk, and cobs based on
the maximum maize yield in 2022 are calculated as 307.49, 218.85, 206.55,
113.05, and 150.24 kg/rai of maize residues, respectively. According to the
Office of Agricultural Economics (2021), approximately 79.27 % of the
agricultural waste of maize residues is used for dairy cattle feed, which helps
preserve the environment.

Results of maize residues used in dairy feed production

In this study, eight Holstein Friesians male dairy cows of about 2-3
months old (near weaning) weighing 100 kg each are used in the experimental
period of 126 days. Male dairy cows weighing 100 - 200 kilograms can grow
up to 1 kg per day. They require approximately 16% dietary protein and at
least 68% digestible nutrients. General dairy cattle feed should have roughages
with a concentration ratio (R:C ratio) of 60:40 (Srisaikham and Lounglawan,
2020; National Research Council, 2001). The dairy cattle feed ingredients (total
mix ratio, TMR) are shown in Table 2. The total TMR feed is produced at 100
kg per cycle. Approximately 60% of TMR feed is from maize residues, with the
remaining 40% from other feed ingredients (National Research Council, 2001).
In 2021, dairy cows had a TMR feed demand of 1.07 million tons. With 5.433
million tons of maize residues mixed with other feed ingredients, it can produce
about 9.055 million tons of TMR feed, which is sufficient for the consumption
of dairy cattle.

Table 2. TMR of the daily cattle feed ingredients.

Source of raw material Feed ingredient Quantity (kg/cycle)
Casava chip 2.5
Energy source Cavalcade straw 13.0
Maize residue silage 60.0"
Plant protein source Soybean meal 24.0
Mineral supplement Dicalcium phosphate 0.5
Total 100

Note: *With the R:C ratio of 60:40, 60 kg of TMR feed is from maize residues, with the remaining 40 kg are from other feed
ingredients, including the casava chip, cavalcade straw, soybean meal, and dicalcium phosphate (Srisaikham and Lounglawan,
2020; National Research Council, 2001).
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Implementation of circularity in dairy cattle production

This study considers the circularity in the dairy cattle industry in terms of
biological cycles. The system boundary of feed production and the utilization of
dairy cattle manure in terms of biological cycles are shown in Figure 3. TMR
feed is produced by crushing maize residues, including cobs, husks, leaves,
and stalks, and mixing them with another feedstuff. With this, the residual feed
left in the wagon is less than 0.5 % of the total TMR feed (Homhual and
Photong, 2011). This residual feed can substitute soybean meal, the feedstuff
in the TMR feed production process, by comparing the same protein content.
After dairy cattle consume TMR feed on the farm, the dairy cattle manure is
generated. The mass of the waste generated from the use phase of the final
product (Wm) is defined as the mass of the total dairy cattle manures. The
amount of nutrients used for growth is approximately 75% of nitrogen, 80% of
phosphorus, and 90% of potassium (Baanlaesuan, 2022). About 70 % of dairy
cattle manure is collected for composting of organic fertilizers. Plants can take
up nutrients via their root systems through nitrates and ammonia. This can
come from nitrogen fertilizers and the decomposition of manures and organic
matter (Srisaikham and Lounglawan, 2021). It is suitable for plants during root
expansion (Glazier, 2015). The remaining 30 % of dairy cattle manure is used
for energy recovery in biogas for electricity generation (Wijaya, 2018). It can
be used as renewable energy or directly for heating and gas released into the
biosphere. Unrecoverable waste (W0) through a product’s material, on the
other hand, goes to landfills, where materials are no longer recoverable.

The MCI calculation follows step-by-step calculation, as shown in
Equations 2-14. In this study, the final product (M) is the mass of 99.50 kg of
TMR feed (the efficiency of feed production of 99.5%), and loss at the feed
production manufacturing stage, in the form of dust in the wagon, is 0.5% of
TMR feed (Homhual and Photong, 2011). The fraction from reused sources (Fu),
which comes from the summation of a fraction of the feedstock, derives from
reusing raw materials containing soybean meal of 23.58% and residual feed of
0.005% in 99.5 kg of dairy cattle feed. To explain, 0.5 kg of dust content can
be reused as a substitute for 0.08 kilograms of soybean meals by comparing
the same protein content. So, Fu is equal to 0.24. This study has no fractions
of recycled feedstock and the product's biological feedstock from sustained
production, meaning that Fr and Fs are 0. The virgin feedstock (V) can then be
calculated as V=M(1 - Fr- Fu- Fs)=99.5x (1 - 0-0.24 - 0) = 75.54 kg.

Feedstuffs Feed Production Dairy Cattle Farm Landfill

Final Product (M)
TMR Feed

Utility

( ‘ Virgin
— Feedstock
™

Residual Feed 1

left in the wagon was 6.5

Reused Component [ : N I
(Fo* TMR feed) Dairy Cattle manure (W)
Energy Recovery Composting
(Cy * Dairy Cattle manure (C¢ * Dairy Cattle manure))

Biogas (30%) II-‘emnzemm...

Biosphere

Unrecoverable waste
(Wo)

Figure 3. Flow diagram of modified MCI with dairy cattle production
and the utilization of cattle manures in terms of biological cycles.
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After cattle consume the feed, Wm is achieved as the mass of the total
cattle manures after the consumption. A 7.28 kg/day dry matter intake for one
dairy cattle can defecate 4.55 kg of manure daily. Therefore, a dry matter
intake of 10.78 kg/day for eight dairy cattle can defecate 62.12 kg of manure
daily. So, Wm equals 62.12 kilograms. Wastes management from cattle
manures is usually composted as fertilizers, using an aerobic biological process
to break down organic materials (Baanlaesuan, 2022). Farmers compost used
these fertilizers for their field crops to improve soil conditions. Cattle manure
can also produce renewable energy and generate electricity for cattle farms.

The utilization of dairy cattle manures in this study is, therefore,
summarized into two types:

e Compost to organic fertilizer: the fraction of cattle manures
collected for composting equals 70% of total cattle manures (Cc)
equals 0.70

e Produce biogas through anaerobic digestion: 30% of total solid
wastes (% TS) of cattle manures are used as biogas and can
produce 0.8 m3/kg TS of biogas. Thus, the mass of cattle manures
collected for energy recovery in biogas for electricity generation
(Mg) is calculated by multiplying the total mass of cattle manures
with the total solid waste (% TS) content of the cattle manures for
biogas. So Mg is 18.64 kg.

In this study, cattle manures have a higher heating value (HHV) of
15.48 kJ/kg (Jaiboon, 2015). The carbon content of dairy cattle manures (Bc)
is 20% (Pornmeeyoo, 2015). The efficiency of the energy recovery process in
biogas for biological materials from cattle manures (Ee) is 80% (Srichart,
2016). The energy recovered (Er) and fraction of mass of a product being
collected for energy recovery (Ce) are then:

Ep = Eg x HHV x Mg = 0.80 X 15.48 k] /kg x 18.64 kg = 230.79 k]
Cg = Eg X Bc = 0.80 X 0.20 = 0.16

The fractions of mass of cattle manures being collected for recycling and
reusing (CR and CU) in this study are 0. The calculating unrecoverable waste
(WO0) through the product is then achieved:

Wy = Wy (1 —Cr—Cy—Ce—Cg) =62.12x (1 —0—0—0.70 — 0.16) = 8.7 kg

The efficiency of the recycling process used to produce recycled feedstock
for a product (Er) and the efficiency of the recycling process used for the portion
of a product collected for recycling (Ec) equal 1, as this study focuses on a
closed loop, in which the recycled raw materials are from the final product.
Consequently, no unrecoverable waste is generated from recycling parts of a
product (Wc) and from producing recycled feedstock for a product (We), i.e.,
Wc and Wk = 0. LFI is then calculated as 0.4233.

W =W_0+ ((W_F+W_C)/2)-87kg
LFI = (V4 W)/(2M + ((W_F — W_C)/2) = (75.54 + 8.7)/((2 x 99.5) + 0) = 0.4233
In this study, Uav is 16% of the protein content of TMR feed in the cattle

feed industry (Bureau of Animal Feed Development, 2017). The protein
content of dairy cattle feed is derived by substituting materials that cannot be
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equivalent to the protein content of dairy cattle feed. Thus, it is lower than
Uav. (i.e., U = 15.39%). The F(X) is then calculated as 0.9359, leading to the
MCIr" of 0.6038.

X = (U/U,,)-15.39/16-09616
F(X) = (0.9/X) = (0.9/0.9616) = 0.9359
MCI; = 1 — LFI x F(X) = 1 — (0.4233 x 0.9359) = 0.6038

A summary of the parameters used in the MCI calculation is in Table 3.
The MCI value for biological cycles is 0.6038. This MCI value approaches 1,
representing a high degree of circularity in the system. It is considered more
circular than linear circularity (i.e., LFI = 0.4233) in dairy cattle feed
production. This confirms that renewable nutrients and biological materials
mainly re-enter the biosphere to decompose into valuable feedstock for the
new cycle. The calculated MCI value is consistent with various studies. For
example, Kolk (2020) achieved an MCI of beef steak using the maize residue
as a part of the feed diets of 0.546. He suggested that the beef sector may
be more circular by improving the water supply, replacing the supplements
with circular products, and reducing greenhouse gas emissions from the
manure. Rocchi et al. (2021) applied the modified MCI to the biological cycles
of the agricultural system and achieved an MCI of 0.4812.

Table 3. Summary of parameters and MCI values.

Parameter Initial Value Unit
Virgin feedstock \Y 7554 kg
The mass of the TMR feed M 9950 kg
The fraction from reused sources Fy 24 %
The fraction of cattle manures collected for composting Cc 70 %
The fraction of cattle manures collected for energy recovery Cg 16 %
The efficiency of the energy recovery Eg 80 %
The carbon content of dairy cattle manures B¢ 20 %
The higher heating value of cattle manure HHV 1548 Kk]/kg
The mass of cattle manure collected into biogas Mp 1864 kg
The energy recovered Eg 23079 KJ
The efficiency of the product collected for recycling E. 100 %
The efficiency of the recycling process used to produce Ep 100 %
recycled feedstock

The mass of the total dairy cattle manure Wi, 6212 kg
The unrecoverable waste going to landfill Wy 870 kg
The protein content of the TMR feed U 1539 %
The protein content of TMR feed in the cattle feed industry U,y 16.00 %
The utility of a product X 09616 -
The utility factor F(X) 09359 -
The Linear Flow Index LFI 04233 -
The material Circular Indicator MCI 0.6038 -
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DISCUSSION

There is a growing demand for cattle feed production in Thailand to meet
the needs of dairy farmers and the dairy industry. This study considers the
utilization of maize residues, including leaves, stalks, husks, and cobs, as
roughages for cattle feed production. The study results reveal that maize
residues can produce a TMR feed of 9.055 million tons, which is enough to meet
the needs of the dairy cattle industry. Utilizing maize residues in roughage
reduces the cost compared to Napier grass, which is commonly used by
approximately 14.24 %. It is noted that the proportion of concentrate and
mineral supplements in the TMR feed formula in Table 4 is recalibrated to
control the protein content of the feed formula, which is sufficient to achieve
the needs of dairy cattle.

Table 4. Comparison between TMR feed ingredients and price.

Feed ingredient Price (Baht/kilogram)
Formula 1 (Napier grass) Formula 2 (maize residues)

Napier grass 0.47 -

Maize residue silage - 1.20

Casava chip 1.65 0.15

Cavalcade straw 0.64 0.45

Soybean meal 5.00 4.84

Dicalcium phosphate 0.11 0.11

Total price 7.87 6.75

Note: References include Adebowale (1994), Technology Chaoban (2021), and Kato (2022).

Table 4 shows two formulas used as TMR feed ingredients in roughage:
one with maize residues and another with Napier grass, which is currently used
in feed production. The results show that the TMR feed from maize residues is
cheaper than that from Napier grass by 14.2%. The dairy cattle manure from
the dairy cattle industry contains the nutrients that plants need, including
nitrogen (N), phosphorus (P), and potassium (K), thus increasing the organic
matter in the soil (Chinvaroj and Pichawong, 2023). They are also used in
biogas to generate electricity. Biogas production from cattle manure
exemplifies sustainable biomass and circular economy systems (National
Research Council, 2016; Department of Livestock Development, 2020b).
Biogas production is mainly recommended for the agricultural industry to treat
the waste generated from various production processes, such as large animal
farms and agricultural processing plants. It is an alternative energy in both
household and large industrial applications. Fagerstrom et al. (2018) agreed
that it has more circularity when the total manure is applied in composting.
Biomass, unsuited for direct human consumption, can be recycled as animal
feed. Farm animals recycle biomass and nutrients into the food system
(Shaibur et al., 2021). This demonstrates the biophysical concept of the role
of farm animals in a circular food system, leading to a high circularity.

CONCLUSION

With the growth of the dairy cattle industry, accurate maize yield
prediction is needed so that maize residues can be predicted to be used as
feedstock in cattle feed production. This study uses the MLR method to predict
maize yield based on five key factors: maize seed, effective rain, nitrogen
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fertilizer, phosphorus fertilizer, and potassium fertilizer. The results indicate
that 5.43 million tons of maize residues can produce a TMR feed of 9.055 million
tons, which is enough for the needs of the dairy cattle industry. Maize residues
as roughage in dairy cattle feed production (TMR feed) could be used to replace
Napier grass to reduce the production cost by approximately 14.2%. The dairy
cattle industry is then encouraged to utilize maize residues to reduce the total
production cost.

The circularity of dairy cattle feed production is measured using the
adjusted MCI to be used with the biological cycles. The dairy cattle manure
from the cattle industry is used in energy recovery in biogas for electricity
generation and is turned into compost as organic fertilizers for the agricultural
sector. The calculation results for biological cycles of the waste management
method from dairy cattle feed production are 0.6038 for MCI and 0.4233 for
LFI, showing a high degree of circularity in the system. The biological materials
re-enter the biosphere to decompose into valuable feedstock for the new cycle.
It provides an alternative for farmers to produce low-cost feed from maize
residues within the farmland to raise their cattle.

There are some limitations and suggestions of this study. This study
partially considers manure for circularity in a closed-loop system. Future
studies may be conducted by considering the waste utilization of dairy cattle
manures as organic fertilizers by presenting various aspects, such as soil
structure and nutrients of dairy cattle manures, to complete the field of
composting for circularity. It is also suggested that the soil analysis is
conducted to determine the optimal balance of nutrients in the cattle manure
for plant nutrient requirements.
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