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ABSTRACT

Values for digestible energDE), metabolizable energE) and net energyNE) are
used to develop prediction equations for diet formulation, usually calcttatadlata for
individually housed pigs. However, pigs in commercial conditions are usually housed in groups
and allowedad-libitum feed intakelt is possiblehereforethat, energy values in grotpused
pigs are different from values obtained in individually housed pigs. The Swine Calorimeter Unit
(SCU) at the University of lllinois has been constructed to obtain energy values of diets and feed
ingredients in growoused pigs that are allowad-libitum access to feed’he SCUcontains 6
calorimeterchambersvith acapacity to holdl to 10 growinegfinishing pigs in each chamber.
The SCU allows for calculiain of DE, ME, and NE of diets because of total, but separate
collection of feces and urine, and measuremenga®fxchange in the chambdraio
experiments were conducted as part of the commissioning of theT®@Uirst experiment had
the objective of testing the hypothesis ttitre are no difiences in thestimated valuelor
total heat productionTHP) andNE among the &alorimeter chambeifall environmental and
dietary conditions are similaResults indicated that the NE of the diet had a coefficient of
variation CV) of 4.2 % among chamberEhe seond experiment testithe hypothesis that a
greater proteironcentrationn the diets mayesult in a greater TH&nd therefore a lower NE
value. Results indicated that there were no differences in the NE values between th& Reliets.
energetic losassociated with deamination of excess @, urea synthesisay be less than
previously believed. Therefore, more research is needed to demonstrate how dietary protein
affects THP and NE values of grehpused pigs.
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CHAPTER 1: INTRODUCTION

Energy is the most expensive component of diets for pigs and the energy concentration in
diets plays an important economical role inséne industryKil et al., 2013. Therefore,
energyrequirementd®y pigs need to be detemeid with accuracy and need to be met in diet
formulation. To estimate energy contributions from feed ingredients, the chemical composition
needs to be known. Analysis of gross energy indicates the total amount of energy that a feed
ingredient or a mixed dt contains, the digestible enerddH) value shows the amount of energy
that is absorbed by the animal, and the metabolizable endEjyitdicates the amount of
energy that is metabolize8tewart, 200). Systems based on DE and ME have been widely used
in the feed industry. However, net ener\ej of feedingredients and diets may be more
accurate because values for NE include the energy that was lost in the form bf éak. (
2018. The most commonly used tedtppeto determine NE is based on indirect calorimetry due
to the lower complexity and greater accuracy of this procedure compared with other techniques
such as ta direct calorimetry method(axter, 1989. The NE values have been mostly
determined using individually housed pigs, but because pigs on commercial farms are usually
housed in groups, it is believed that NE values from pigs housed ipsgnoay be more
accurate. The University of lllinois at Urbafdampaign has, therefore, constructed a facility to
determine NE in diets and feed ingredients fed to groused pigs. The commissioning phase
of this facility has been concluded, and thelfycis now ready for use. Therefore, the objective
of the work included in this thesis was to describe the swine calorimeter unit at the University of

lllinois and to provide examples of determination of NE values in the facility.
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CHAPTER 2: NET ENERGY DETERMINATION IN GROUP HOUSED PIGS USING

A NOVEL CALORIMETER UNIT: REVIEW OF LITERATURE

INTRODUCTION

Energy is the most expensive component in a commercial swingdiet al., 2013,
andsupplying thecorrectamount ofenergyto pigs isone ofthe primarygoakin swine feeding.
To achieve this aifrenergyrequirement®f the animalsnust be determined aride absorption
and retention of nutrienfsom a given diet need to be known

Thegenerakoncept of nutritional energesibas beeknownsince the mid of the 14'
centuy (Johnson et al., 2003andresearchn this areahas contributed to an increased
understading of the energy flow from feed tanimal. Since the establishment of the
thermodynamic laws, has beeiknownthat energynay betransformedrom one form tather
forms andthus, if the intake of energy is knownjstpossible tacalculatethe outcome. Antoine
Laurent Lavoisieargued thafirespiration is nothing but slowcombustion of carbon and
hydrogen, comparable to a lamp or a lighted caridias thea n i madatbbsirns substances
and consuat h e ms eWest,€1898 Therefore, imaybe inferredhat the vital energy comes
from the transformation of the energy in feed into biochemicabgnesed by the animaro
determine the total amount of energy contained in the teeddiabatic bomb calorimetsas
developedn 1886by the scientist BertheloKpperl and Parascandola, 19.7This novel
apparatus alsallowedfor determiration ofenergy excreted in feces and uriaedenergy
balancestudies could bperfornmed.Lavoisier also conducted experiments to dest@ate the

relationship between oxygé®:) in the air and the production of carbon dioxi@®g) and heat.



However, the ratio between the amount ela@d CQ productionwas first determinedsing an

opencircuit calorimeter developed by the chemist Pettenkofer in (il86gmsfield et al., 2016

DETERMINATION OF ENERGY
Conventional energy partitioning began with determination of gross er@E)yflom
the feed. Thiss calculatedy the ignition of a feed sample using a bomb calorimé&tiéet al.,
2013. The energy irffieces is also determined using this procedamdthis value issubtracted
from the energy of the feed to determine digestible en®§y és described in thdRC (2012)
according to the following equation [1]:
DE = [(GET energy in feces)] [1]
Metabolizable energyME) is calculatedy subtractingthe energy lost in urine and
combustion gases such as methane from DE. Howeseallythe energy lost in combustion
gases is ignored in pighie to the low production of these gases by monogastric animals.
Metabolizable energy is, therefore, calculaaedording to the following equation [2JRC,
2012;
ME = [(DET energy in urine)] [2]
Net energy NE) is commonly known as the energy resugtirom subtraction of the
energy losses in heat increment from NRC, 2012. These energy losses are mainly in the
form of heat thats produceds a result of physical activity, energy used for metabolic processes
such agligestion and absorption of nutrients, synthesis of body tissues, and energy lost when the
animal is ina resting stateJ(st, 1982 This heat is transferred to the enviroment via radiation,
convection, conduction, and evaporati@&akter, 1989, and is known as total heat production

(THP).



Total heat ppduction is composed by two forms of heat: heat increniintgnd fasting
heat productionkHP). Fasting heat production is comparable to NE for maintentee; (van
Milgen et al., 199B8because it is the energy that is used by the animal in a basal metabolic state,
for voluntary activity and thermoregulatiodust, 1982 Therefore, THP is the sum of the energy
expenditure by the resting animal plus the heat that is produced whaaithal metabolizes
nutrients and synthesizes muscle and adipose tissue for growth or reproduction preaasses (
Milgen and Noblet, 2003 Net energy is then the suhHI and the energgetained ER) in the
body in the form of protein and lipids, deposited in products such as milk, or used for the growth
of fetuses loblet, 2013. By correcting ME for HI and FHP, it is psible to calculate NH{ et
al., 2018 according to the following eations [3], [4]:

NE = [(MET HI)] [3]
NE = [(ER + FHP)] [4]

Estimation ofNEm requires knowledge about the physiologathwayshatare related
to regularanimaldevelopmentits basal activity md growth rate, the reaction ratasdthe
different fates that enerdyason those activities. However, the complexity of estimating these
processes results in estimates that are not always acataatili{gen and Noblet, 2003Thus,
FHP may be a better value to be used to estimate NE

Energy is often measured dsule(J), which is thenternationalunit for heat or work,
but, the calorie(cal), themetricheatunit, is also accepted for reportingefergy because this
unit is equivalent to 4.184(Kleiber, 1972. Calculation of THRs possible if consumption of O
and synthesis of CCHs, and urinary N is knownBrouwer,1965), [5]:

THP, kcal=[(3.866% O>+ 1.200x COxT 0.518x CHs i 1.431x urinary nitrogef] [5]



Net energy of a growing animal, therfore, is composed of the energy that is retained in
the animal plus the energy that is spent when thesmesses are performed, thus, a more general
eguation may be used to determine NE from THP, FHP and\\d&lét et al., 1993) [6]:

NE = (MEi THP + FHP)[6]

CALORIMETRY PRINCIPLES

Total energy outflow from animals consists of fite heat thais producedrom
digestion, metabolism, and storage of nutrients in the .f®elgond, the heat transferred from the
body to the environment durimghysicalactivity, and third the basal metabolic ratBNIR),
whichis the amount of energy used to maintain \atetivitieswhile theanimalis resting and to
maintain body temperatufeevine, 200%. The percentage that eashthese energy losses
contribute to THP vary across species and is highly related to the growth and development of the
animal as well as its behavior and the environmeart Milgen et al., 1998
Direct Calorimetry

Direct calorimetry measures the heat thataasferredrom ananimalto the
environmen{Benzinger and Kitzinger, 1939vhich representthe energy thahe animal
irradiates Three systems were developed using direct calorimetry. The isothermal system,
consistf an insulated coat or bilayer wall that measures the difference in temperature between
the outer surface andehnner surface that is affected by the heat released from an animal
located insideJequier et al., 1987The adiabatic system uses a refrigerant liquid to transport the
heat produced by the animalan analyzerand gain or loss of temperature is avoided by
isolating the liquid {Vebb et al., 1972 The convection system uses air as the heat transporter

andworks like the adiabatic system with the difference that the airflow acts as the heat driver



(Snellen, 200D The heat produced by the boidgidethe chamber is collected by the air stream
and is then analyzed by difference takinip account the heat capacity of the (&ievine, 2005%.
Indirect Calorimetry

Indirect calorimetry estimates THP from the gas exchange produced by the animal in the
respiration process. In this method, the amount.afd@sumption and the G@roducedare
usedin a prediction equation to deliver astimationof heat productionBrouwer, 1965 Gas
exchange may be measured by collecting the total amount of air expelled from an animal in a
containerandthe composition of this is analyzed to determine the condemtraf the gases, and
an oxygercontaining tank is used to measure the oxygen disappearanddatdeste, 1997
Anotherexampleand one of the most commonly used approaches in indirect calorimetry is
calledanopencircuit system@QCS). This system requires analysis of the composition of the
ingoing and outgoing air in a calorimeter chamber to determine the amainthadt is taken in
by the animaliiiller and Koes, 1988 The concentration of {zonsumed and C{and CH
produced by the animal is analyzed to determine disappearangand @tal production of
CO: by difference Another system isalled theconfinemensystem. This procedure places an
animal in a completely sealed chamber, and the concentration@®£{and CH is analyzed in
a short period of time (e.g.15 minutes) to calculate the rate of concentration chauhésa( et
al., 1995. The volume of thehambelis measured to calculate the total amount of airihat
containedn thechambel(Blaxter et al., 197R The last example of thadirect cdorimetry
system is the closegdystem. This methodises animals placed an airtight chamber with a
known volume andCO, and water vapor that groducedareremovedrom the airandthe Q is
returnedo the chambefMiller et al., 198). Theconfinement and closedrcuit systemshould

beusedonly for ashorttime to avoid animal suffocation.



ENERGY RETENTION AND HEAT PRODUCTION

Energy retentiofER) is determined to calculate the efficiency of the animal when fed a
specific diet. Energy is stored in the body as protein and fat when the angr@akisg,
fattening, gestating or milking/érstegen et al., 19Y3The efficiency is determined based on
energy intake, which is influenced by type of feeding (restricted dibitum), genotype, health
status, and age of the animibplet and van Milgen, 20Q04and the energy that is stored in the
body.The most commonly used technigiesietermineER include he comparative slaughter
techniquethecarbonnitrogen balance techniquand determination of THP to be subtracted
from the ME value. However, the use of thealenergy xray absorptiometryDXA) technique
may also be used to measure bodyposition which can be associated with the energy that is
contained in muscular and adipose tissdidhell and Scholz, 2008
ComparativeSlaughter Technique

In thistechnique an animal is sacrificed at the end of an experiment to compare its body
composition to the one of an animal with simidharacteristics that was slaughtered at the
beginning of the experimenté Dividich et al., 1994). This techniquellows for determination
of the energy that was used to synthesize muscle and adipose tissue by differences in the weight
of those tissues between the 2 slaughtered aniQaisipu et al., 1996 However, due to
variation in body depositioaf protein and fat among animals, even when they belong to the
same litter, it is always possible that the values obtained from that comparison are biased, which
usually results in lower calculated values for NE than the dotasned when using other

tecmiques (Velayudhan et al., 20})5



Carbon-Nitrogen Balance Technique

The arbonnitrogenbalancaechniquéds used to determine the energy balance in studies
where the concentration of those 2 elements is analyzed in diets, feces, and urine to account for
the intake and output of energMifller et al., 1999 Therefore, the differece between input and
output of carbon and nitrogen is considered the value of the ER because energy is retained in the
form of protein and lipids in the bodiz€ Bellego et al., 20Q1In this techniqueenergy in the
form of protein is calculated based on the nitrogen difference, and the amount of carbon that is
retained in the form ofrptein is estimated using a fixed number (76.08%xter, 1989. The
carbon contained in the form of fat is subsequently calculated from the difference between the
carbon balance and the carbon retained in protein to calculate the energy retained as lipids
(Noblet et al., 198
Fasting Heat Roduction

As previouslydescribedFHPis the thermic energy utilized to maintain vital activities in
the body using the energy reserves that have been accumulated in the fé@thastatere, it can
be inferred that in a fasting state, the animals reduce protein synthesis atidraaotlimt
lipid synthesis foenergy storage, to start mobilizing thasergyreserves and supply the
energy required for maintenandénus, FHP provides a reference for the energy that needs to be
subtracted fsm the ME value to estimatike actual value of engy that isused for productive
purposegHolmes and Breirem, 1974

Fasting heat production is usually calculated using the equation propoBeauer
(1965) [5], but prediction equations have also been developed to estimate FHP based on animal
body weight Brown-Brandl et al., 2004 Those equations, however, vary due to multiple factors

such as breed, age, weight, elegs et al., 1984as well as the quality of the environmental



conditions where animals are kept, because animals with poor health status tend to have greater
FHP (up to 8%more Meer et al., 2019
Dual-Energy X-ray Absorptiometry

Alternative procedures to measuialy compositiorduringdifferent production phases
were developed because of the impossibility of the comparative slaughter technic to be
performed twice in the same aninBlaxter, 1989. Therefore, thewhlenergy Xray
absorptiometry[EXA) may be used to measure the chemical composifiariiee animal in
terms of protein, fat, and bone compositi@véndsen et al., 1993This techniqueises two X
ray lights to measure the muscle, adipose, and bone tissue by differencestentityiof the
X-ray light thatgoes through the body, and such mitigation of the intensity is then contrasted
with standard values to determine body compositidpger et al., 201P The accuracy of the
DEXA procedure has been tested in pigs and hung&ren@isen et al., 199Blitchell and
Scholz, 2008demonstrating that DEXA may be a reliable procedure to measure body
composition. However, the procedure has not been validated and at this time, the DEXA
procedure has noelkn used to generate NE values in diets fed to pigs and no NE systems have

been developed based on this procedures.

NET ENERGY SYSTEMS
The French System
TheFrenchNE system was proposed in the early 1990s, with the purpose of generating
valuesfor NE that included new technigador chemical analysis of diets and advanced
knowledge about the dietary contribution of energy, especially from carbohydvatast(et al.,

19943. This system proposed that a large proportion of the ME is used for maintesnahce,

10



only the ME available after the requirements of the animal are met, can be used for production
purposesNoblet et al., 1993b

The French system waesigned to calculate Ny feeding animals with a wide variety
of diets and to evaluate the effect of dietposition on animal HP by the use of indirect
calorimetry.The efficiency of the use of NE was then determined, generating energy
expenditurs by pigs in different growth stagebl@blet et al., 1993b This efficiency was
believed to be dependem environmentglproductive, and genetic factorsggetemperature,
feedng frequency, breed, and body weightpwever, it was demonstrated that the NE efficiency
can be determined using the indirect calorimetry appr{idchlet et al., 294b).
The Dutch System

The Dutch system was developed in the Netherlands by the Central Bureau for Livestock
Feeding Stewart, 200), where analyss of the feed used for animal nutrition are performed to
determineboth chemical composition and nutrient digestibility in these materials. Having the
concentration and digestiltyf of nutrients, the energy value of the feed can be determined
(CVB, 2019. The procedure that is used in this system consists of a series of metabolism
experimentsvhere the input and quiit materias arecollected and thenutrientcomposition is
analyzedTherefore, the difference between intake and output determines the pditien
energythat has been absorbed or retained by the animal, providing digestibility coefficients that
are applied for protein, fat, digestildarbohydrates, and fibe€¥B, 2016§.

In the Dutch system, energy losses ia tbrm of heat are not measuréowever, the
analysis of the carbohydrate component is more specific than in the other systems. Fhus, non
starch polysaccharidefgrmentative starch, digestible starch, and digestible sugars are separated

to determine coefficients of digestibility of each of these components sepatai@yZ016.
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The Danish System

The Danish system is also known as the potentiadiplogical energyRPE) system
(Kil et al., 2013. The PPE system was presented for ttst fime by Boisen and Verstegen in
1998, as an alternative procedure because, in the other NE sytbienape for NE is obtained
when the animals are under specific environmental and physiological conditelagydhan et
al., 2015. Therefore, a more comprehensive system was develofede not only the
digestibility of nutrients is takemto accounbutalso the theoretical yield of ATP during the
oxidation of feed componentSZabo6 and Halas, 20113

Thus, the PPE system ignores the characteristics of the animal in terms of breed, age, or
environmental conditions that may influence #ficiency of nutrient oxidationKil et al.,
2013. However, the system applies digesttiilralues that have been obtained in experiments
in vitro to obtain the greatest percentage for the oxidation of nutrients. Therefore, the PPE
system can be applied to any animal becauseatues obtained with this technigfoe
individual ingredients are additive in mixed diddoisen, 200Y.
Prediction Equations

Prediction equations have been developed to estimate energy values in feed ingredients
and diets based on their nutritional composition. These equatiengpatb deliver an accurate
energy value using coefficients that were obtained from different feed ingredients after analyzing
chemical composition and digestibility values (French and Dutch systems), or the potential for
ATP generation (Danish systeioblet et al., 1993aThe objective of the prediction equations
is to calculate NE values in feethredients, which may be used in diet formulation. By using
this system, the natural variation in chemical composition in feed ingredients is avaidie an

effects of dietary treatments on growth performance may be predi@etdirn et al., 1999
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The French system developed 11 predicequations based on proximatealysis of
starch §T), ether extractEE), crude protein@P), cruck fiber CF), and hemicelluloseHemi),
which is determined by the difference between neutral detergentXibé) (and acid detergent
fiber (ADF; Noblet et al., 1994aas well as the digestible values of each of these nutraTs (
dEE, dCP, dCF, anddHemi, respectively). The difference between digestible organic matter
and the sum afligestible chemical componenBRes] 2, or 3) are also included in these
equations.

The use oDRedl, DRe® and DRes3 values depends on the digestibility coefficients that
are available to calculate NE. For exampl&edl is calculated when values of sugSU) and
Dhemi has been determined, therefore those values can also be substracted from the digestible
organic matter. Likewise, DRes2 is used when only values of dCP, dEE, ST, and dADF have
been determined, and DRes3 is applied if values for digestibdie fiber CF) were calculated
instead of dADF values\pblet et al., 1994a

Theprediction guations are presented beloMoplet et al., 1994a[7-17]:

NE (MJ/kg)= 2.73x DCP + 8.3 x DEE + 3.44x ST + 0x DADF + 2.93x DRes2 [7]
NE (MJ/kg) = 2.69x DCP + 8.36x DEE + 3.44x ST + 0x DCF + 2.89x DRes3 [8]
NE = 0843x DET 463 [9]

NE (MJ/kg) = 0.703x DE + 1.58x EE + 0.47x STT1 0.97x CP71 0.98x CF [10]
NE (MJ/kg)= 0.700x DE + 1.61x EE + 0.48x ST1 0.91x CP1 0.87x ADF [11]
NE = 0.870x ME T 442 [12]

NE (MJ/kg) = 0.730x ME + 1.31x EE + 0.37x STT 0.67x CPT 0.97x CF [13]
NE (MJ/kg)= 0.726x ME + 1.33x EE + 0.39x ST1 0.62x CP1 0.83x ADF [14]

NE (MJ/Kg) = 2,796 + 4.15< EE + 0.81x STi 7.07x Ashi 5.38x CF [15]
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NE (MJ/kg) = 2,790 + 4.1% EE + 0.81x STi 6.65x Ashi 4.72x ADF [16]
NE (MJ/kg)= 2,875 + 4.3& EE + 0.67x ST1 5.50% Ashi 2.01x (NDF - ADF) 1 4.02x ADF
[17]
The Dutchsystem recently developed a new prediction equation for NE that takes into
account digestibility values of nutrients that were obtained using indirect caloriiG&tBy (
2016. By the use of the different dab@ses of chemical composition agidestibility values of
a considerable number of feed ingredients, the novel equation was established and is presented
below Blok et al., 201}, [18]:
NE (MJ/kg) = (11.70< dCP + 35.74 dCFat + 14.14x (Starchw + 0.9% Sugars) + 9.74 x
(fNSP+ CF_Dix Sugarg + 10.61x AA + 19.52x BA + 14.62x PA +12.02x LA + 20.75x%
Eth + 13.83x Glycerol) /1000 [18]

The variables that are includedtire novel equation are values found in databases for
digestible crude proteirdCP), digestible crude fat after acid hydrolysiECFatn), starch
analyzedaccording to therayloglucosidase methd&tarchaw), fermentablenon-starch
polysaccharides fractioiNSP), a correction factor for sugarSE_Di), sugars that are
fermented bypacteria in the hindguS{gars), acetic acidAA), butyric acid BA), propionic
acid PA), lactic acid LA), ethanol Eth), and glycerol Blok et al., 2015

As was previously described, the Danish system argues that it is possible to determine the
NE content of a feedstuff disregardithe physiological characteristics of the animal. For this
aim the PPE system developed coeffici¢atbe applied to the different nutrient digestibilities
and the PPE values are then determiiell 2008). The equation needed to calculate the PPE

value of a feedstuff is presented bel®wicen, 200Y, [19]:
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PPE(KJ/g DM) = 9.9 x RDCP + 31.7 x RDCGF11.7x EDC + 7.0x FERMCi 2.8 x
EIDMi /7,375 [19]
The values that are included in the PPE equations ari Witeo ileal degestible CP
content RDCP), theileal digestible crude fatontent RDCF), thein vitro ileal digestible
carbohydrate§EDC), fermentable carbohydratEERMC), and theenzyme undigested ileal

DM (EIDMi).

CONCLUSIONS

Digestible energy and ME are valid methods to detezraimergy expenditure in animals;
however, NE may be more accurate because the energy in form of heat is also taken into account
as energy loss. Indirect and direct calorimetry principles are welrkmeethods used to
determine HPhowever, the indirect calorimetry approach is more comynased because of its
practiality and the lower cost of implementation.

There are a number of techniques to determine ER in animals as well amHI fr
metabolism of nutrients, batdvantages and disadvantages need to be considered to choose the
most ajpropiate technique. Some NE systems have been developed using different elements to
obtain prediction equations that can be used to predict the response of the animals when a

specific ingredient or a complete diet is being used.
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CHAPTER 3: DESCRIPTION OF THE SWINE CALORIMETER UNIT

STRUCTURE

ABSTRACT

Thedigestible energyl¥E) and theametabolizable energyME) systems are the most
commonlyused energgystensin the U.S, butthe net energNE) system may be more
accurate due timclusion oftotal energy losses this systemThe indirect calorimetry procedure
is often usedo determine gas exchanges, which are needed to calsidatalues of dietsThe
swine calorimeter unitSCU) has been constructed at the University of lllinois at Urbana
Chanpaign. The objective of the SAB/to determine NE of diets and ingredientsdadan aed
libitum basis to groulioused pigs in all phases of production. The SCU allows for calculating
NE based on the indirect calorimetry procedure. There are 6 calorimetry chambers in the SCU.
Each chamber is airtiglaind hasa capacity to hold 4 to Igrowingfinishing pigs depending on
size. The SCU allows farollecting feces and urine talculae DE and ME and eaclthamber
is equipped with a fresh air supply system. A regulator unit controls hurardityemperature in
each chamber, aralgas analzer system is used to measure the gas exchange in the chambers.
Those systems are placed in equipment rooms next to the chamfi®cancentration of
oxygen ©z), carbon dioxide@O2), and methaneNHa4) in the air is measured every 10 min and
these measaments areised to calculate total Aeproduction from each chamb&he SCU
also contains an air conditioned feed storage room to maintain the experimental diets under
controlled conditions. A master computer room, where animals and equipment argedonito
and a mechanical room where facility entrances are located, are also included in the unit.

Keywords: calorimeter, group housinget energypigs.
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INTRODUCTION

The most commonlysedenergy system in the U.S.assystem based anetabolizable
energy ME), althoughthe digestible energypE) systems also usedvalues forDE and ME
are calculated after subtraction of the energy that is excreted in feces andegpgeetively.
Theoretically, ME alstakes into account the enerdkat is lost in combustion gasésit in most
cases, these gases are ignored in calculations of ME values fadpvwgsver, it is believed that
the most accurate system to determine energy requirements is the net REgrgystem,
becausgin addition b energy lost in feces and urine and glas,NE systenalsoaccounsg for
the energy lstin theform of heat Noblet and van Milgen, 2004

Different procedures have been developed to calculatefdEets and feethgredients
used in animal feedindgNpblet, 2013 Velayudhan et al., 2015bAmong these methods, the
indirect calorimetry procedutie most often used because NE can be calculstseld on the
consumption of oxyger(2) andthe production of arbon dioxide CO2) and methaneQHa).
Althoughprediction equations to estimate NE of feed ingredients and diets have been published
(Noblet, 2000; NRC, 2012; CVB, 201 is possible that more accuragteediction equationsan
be developed if newer analytical teatpues and more accurate digestibility values are used,
compared with what was used to develop previous prediction equatadnss forNE can be
guantified from the energy ingested from feed and the energy lost after the digestion process
Thereforejt is important that accurate values for characterization of the ingredients as well as
corrected values for digestibility of nutrients are used. Likewise, results of research conducted
during recent decades have demonstrated that use of different feed teigsnolaginfluence

energy values of diets fed to pigs. Thus, particle size, pelleting, extrusion, enzyme addition, and
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use of other additives may affect the amount of energy pigs obtain from diets, but none of these
technologies are incorporated in currbifit systems.

The chemical composition of diets and digestion of nutrients need to be combined with
measurements of gas exchanges to calculate NE values. To determine gas exchange using
indirect calorimetry, respiration chambers are udeiferenttypes & respirationunitshave
been designetb accommodate differespecie{Benedict and Homans, 1912; PinaRstifio
and Waghorn, 2012; Maia et al., 201 most cases, calorimeter chambers allow for only one
or two animals at the same time being placed in the chaf@beedict and Homans, 1912; van
Milgen et al., 1997; Velayudhan et al., 201.34owever, pigs are social animaisd under
commercial conditiongigsare kept in graps, and it is likely that groupoused pigs have
different energy expenditures than individually housed pigs, which may affect estirahtesl
for NE. It ispossible thereforeghat NE values that accurately reflect what is obtained in
commercially housed pigs, need to be determined impgnoused pigsLikewise, because
commercial pigs usually are allowad libitumaccess to feed, and because the level of feed
intake may affect digestibility of nutrients and energy and-pbsorptive energy metabolism, it
is possible that NE values that are obtained in pigs all@addibitumintake of feed are more
representativefacommercial pigs than if pigs are restricted in their feed intake. Theréfere,
Swine calorimeter UnitJCU) has been constructed to determine NE values in feed ingredients

and diets consumed by gretipused pigs that are allowad libitumaccess to @is.

UNIT MEASUREMENTS AND EQUIPMENT
The Swine Calorimeter Unit is located at the Swine Research C8RE) at the

University of Illinois at Urbana&Champaign. The outside of the SCU measures 28.04 x 5.11 m.
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The unit is a wood franteconstructiorthat s placedn a steel chassis, with oriented strand
board walls, a wood truss roof, and a plywood floor. All surfaces on the inside are coated with
sprayedon plastic for watetightness. Inside, the unit consists of a feed storage room, an access
corridor,3 equipment rooms, 6 calorimetry chambers, a computer room, and a mechanical room
(Figure 3.1)

All rooms are connected by the access corridor, which has a length of 2(Fdune
3.2). The access door for personnel and animal entrance is locateel wast wall of the
building, the sizef this door is 2.01 x 1.06 rmside, the animals are guided to the calorimeter
chambers using a wooden ramp. Three water faucets anfidedirconnectioato the power
washer lines are located in the access corrillectricity outlets are located throughout the
corridor.

The feed storage room (Figure3Bis where experimental diets are kept under
temperature controlled conditions to avoid spoilage. Room tempenatine feed storage room
is maintained at 15 + 2 °C, using a B&ikB0S1Dcontrol unittBARD HVAC, Bryan, OH. In
additionto controlling tenperaturethis equipmenalsohas a dehumidification circuit twntrol
air humidity in the roomThefeed storageoom has a volume of 44.3*nThe inside dimensions
are 3.43 x 4.84 m and the hieigs 2.67 m. There is@oor (1.99 x 1.84 m) to the outsidwvhich
allows entrance of feed stored on pallets or in feed bins. There is also a narrower door (2.01 x
1.06 m) from the feed room to the corridor in the SCU for movement of feed from the feed room
to the chambers using a hydraulic lifted cart (JRMELT, Lift Products INC, Waukesha, WI).

All equipmentin the SCU ionnectedo the master computaexhich is locatedn the

computer room (Figurd.4). The master computaronitors the operational quality cll
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equipmenin the SCUandalsomonitors the well-being of the animals. The volume of this room
is 29.84 m, with insidemeasuresf 3.02 x 3.70 x 2.67 m.

The mechanical room is wheeutility entrances are locatechd electrical service
entrance box, a water backflow prevention system, a freshptysfan, and a stationary power
washer aralsolocated in this room. The volume is 8.38; with inside dimensions of 3.02

x1.03 x 2.67 m.Kigure 3.5.

CHAMBER STRUCTURE

Six calorimetry chambers are located in the SCU. Each chamber is composed of a main
section for animals and a secondary section to collect feces and urine @&ufée main
section has a volume of 6.5 nThe inside dimensions are 1.83.97 m, andHe height is 1.8 m
The door of the main chamber is-ght, has a gasketed surface, is diitgged, and contains 3
rubbermetal handles for closing. The secondary section has a volume of.3herinside
dimensions are 1.83 x 1.97 m, and the height86 m (Figure8.7). The door of the secondary
chamber is aitight by means of a gasketed surface, and has 8 rahdt@t handles for complete
closing; this door can be removed to allow fecal and urine collection. The ceiling anthwiadis
main chambes are constructed from a woatatel frame with sprayedn plastic andhe floors
are galvanized steel modular slotted flooring with the animal contact surface made of a series of
spaced triangular bars. THeor module is selsupporting at the ends Imyeans of an engineered
steel undeslat truss system. The contact surface is deformed to improve hoof traction. The
support truss is designed for the maximum animal load and module (&aglle3.1). An air
supply duct and diffuser is located in the cgjlof each chambgand an ahoutlet is located in

the sideof each chambebp provide the air exchange needé&tle chamber contains a stainless
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steel wetdry feeder with a capacity of 3@ (Thorp Equipment Inc., Thorp, WI). An auxiliary
drinker is avaible in each chamber to ensure free access to water.

The secondary chamber has 4 flat stainless steel wire mesh screens withsagening
1,190 microns for feces collection (FiguBe3); measurements of these screens are 0.91 x 1.97
m. The screens are p&tin parallel and in two rows with a 10 cm separdbetwveen screens
avoid sample losduring collection Feces are collected every day within thiedlir opening
period. During this time, both the main and secondary sections of the chambers are tpened
remove the feces that are present on the screen floor, the animal allocation section is opened, the
screens in the upper row in the secondary section are pulled out from their mounting, and the
feces on the screen are collected. After cleaning therigmpeens and placing them back under
the slatted floor, the lower screen row is pulled out to collect the remaining fecal material that
may have been voided while the upper screen row was pulled out for collection oT fex@s.
urine pans are pted béow the screenand havea total capacity of 100. The pasare
equipped with a manual valve, which allows for collectionrfie from the access corridor
During collection days, valves are opened once per day to collect thenupiastic buckets.
Once the pans are empty, the valve is closedusimg will be captured in the parBo avoid

nitrogen losgrom the urine, 125ml of 6N HCI are placed in the urine paegeryday.

EQUIPMENT ROOMS
All air handling equiprant for the chambers Iscated in the 3 equipment rooms (Figure
3.9). The equipment includes systems to control temperature and relative humidity inside the

chambersa system fothe fresh air supply to the chambers, apstemgo analyze air samples
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for oxygen Q2), methaneCHa4), and carbon dioxidegJ0O2). Each equipment room has a volume
of 27.64 i, with inside dimensions of 2.95 x 3.51 m x 2.67 m.
Temperature and Humidity Control System

The temperature and humidity in the charslage maintained by 6 Parameter Generation
and Control PGC) units (Model 92412220-B1D000Q Parameter, Black Mmtain, NC), which
are located in th8 equipment rooms, ith 2 PGC units per room. THRGC unitscontrol the
temperaturavith an accuracy of £.0°C and relative humidity is maintained with an accuracy of
+ 0.5%. This level of precision is ensured by the use odléepoint control systerwhich
operates by manipulating the air temperature going through the PGC unit and the temperature of
the waer spray that saturates the air with moisture and thus, controls the humidity and
temperature in the chambéyer, 2012. Because temperature and humidity in each chamber is
individually controlled by one PGC unit, different temperature and humidity conditions can be
maintained in each chamber.

Theair blower in each PGC unit has a capacity of ®0,100 ni of air per hour. The
unit is a 316 grade stainless steel construction, with electricity requirements of 208/230V, 3
Phase, 60Hz, 22.5 fdlbad amperes, and 14rdtedloadamperes. The weight @ach PGC unit
is 522 kg andlimensions are 0.81 x 1.02 x 1.63 m. The rated maximum heat of rejection for
each unit is approximately 7,300 wéttsThe PGC unit provides instant readings of temperature
and humidityin the chambefFigure3.10), andallow programming for automatic dgs, set
points, and tuning parameters, and has 2B&onnectionto the master computésr
continous monitoring The equipment also contains an alarm systenis activated ithe

temperature or the humidity the chamber deviates from the set\alnces.
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Fresh Air Intake System/ Air Exchange

Two fresh air supply systems are placed in each equipment room. These systems provide
clean air for the air exchange into the chambers and provide the baseline needed for the gas
analyzers (Figure311). Thefresh air intake system/ air exchange consist of a centrifugal inline
fan, which has a maximum rated airflow of 283h, and its housing is constructed of
galvanized sheet metdfgntech, Lenexa, KS). The AccuValve® (Accutrol llc, Monroe, CT) is
also par of the system; it has a length of 56 cm and a diameter of 15 cm. The AccuValve®
divides the airflow in 2 equal flows, whigiass through the airflow sensarmeasure of this
airflow is sent to the digital controller where the airflow set point is Gitok. The controller
modulates the blades inside the AccuValve® to achieve the airflow determined by the set point
and moderates the airflow to be sucked into the calorimeter chéykbee fan. The
AccuValve® has an accuracy of--8% and a maximum airfle rate of 509 rifh and is
equipped wittB0cm ofa 15 cm diameter PVC pipan each side tallow maximum accuracy
according tananufacturer recommendations.

The air exchange in the chamber is set by the AccuValve® and chamber pressure is
regulated by ananual rotary plate valve located in the exhaust, dudth allows chamber air to
vent to the outside of the building. The manual valve is seiiataina small positive pressure
in the chambex andto avoid entrance of external air to the chamber.ahameter (Dwyer ®,
Michigan City, IN) with an accuracy of 3% is attached to the exhaust pip®itdainthe
chamber pressui 174.19 Pascadlt all times
Gas Analyzers

There are 3 gas analyzer systemthe SCUwith one system located in each equgmh

room (Figure3.12). Each system(lassic Ling Sable System International, North Las Vegas,
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NV) analyzes air from 2 calorimeter chambers, and consists of 2 pumps, a multiplexer, a sub
sampler, a humidity sensor, an &alyzer, a C@analyzer, and a CHanalyzer. The gas
analyzer system provides readings ef OO, and CH from a subsample of atollected from
the chambereturn duct. The pumps funnel the air from the return duct to the multiplexer, as
another pump collects a sample from the freskwgply duct to the multiplexer. The multiplexer
is programed to select one of tBiénes of airflow every determined period to be sent to the sub
sampler. The subampler pulls 20 ml = 10% per minute of air from the chamber through the
gas analyzers. Bere the air strearantershe gas analyzers, it passhrough the humidity
sensor, which detects water molecules by infrared spectroscopy, generating relative humidity
values. The air subsample first enters the &@alyzer, then the CGHnalyzer, and finally the O
analzer. The gas analyzers provig&ading in percentage units. The resolution of the analyzer
is 0.0001 but this resolutiorran vary dependingn gasconcentration.
Calibration Sequence

The calibratbn process includes the tuap of the AccuValve® in the fresh air supply
system, the temperature and humidity sensor in the PGC unit, and the standardization of the 3
gas analyzers. Due to the low airflow that is kept inctreembers, an air calibratoriisstalled to
measure the actual air flow modulated by the AccuValve® (Figui). The calibrator uses an
obstruction flow meter basemh an American Society of Mechanical Engineers (ASME)
standard nozzle (HGrade Metal Products Corp. Syracuse, NM)ich is placed downstream
from the AccuValve®. A vacuum motoAetek Dynamic Fluid Solutions, Whitsett, NC), is
used in the calibrator to simulate different pressures and to boost the air stream through the
nozzle tomaintainthe inner pressure rangsrequired, and to reduce the pressure inside the

calibrator.To reducdargescale turbulengeastraightener devicis inserted inside the calibrator.
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A 120-cmlengthof 15-cm diametestraight pipds also installeghead of the nozzle to obtain
reliable pessure readings. A sampleaifflow pressure in each side of the nozzleersordedo
measure pressure drop, which is obtainethbyuse of a digital manomet@wyer ®, Michigan
City, IN). Thosereadings are annotated to grdph actual airflow at diffrent AccuValve®
setings

The temperature and humidity sensor (Figtiid) is located in the return duct of the
chamber that is connected to the PGC unit. This sensor needs to be recalibrated every year.
Standardization of the gas analyzers are dividetistepsthat can be executegparately or in
sequence. The firstepincludes running a pumd flow through the gas analyzers for laour to
remove all air insidéheanalyzers anche zero concentratioof the gasess thendetermined in
each gas analyzer. The secaitebis to standarnde the equipment usirgpam gases In the
case of the C@and CH analyzers, the spam gagntains99%N and 1% CQor CHs. After 20
minutesof letting the spam gasas through the analyzers, the spam concentration of the gasses
is assessed in the gand CH analyzers. In the case of the &halyzer, a desiccant containing
Dryerite and Ascarités used to removexcess water and G@ the airflow. The atmospheric
O- concentration average is 20.944 @&yeckauf, 195}, and thereforehe concentration range
that is set in the analyzer is 20.95 + 12%.a consequencéhe gas analyzexandetermine smaél
changes in the £xoncentration.
Dry Cooling System

The dry cooling system\Vertiv Tm, Columbus, OH) is used to provide heat transfer
bet ween the PGC unitdéds refrigeration condense

(Figure3.15). This is achieved because the system contains 2 exhaust fagshidiasthe heat
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thatistransfere from t he PGCO0s metal surface that c
glycol-filled finned tubes Conradie and Kroger, 1996

An outside farcooled radiator, an electric pump that will distribute the fluid cooler
through a manual balancing valve, which produces a pressure difference across the supply and
return sides of the glycol loop, and another pump for back up purposessmsthpalry cooling
system. The faicooled radiator dimensias 1.1 x 2.3 x 1.1 m. The radiaterlocatedm an
aluminum cabinet outside SCU. The dry aer glycol loop includes a 3D expansion tank.
Its dimensions are 0.76 x 0.82 x 0.48 m #@nslplacedin an aluminum drigproof caseThe dry
cooler system can lead 21,378 of air per hour. e fluid flowrate is 73./min, which allows
the system to remove 42,202 watts of heat from the system per hour.
Conclusion

The SCU at the University of lllinoisontains systems and equipmtrdt control
environmental conditions tmaintain temperature and humidity in the comfort Z@meanimals
andtherebylimit energy losses in form of heat used for thermoregulation. Gibipmment in the
SCU includes an air regulator system that assure an adequate air exchange between the chamber
and the atmosphere. The floor space allowance in each changlgglivalent to what igsed in
commercial conditions, and tlagl libitumfeeding ad drinking supplyare intended to maintain
normal animal growth. The SCU is also equipped with the instruments needed to detect changes
in the concentration of gaseshich are usetb calculate animaieat production and net energy

of diets or feed ingents.

32

o

N



FIGURES

i 28.04 m
le—3.02m 1.83m 2.95m i
'I T 3.43m T
1.03 m| | mechanical room . equi equipment room 3
quipment room 2
. 1.97 m equipment reom 1 feed storage room
chamber 1 chamber 2 chamber 3 chamber 4 chamber 5 chamber &
3.51m
5.11m 4.84m

3.70m

computer room

A

/

/

corridor

/

A

Se—7

—

20.55m

33

Figure 3.1.Layout of the swine calorimeter unit.



Figure 3.2.Access corridor and access door.
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Figure 3.3. Feed storage room.
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Figure 3.4.Master computer for monitoring.
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Figure 3.5.Mechanical room.
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Figure 3.6.Calorimeter chamber.
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Figure 3.7.Secondary section of the calorimeter chamber.
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Figure 3.8.Screens and urine pans inside the secondary section of the calorimeter chamber.
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