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ABSTRACT 

Values for digestible energy (DE), metabolizable energy (ME ) and net energy (NE) are 

used to develop prediction equations for diet formulation, usually calculated from data  for 

individually housed pigs. However, pigs in commercial conditions are usually housed in groups 

and allowed ad-libitum feed intake. It is possible therefore that, energy values in group-housed 

pigs are different from values obtained in individually housed pigs. The Swine Calorimeter Unit 

(SCU) at the University of Illinois has been constructed to obtain energy values of diets and feed 

ingredients in group-housed pigs that are allowed ad-libitum access to feed. The SCU contains 6 

calorimeter chambers with a capacity to hold 4 to 10 growing-finishing pigs in each chamber. 

The SCU allows for calculation of DE, ME, and NE of diets because of total, but separate, 

collection of feces and urine, and measurements of gas exchange in the chambers. Two 

experiments were conducted as part of the commissioning of the SCU. The first experiment had 

the objective of testing the hypothesis that there are no differences in the estimated values for 

total heat production (THP) and NE among the 6-calorimeter chambers if all environmental and 

dietary conditions are similar. Results indicated that the NE of the diet had a coefficient of 

variation (CV) of 4.2 % among chambers. The second experiment tested the hypothesis that a 

greater protein concentration in the diets may result in a greater THP and, therefore, a lower NE 

value. Results indicated that there were no differences in the NE values between the 2 diets. The 

energetic loss associated with deamination of excess AA and, urea synthesis may be less than 

previously believed. Therefore, more research is needed to demonstrate how dietary protein 

affects THP and NE values of group-housed pigs. 

Keywords: calorimeter, group housing, net energy, 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 in the swine industry (Kil et al., 2013). Therefore, 

energy requirements by pigs need to be determined 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 diet contains, the digestible energy (DE) value shows the amount of energy 

that is absorbed by the animal, and the metabolizable energy (ME ) indicates the amount of 

energy that is metabolized (Stewart, 2007). Systems based on DE and ME have been widely used 

in the feed industry. However, net energy (NE) of feed ingredients and diets may be more 

accurate because values for NE include the energy that was lost in the form of heat (Li et al., 

2018). The most commonly used technique to determine NE is based on indirect calorimetry due 

to the lower complexity and greater accuracy of this procedure compared with other techniques 

such as the direct calorimetry method (Blaxter, 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 in groups may be more 

accurate. The University of Illinois at Urbana-Champaign has, therefore, constructed a facility to 

determine NE in diets and feed ingredients fed to group-housed pigs. The commissioning phase 

of this facility has been concluded, and the facility is 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 

Illinois 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 swine diet (Kil et al., 2013), 

and supplying the correct amount of energy to pigs is one of the primary goals in swine feeding. 

To achieve this aim, energy requirements of the animals must be determined and the absorption 

and retention of nutrients from a given diet need to be known. 

The general concept of nutritional energetics has been known since the middle of the 15th 

century (Johnson et al., 2003), and research in this area has contributed to an increased 

understanding of the energy flow from feed to animal. Since the establishment of the 

thermodynamic laws, it has been known that energy may be transformed from one form to other 

forms, and thus, if the intake of energy is known, it is possible to calculate the outcome. Antoine 

Laurent Lavoisier argued that ñrespiration is nothing but a slow combustion of carbon and 

hydrogen, comparable to a lamp or a lighted candle. Thus, the animalôs breath burns substances 

and consume themselvesò (West, 1994). Therefore, it may be inferred that the vital energy comes 

from the transformation of the energy in feed into biochemical energy used by the animal. To 

determine the total amount of energy contained in the feed, an adiabatic bomb calorimeter was 

developed in 1886 by the scientist Berthelot (Kopperl and Parascandola, 1971). This novel 

apparatus also allowed for determination of energy excreted in feces and urine, and energy 

balance studies could be performed. Lavoisier also conducted experiments to demonstrate the 

relationship between oxygen (O2) in the air and the production of carbon dioxide (CO2) and heat. 
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However, the ratio between the amount of O2 and CO2 production was first determined using an 

open-circuit calorimeter developed by the chemist Pettenkofer in 1862 (Heymsfield et al., 2016). 

 

DETERMINATION OF ENERGY  

Conventional energy partitioning began with determination of gross energy (GE) from 

the feed. This is calculated by the ignition of a feed sample using a bomb calorimeter (Kil et al., 

2013). The energy in feces is also determined using this procedure, and this value is subtracted 

from the energy of the feed to determine digestible energy (DE) as described in the NRC (2012) 

according to the following equation [1]: 

DE = [(GE ï energy in feces)] [1]  

Metabolizable energy (ME ) is calculated by subtracting the energy lost in urine and 

combustion gases such as methane from DE. However, usually the energy lost in combustion 

gases is ignored in pigs due to the low production of these gases by monogastric animals. 

Metabolizable energy is, therefore, calculated according to the following equation [2] (NRC, 

2012): 

ME = [(DE ï energy in urine)]  [2] 

Net energy (NE) is commonly known as the energy resulting from subtraction of the 

energy losses in heat increment from ME (NRC, 2012). These energy losses are mainly in the 

form of heat that is produced as a result of physical activity, energy used for metabolic processes 

such as digestion and absorption of nutrients, synthesis of body tissues, and energy lost when the 

animal is in a resting state (Just, 1982). This heat is transferred to the enviroment via radiation, 

convection, conduction, and evaporation (Blaxter, 1989), and is known as total heat production 

(THP).  
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Total heat production is composed by two forms of heat: heat increment (HI ) and fasting 

heat production (FHP). Fasting heat production is comparable to NE for maintenance (NEm; van 

Milgen et al., 1998) because it is the energy that is used by the animal in a basal metabolic state, 

for voluntary activity and thermoregulation (Just, 1982). Therefore, THP is the sum of the energy 

expenditure by the resting animal plus the heat that is produced while the animal metabolizes 

nutrients and synthesizes muscle and adipose tissue for growth or reproduction processes (van 

Milgen and Noblet, 2003). Net energy is then the sum of HI and the energy retained (ER) in the 

body in the form of protein and lipids, deposited in products such as milk, or used for the growth 

of fetuses (Noblet, 2013). By correcting ME for HI and FHP, it is possible to calculate NE (Li et 

al., 2018) according to  the following equations [3], [4]: 

NE = [(ME ï HI)]     [3]  

                                               NE = [(ER + FHP)]     [4]  

Estimation of NEm requires knowledge about the physiological pathways that are related 

to regular animal development, its basal activity and growth rate, the reaction rates, and the 

different fates that energy has on those activities. However, the complexity of estimating these 

processes results in estimates that are not always accurate (van Milgen and Noblet, 2003). Thus, 

FHP may be a better value to be used to estimate NEm. 

 Energy is often measured as Joule (J), which is the international unit for heat or work, 

but, the calorie (cal), the metric heat unit, is also accepted for reporting of energy because this 

unit is equivalent to 4.184 J (Kleiber, 1972). Calculation of THP is possible if consumption of O2 

and synthesis of CO2, CH4, and urinary N is known (Brouwer, 1965), [5]: 

THP, kcal = [(3.866 × O2 + 1.200 × CO2 ï 0.518 × CH4 ï 1.431 × urinary nitrogen)]   [5] 
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 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 these processes are performed, thus, a more general 

equation may be used to determine NE from THP, FHP and ME (Noblet et al., 1993b), [6]: 

NE = (ME ï THP + FHP) [6] 

 

CALORIMETRY PRINCIPLES  

 Total energy outflow from animals consists of first, the heat that is produced from 

digestion, metabolism, and storage of nutrients in the body. Second, the heat transferred from the 

body to the environment during physical activity, and third, the basal metabolic rate (BMR ), 

which is the amount of energy used to maintain vital activities while the animal is resting and to 

maintain body temperature (Levine, 2005). The percentage that each of these 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 environment (van Milgen et al., 1998).  

Direct Calorimetry 

 Direct calorimetry measures the heat that is transferred from an animal to the 

environment (Benzinger and Kitzinger, 1949), which represents the energy that the animal 

irradiates. Three systems were developed using direct calorimetry. The isothermal system, 

consists of an insulated coat or bilayer wall that measures the difference in temperature between 

the outer surface and the inner surface that is affected by the heat released from an animal 

located inside (Jequier et al., 1987). The adiabatic system uses a refrigerant liquid to transport the 

heat produced by the animal to an analyzer, and gain or loss of temperature is avoided by 

isolating the liquid (Webb et al., 1972). The convection system uses air as the heat transporter 

and works like the adiabatic system with the difference that the airflow acts as the heat driver 
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(Snellen, 2000). The heat produced by the body inside the chamber is collected by the air stream 

and is then analyzed by difference taking into account the heat capacity of the air (Levine, 2005). 

Indirect Calorimetry 

Indirect calorimetry estimates THP from the gas exchange produced by the animal in the 

respiration process. In this method, the amount of O2 consumption and the CO2 produced are 

used in a prediction equation to deliver an estimation of heat production (Brouwer, 1965). Gas 

exchange may be measured by collecting the total amount of air expelled from an animal in a 

container and the composition of this is analyzed to determine the concentration of the gases, and 

an oxygen-containing tank is used to measure the oxygen disappearance rate (Matarese, 1997). 

Another example and one of the most commonly used approaches in indirect calorimetry is 

called an open-circuit system (OCS). This system requires analysis of  the composition of the 

ingoing and outgoing air in a calorimeter chamber to determine the amount of air that is taken in 

by the animal (Miller and Koes, 1988). The concentration of O2 consumed and CO2 and CH4 

produced by the animal is analyzed to determine disappearance of O2 and total production of 

CO2 by difference. Another system is called the confinement system. This procedure places an 

animal in a completely sealed chamber, and the concentration of O2,CO2 and CH4 is analyzed in 

a short period of time (e.g.15 minutes) to calculate the rate of concentration changes (Lachica et 

al., 1995). The volume of the chamber is measured to calculate the total amount of air that is 

contained in the chamber (Blaxter et al., 1972). The last example of the indirect calorimetry 

system is the closed- system. This method uses animals placed in an air-tight chamber with a 

known volume, and CO2 and water vapor that is produced are removed from the air and the O2 is 

returned to the chamber (Miller et al., 1981). The confinement and closed-circuit systems should 

be used only for a short time to avoid animal suffocation. 



8 

 

 

ENERGY RETENTION AND HEAT PRODUCTION  

Energy retention (ER) 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 animal is growing, 

fattening, gestating or milking (Verstegen et al., 1973). The efficiency is determined based on 

energy intake, which is influenced by type of feeding (restricted or ad libitum), genotype, health 

status, and age of the animal (Noblet and van Milgen, 2004), and the energy that is stored in the 

body. The most commonly used techniques to determine ER include the comparative slaughter 

technique, the carbon-nitrogen balance technique, and determination of THP to be subtracted 

from the ME value. However, the use of the dual-energy x-ray absorptiometry (DXA ) technique 

may also be used to measure body composition which can be associated with the energy that is 

contained in muscular and adipose tissue (Mitchell and Scholz, 2008). 

Comparative Slaughter Technique 

In this technique, an animal is sacrificed at the end of an experiment to compare its body 

composition to the one of an animal with similar characteristics that was slaughtered at the 

beginning of the experiment (Le Dividich et al., 1994). This technique allows 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 animals (Quiniou et al., 1995). However, due to 

variation in body deposition of 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 ones obtained when using other 

techniques (Velayudhan et al., 2015). 
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Carbon-Nitrogen Balance Technique 

The carbon-nitrogen balance technique is 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 energy (Müller et al., 1999). Therefore, the difference 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 body (Le Bellego et al., 2001). In this technique, energy in the 

form of protein is calculated based on the nitrogen difference, and the amount of carbon that is 

retained in the form of protein is estimated using a fixed number (76.08%; Blaxter, 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., 1987).     

Fasting Heat Production  

 As previously described, FHP is the thermic energy utilized to maintain vital activities in 

the body using the energy reserves that have been accumulated in the fed state. Therefore, it can 

be inferred that in a fasting state, the animals reduce protein synthesis and accretion and limit 

lipid synthesis for energy storage, to start mobilizing those energy reserves and supply the 

energy required for maintenance. Thus, FHP provides a reference for the energy that needs to be 

subtracted from the ME value to estimate the actual value of energy that is used for productive 

purposes (Holmes and Breirem, 1974).  

 Fasting heat production is usually calculated using the equation proposed by Brouwer 

(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, etc. (Tess et al., 1984), as well as the quality of the environmental 
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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 measure body composition during different production phases 

were developed because of the impossibility of the comparative slaughter technic to be 

performed twice in the same animal (Blaxter, 1989). Therefore, the dual-energy X-ray 

absorptiometry (DEXA ) may be used to measure the chemical composition of a live animal in 

terms of protein, fat, and bone composition (Svendsen et al., 1993). This technique uses two X-

ray lights to measure the muscle, adipose, and bone tissue by differences in the intensity of the 

X-ray light that goes through the body, and such mitigation of the intensity is then contrasted 

with standard values to determine body composition (Kipper et al., 2019). The accuracy of the 

DEXA procedure has been tested in pigs and humans (Svendsen et al., 1993; Mitchell and 

Scholz, 2008) demonstrating 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 not been 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 

 The French NE system was proposed in the early 1990s, with the purpose of generating 

values for NE that included new techniques for chemical analysis of diets and advanced 

knowledge about the dietary contribution of energy, especially from carbohydrates (Noblet et al., 

1994a). This system proposed that a large proportion of the ME is used for maintenance, and 
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only the ME available after the requirements of the animal are met, can be used for production 

purposes (Noblet et al., 1993b).  

The French system was designed to calculate NEm by feeding animals with a wide variety 

of diets and to evaluate the effect of diet composition on animal HP by the use of indirect 

calorimetry. The efficiency of the use of NE was then determined, generating energy 

expenditures by pigs in different growth stages (Noblet et al., 1993b). This efficiency was 

believed to be dependent on environmental, productive, and genetic factors (e.g., temperature, 

feeding frequency, breed, and body weight); however, it was demonstrated that the NE efficiency 

can be determined using the indirect calorimetry approach (Noblet et al., 1994b). 

The Dutch System 

 The Dutch system was developed in the Netherlands by the Central Bureau for Livestock 

Feeding (Stewart, 2007), where analyses of the feed used for animal nutrition are performed to 

determine both chemical composition and nutrient digestibility in these materials. Having the 

concentration and digestibility of nutrients, the energy value of the feed can be determined 

(CVB, 2016). The procedure that is used in this system consists of a series of metabolism 

experiments where the input and output materials are collected, and the nutrient composition is 

analyzed. Therefore, the difference between intake and output determines the portion of the 

energy that has been absorbed or retained by the animal, providing digestibility coefficients that 

are applied for protein, fat, digestible carbohydrates, and fiber (CVB, 2016).  

 In the Dutch system, energy losses in the form of heat are not measured; however, the 

analysis of the carbohydrate component is more specific than in the other systems. Thus, non-

starch polysaccharides, fermentative starch, digestible starch, and digestible sugars are separated 

to determine coefficients of digestibility of each of these components separately (CVB, 2016). 
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The Danish System 

 The Danish system is also known as the potential physiological energy (PPE) system 

(Kil et al., 2013). The PPE system was presented for the first time by Boisen and Verstegen in 

1998, as an alternative procedure because, in the other NE systems, the value for NE is obtained 

when the animals are under specific environmental and physiological conditions (Velayudhan et 

al., 2015). Therefore, a more comprehensive system was developed, where not only the 

digestibility of nutrients is taken into account but also the theoretical yield of ATP during the 

oxidation of feed components (Szabó and Halas, 2013). 

 Thus, the PPE system ignores the characteristics of the animal in terms of breed, age, or 

environmental conditions that may influence the efficiency of nutrient oxidation (Kil et al., 

2013). However, the system applies digestibility values 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 because the values obtained with this technique for 

individual ingredients are additive in mixed diets (Boisen, 2007). 

Prediction Equations 

 Prediction equations have been developed to estimate energy values in feed ingredients 

and diets based on their nutritional composition. These equations attempt to 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 system, Noblet et al., 1993a). The objective of the prediction equations 

is to calculate NE values in feed ingredients, which may be used in diet formulation. By using 

this system, the natural variation in chemical composition in feed ingredients is avoided and the 

effects of dietary treatments on growth performance may be predicted (Fairbairn et al., 1999).  
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The French system developed 11 prediction equations based on proximate analysis of 

starch (ST), ether extract (EE), crude protein (CP), crude fiber (CF), and hemicellulose (Hemi), 

which is determined by the difference between neutral detergent fiber (NDF) and acid detergent 

fiber (ADF; Noblet et al., 1994a), as well as the digestible values of each of these nutrients (dST, 

dEE, dCP, dCF, and dHemi, respectively). The difference between digestible organic matter 

and the sum of digestible chemical components (DRes1, 2, or 3) are also included in these 

equations. 

The use of DRes1, DRes2 and DRes3 values depends on the digestibility coefficients that 

are available to calculate NE. For example, DRes1 is calculated when values of sugar (SU) 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 digestible crude fiber (dCF) were calculated 

instead of dADF values (Noblet et al., 1994a). 

The prediction equations are presented below (Noblet et al., 1994a), [7-17]: 

NE (MJ/kg) = 2.73 × DCP + 8.37 × DEE + 3.44 × ST + 0 × DADF + 2.93 × DRes2 [7] 

NE (MJ/kg) = 2.69 × DCP + 8.36 × DEE + 3.44 × ST + 0 × DCF + 2.89 × DRes3 [8] 

NE = 0.843 × DE ï 463 [9] 

NE (MJ/kg) = 0.703 × DE + 1.58 × EE + 0.47 × ST ï 0.97 × CP ï 0.98 × CF [10] 

NE (MJ/kg) = 0.700 × DE + 1.61 × EE + 0.48 × ST ï 0.91 × CP ï 0.87 × ADF [11] 

NE = 0.870 × ME ï 442 [12] 

NE (MJ/kg) = 0.730 × ME + 1.31 × EE + 0.37 × ST ï 0.67 × CP ï 0.97 × CF [13] 

NE (MJ/kg) = 0.726 × ME + 1.33 × EE + 0.39 × ST ï 0.62 × CP ï 0.83 × ADF [14] 

NE (MJ/kg) = 2,796 + 4.15 × EE + 0.81 × ST ï 7.07 × Ash ï 5.38 × CF [15] 
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NE (MJ/kg) = 2,790 + 4.12 × EE + 0.81 × ST ï 6.65 × Ash ï 4.72 × ADF [16] 

NE (MJ/kg) = 2,875 + 4.38 × EE + 0.67 × ST ï 5.50 × Ash ï 2.01 × (NDF - ADF) ï 4.02 × ADF 

[17] 

 The Dutch system recently developed a new prediction equation for NE that takes into 

account digestibility values of nutrients that were obtained using indirect calorimetry (CVB, 

2016). By the use of the different data-bases of chemical composition and digestibility values of 

a considerable number of feed ingredients, the novel equation was established and is presented 

below (Blok et al., 2015), [18]: 

NE (MJ/kg) = (11.70 × dCP + 35.74 × dCFath + 14.14 × (StarchAM + 0.9 × Sugarse) + 9.74 × 

(fNSP + CF_Di × Sugarsf) + 10.61 × AA + 19.52 × BA + 14.62 × PA + 12.02 × LA + 20.75 × 

Eth + 13.83 × Glycerol) / 1000 [18] 

The variables that are included in the novel equation are values found in databases for 

digestible crude protein (dCP), digestible crude fat after acid hydrolysis (dCFath), starch 

analyzed according to the amyloglucosidase method (StarchAM ), fermentable non-starch 

polysaccharides fraction (fNSP), a correction factor for sugars (CF_Di), sugars that are 

fermented by bacteria in the hindgut (Sugarsf), acetic acid (AA ), 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 disregarding the physiological characteristics of the animal. For this 

aim the PPE system developed coefficients to be applied to the different nutrient digestibilities 

and the PPE values are then determined (Kil, 2008). The equation needed to calculate the PPE 

value of a feedstuff is presented below (Boisen, 2007), [19]:  
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PPE (KJ/g DM) = 9.9 × RDCP + 31.7 × RDCF + 11.7 × EDC + 7.0 × FERMC ï 2.8 × 

EIDMi  /7,375    [19] 

 The values that are included in the PPE equations are: the in vitro ileal degestible CP 

content (RDCP),  the ileal digestible crude fat content (RDCF), the in vitro ileal digestible 

carbohydrates (EDC), fermentable carbohydrate (FERMC ), and the enzyme undigested ileal 

DM (EIDMi ). 

 

CONCLUSIONS 

 Digestible energy and ME are valid methods to determine energy 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 well known methods used to 

determine HP; however, the indirect calorimetry approach is more commonly used because of its 

practicality and the lower cost of implementation.  

There are a number of techniques to determine ER in animals as well as HI from 

metabolism of nutrients, but advantages and disadvantages need to be considered to choose the 

most appropiate 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 

The digestible energy (DE) and the metabolizable energy (ME ) systems are the most 

commonly used energy systems in the U.S., but the net energy (NE) system may be more 

accurate due to inclusion of total energy losses in this system. The indirect calorimetry procedure 

is often used to determine gas exchanges, which are needed to calculate NE values of diets. The 

swine calorimeter unit (SCU) has been constructed at the University of Illinois at Urbana-

Champaign. The objective of the SCU is to determine NE of diets and ingredients fed on an ad-

libitum basis to group-housed 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 airtight and has a capacity to hold 4 to 10 growing-finishing pigs depending on 

size. The SCU allows for collecting feces and urine to calculate DE and ME, and each chamber 

is equipped with a fresh air supply system. A regulator unit controls humidity and temperature in 

each chamber, and a gas analyzer system is used to measure the gas exchange in the chambers. 

Those systems are placed in equipment rooms next to the chambers. The concentration of 

oxygen (O2), carbon dioxide (CO2), and methane (NH4) in the air is measured every 10 min and 

these measurements are used to calculate total heat production from each chamber. The 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 are monitored, 

and a mechanical room where facility entrances are located, are also included in the unit. 

Keywords: calorimeter, group housing, net energy, pigs. 
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INTRODUCTION  

The most commonly used energy system in the U.S. is a system based on metabolizable 

energy (ME ), although the digestible energy (DE) system is also used. Values for DE and ME 

are calculated after subtraction of the energy that is excreted in feces and urine, respectively. 

Theoretically, ME also takes into account the energy that is lost in combustion gases, but in most 

cases, these gases are ignored in calculations of ME values for pigs. However, it is believed that 

the most accurate system to determine energy requirements is the net energy (NE) system, 

because, in addition to energy lost in feces and urine and gas, the NE system also accounts for 

the energy lost in the form of heat (Noblet and van Milgen, 2004).  

 Different procedures have been developed to calculate NE of diets and feed ingredients 

used in animal feeding (Noblet, 2013; Velayudhan et al., 2015b). Among these methods, the 

indirect calorimetry procedure is most often used because NE can be calculated based on the 

consumption of oxygen (O2) and the production of carbon dioxide (CO2) and methane (CH4). 

Although prediction equations to estimate NE of feed ingredients and diets have been published 

(Noblet, 2000; NRC, 2012; CVB, 2016) it is possible that more accurate prediction equations can 

be developed if newer analytical techniques and more accurate digestibility values are used, 

compared with what was used to develop previous prediction equations. Values for NE can be 

quantified from the energy ingested from feed and the energy lost after the digestion process. 

Therefore, it 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 technologies may influence 

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 current NE 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 used.  Different types of respiration units have 

been designed to accommodate different species (Benedict and Homans, 1912; Pinares-Patiño 

and Waghorn, 2012; Maia et al., 2015). In most cases, calorimeter chambers allow for only one 

or two animals at the same time being placed in the chamber (Benedict and Homans, 1912; van 

Milgen et al., 1997; Velayudhan et al., 2015a). However, pigs are social animals and under 

commercial conditions, pigs are kept in groups, and it is likely that group-housed pigs have 

different energy expenditures than individually housed pigs, which may affect estimated values 

for NE. It is possible, therefore that NE values that accurately reflect what is obtained in 

commercially housed pigs, need to be determined in group-housed pigs. Likewise, because 

commercial pigs usually are allowed ad libitum access to feed, and because the level of feed 

intake may affect digestibility of nutrients and energy and post-absorptive energy metabolism, it 

is possible that NE values that are obtained in pigs allowed ad libitum intake of feed are more 

representative of commercial pigs than if pigs are restricted in their feed intake. Therefore, the 

Swine calorimeter Unit (SCU) has been constructed to determine NE values in feed ingredients 

and diets consumed by group-housed pigs that are allowed ad libitum access to diets.  

 

UNIT MEASUREMENTS AND EQUIPMENT  

The Swine Calorimeter Unit is located at the Swine Research Center (SRC) at the 

University of Illinois at Urbana-Champaign. The outside of the SCU measures 28.04 × 5.11 m. 
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The unit is a wood framed construction that is placed on a steel chassis, with oriented strand 

board walls, a wood truss roof, and a plywood floor. All surfaces on the inside are coated with 

sprayed-on plastic for water-tightness. 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 20.55 m (Figure 

3.2). The access door for personnel and animal entrance is located on the west wall of the 

building, the size of this door is 2.01 × 1.06 m. Inside, the animals are guided to the calorimeter 

chambers using a wooden ramp. Three water faucets and four-fixed connections to the power 

washer lines are located in the access corridor. Electricity outlets are located throughout the 

corridor. 

The feed storage room (Figure 3.3) is where experimental diets are kept under 

temperature controlled conditions to avoid spoilage. Room temperature in the feed storage room 

is maintained at 15 ± 2 °C, using a Bard® T30S1D control unit (BARD HVAC, Bryan, OH). In 

addition to controlling temperature, this equipment also has a dehumidification circuit to control 

air humidity in the room. The feed storage room has a volume of 44.3 m3. The inside dimensions 

are 3.43 × 4.84 m and the height is 2.67 m. There is a door (1.99 × 1.84 m) to the outside, which 

allows entrance of feed stored on pallets or in feed bins. There is also a narrower door (2.01 × 

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 (JRMC-11ELT, Lift Products INC, Waukesha, WI). 

 All equipment in the SCU is connected to the master computer, which is located in the 

computer room (Figure 3.4). The master computer monitors the operational quality of all 
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equipment in the SCU and also monitors the well-being of the animals. The volume of this room 

is 29.84 m3, with inside measures of 3.02 × 3.70 × 2.67 m.  

The mechanical room is where utility entrances are located. The electrical service 

entrance box, a water backflow prevention system, a fresh air supply fan, and a stationary power 

washer are also located in this room. The volume is 8.30 m3; with inside dimensions of 3.02 

×1.03 × 2.67 m. (Figure 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 (Figure 3.6). The main 

section has a volume of 6.5 m3. The inside dimensions are 1.83 × 1.97 m, and the height is 1.8 m. 

The door of the main chamber is air-tight, has a gasketed surface, is side-hinged, and contains 3 

rubber-metal handles for closing. The secondary section has a volume of 3.1 m3. The inside 

dimensions are 1.83 × 1.97 m, and the height is 0.86 m (Figure 3.7). The door of the secondary 

chamber is air-tight by means of a gasketed surface, and has 8 rubber-metal handles for complete 

closing; this door can be removed to allow fecal and urine collection. The ceiling and walls in the 

main chambers are constructed from a wood-coated frame with sprayed-on plastic and the floors 

are galvanized steel modular slotted flooring with the animal contact surface made of a series of 

spaced triangular bars. The floor module is self-supporting at the ends by means of an engineered 

steel under-slat truss system. The contact surface is deformed to improve hoof traction. The 

support truss is designed for the maximum animal load and module length (Table 3.1). An air 

supply duct and diffuser is located in the ceiling of each chamber, and an air-outlet is located in 

the side of each chamber to provide the air exchange needed. The chamber contains a stainless 
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steel wet-dry feeder with a capacity of 30 kg (Thorp Equipment Inc., Thorp, WI). An auxiliary 

drinker is available in each chamber to ensure free access to water.  

The secondary chamber has 4 flat stainless steel wire mesh screens with openings of 

1,190 microns for feces collection (Figure 3.8); measurements of these screens are 0.91 × 1.97 

m. The screens are placed in parallel and in two rows with a 10 cm separation between screens to 

avoid sample loss during collection. Feces are collected every day within the 1-hour opening 

period. During this time, both the main and secondary sections of the chambers are opened. To 

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 the upper screens 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 of feces. The 2 

urine pans are placed below the screens and have a total capacity of 100 L. The pans are 

equipped with a manual valve, which allows for collection of urine from the access corridor. 

During collection days, valves are opened once per day to collect the urine in plastic buckets. 

Once the pans are empty, the valve is closed and urine will be captured in the pans. To avoid 

nitrogen loss from the urine, 125 ml of 6N HCl are placed in the urine pans every day. 

 

EQUIPMENT ROOMS  

 All air handling equipment for the chambers is located in the 3 equipment rooms (Figure 

3.9). The equipment includes systems to control temperature and relative humidity inside the 

chambers, a system for the fresh air supply to the chambers, and systems to analyze air samples 
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for oxygen (O2), methane (CH4), and carbon dioxide (CO2). Each equipment room has a volume 

of 27.64 m3, with inside dimensions of 2.95 × 3.51 m × 2.67 m. 

Temperature and Humidity Control System 

The temperature and humidity in the chambers are maintained by 6 Parameter Generation 

and Control (PGC) units (Model 9241-2220-B1D0000; Parameter, Black Mountain, NC), which 

are located in the 3 equipment rooms, with 2 PGC units per room. The PGC units control the 

temperature with an accuracy of ± 0.1°C and relative humidity is maintained with an accuracy of 

± 0.5%. This level of precision is ensured by the use of the dew point control system, which 

operates by manipulating the air temperature going through the PGC unit and the temperature of 

the water spray that saturates the air with moisture and thus, controls the humidity and 

temperature in the chamber (Dyer, 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. 

The air blower in each PGC unit has a capacity of 700 to 1,100 m3 of air per hour. The 

unit is a 316 grade stainless steel construction, with electricity requirements of 208/230V, 3-

Phase, 60Hz, 22.5 full-load amperes, and 14.1 rated load amperes. The weight of each PGC unit 

is 522 kg and dimensions are 0.81 × 1.02 × 1.63 m. The rated maximum heat of rejection for 

each unit is approximately 7,300 watts/h. The PGC unit provides instant readings of temperature 

and humidity in the chamber (Figure 3.10), and allow programming for automatic cycles, set 

points, and tuning parameters, and has a RS-232 connection to the master computer for 

continuous monitoring. The equipment also contains an alarm system that is activated if the 

temperature or the humidity in the chamber deviates from the set allowances. 
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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 (Figures 3.11). The fresh air intake system/ air exchange consist of a centrifugal inline 

fan, which has a maximum rated airflow of 293 m3/h, and its housing is constructed of 

galvanized sheet metal (Fantech, Lenexa, KS). The AccuValve® (Accutrol llc, Monroe, CT) is 

also part 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, which pass through the airflow sensor; a measure of this 

airflow is sent to the digital controller where the airflow set point is calibrated. 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 chamber by the fan. The 

AccuValve® has an accuracy of +/- 5% and a maximum airflow rate of 509 m3/h and is 

equipped with 90 cm of a 15 cm diameter PVC pipe on each side to allow maximum accuracy 

according to manufacturer recommendations. 

The air exchange in the chamber is set by the AccuValve® and chamber pressure is 

regulated by a manual rotary plate valve located in the exhaust duct, which allows chamber air to 

vent to the outside of the building. The manual valve is set to maintain a small positive pressure 

in the chambers, and to avoid entrance of external air to the chamber. A manometer (Dwyer ®, 

Michigan City, IN) with an accuracy of 3% is attached to the exhaust pipe, to maintain the 

chamber pressure at 174.19 Pascal at all times.  

Gas Analyzers 

 There are 3 gas analyzer systems in the SCU with one system located in each equipment 

room (Figure 3.12). Each system (Classic Line, 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 O2 analyzer, a CO2 analyzer, and a CH4 analyzer. The gas 

analyzer system provides readings of O2, CO2, and CH4 from a subsample of air collected from 

the chamber return duct. The pumps funnel the air from the return duct to the multiplexer, as 

another pump collects a sample from the fresh air supply duct to the multiplexer. The multiplexer 

is programed to select one of the 3 lines of airflow every determined period to be sent to the sub-

sampler. The sub-sampler pulls 250 ml ± 10% per minute of air from the chamber through the 

gas analyzers. Before the air stream enters the gas analyzers, it passes through the humidity 

sensor, which detects water molecules by infrared spectroscopy, generating relative humidity 

values. The air subsample first enters the CO2 analyzer, then the CH4 analyzer, and finally the O2 

analyzer. The gas analyzers provide readings in percentage units. The resolution of the analyzer 

is 0.0001, but this resolution can vary depending on gas concentration. 

Calibration Sequence 

The calibration process includes the tune-up 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 in the chambers, an air calibrator is installed to 

measure the actual air flow modulated by the AccuValve® (Figure 3.13). The calibrator uses an 

obstruction flow meter based on an American Society of Mechanical Engineers (ASME) 

standard nozzle (Hy-Grade Metal Products Corp. Syracuse, NY), which is placed downstream 

from the AccuValve®. A vacuum motor (Ametek Dynamic Fluid Solutions, Whitsett, NC), is 

used in the calibrator to simulate different pressures and to boost the air stream through the 

nozzle to maintain the inner pressure range as required, and to reduce the pressure inside the 

calibrator. To reduce large-scale turbulence, a straightener device is inserted inside the calibrator. 
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A 120-cm length of 15-cm diameter straight pipe is also installed ahead of the nozzle to obtain 

reliable pressure readings. A sample of airflow pressure in each side of the nozzle is recorded to 

measure pressure drop, which is obtained by the use of a digital manometer (Dwyer ®, Michigan 

City, IN). Those readings are annotated to graph the actual airflow at different AccuValve® 

settings. 

The temperature and humidity sensor (Figure 3.14) 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 divided in 2 steps that can be executed separately or in  

sequence. The first step includes running a pure N flow through the gas analyzers for an hour to 

remove all air inside the analyzers and the zero concentration of the gases is then determined in 

each gas analyzer. The second step is to standardize the equipment using spam gasses. In the 

case of the CO2 and CH4 analyzers, the spam gas contains 99% N and 1% CO2 or CH4. After 20 

minutes of letting the spam gas pass through the analyzers, the spam concentration of the gasses 

is assessed in the CO2 and CH4 analyzers. In the case of the O2 analyzer, a desiccant containing 

Dryerite and Ascarite is used to remove excess water and CO2 in the airflow. The atmospheric 

O2 concentration average is 20.944 % (Glueckauf, 1951), and therefore, the concentration range 

that is set in the analyzer is 20.95 ± 1 %. As a consequence, the gas analyzer can determine small 

changes in the O2 concentration.  

Dry Cooling System  

The dry cooling system (Vertiv Tm, Columbus, OH) is used to provide heat transfer 

between the PGC unitôs refrigeration condensers  and the atmosphere outside the building 

(Figure 3.15). This is achieved because the system contains 2 exhaust fans that exhaust the heat 
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that is transferred from the PGCôs metal surface that contains the refrigerant to the propylene 

glycol-filled finned tubes (Conradie and Kröger, 1996). 

An outside fan-cooled 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 purposes compose the dry cooling 

system. The fan-cooled radiator dimension is 1.1 × 2.3 × 1.1 m. The radiator is located in an 

aluminum cabinet outside the SCU. The dry cooler glycol loop includes a 30-L expansion tank. 

Its dimensions are 0.76 × 0.82 × 0.48 m and it is placed in an aluminum drip-proof case. The dry 

cooler system can lead 21,370 m3 of air per hour. The fluid flowrate is 75 L/min, which allows 

the system to remove 42,202 watts of heat from the system per hour. 

Conclusion 

 The SCU at the University of Illinois contains systems and equipment that control 

environmental conditions to maintain temperature and humidity in the comfort zone for animals 

and thereby limit energy losses in form of heat used for thermoregulation. The equipment 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 chamber is equivalent to what is used in 

commercial conditions, and the ad libitum feeding and drinking supply are intended to maintain 

normal animal growth. The SCU is also equipped with the instruments needed to detect changes 

in the concentration of gases, which are used to calculate animal heat production and net energy 

of diets or feed ingredients.  
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FIGURES 

 

 

Figure 3.1. Layout of the swine calorimeter unit. 
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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. 

  








































































































