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Introduction:
Meat is sold on the hook based on a price per kg of the chilled carcass weight. In many cases
abattoirs do not record both the warm (freshly dressed) and chilled carcass weights, but
merely use an estimated shrinkage value of the recorded warm carcass weight to calculate
the chilled weight which is used for the payment of the producer. In general, 2,5 % to 3 % of
warm carcass weight is used as a shrinkage factor which has been argued by producers for
many years to be an over-estimation of the actual weight loss. Chiller shrinkage is due to a
combination of water loss from dripping (wash water), tissue exudation and surface
evaporation. Farmers have always been paid according to the cold carcass weight as this
was the actual weight bought by the buyer. While a shrinkage factor of 3 % is not uncommon
in international industries such as Australia (Anonymous, 2003) and the USA (Schweihofer,
2011), most scientific studies report values much lower than 3 %.
By doing this literature survey the aim is to investigate the validity of using a specific estimate
for carcass shrinkage considering various factors that may have an influence on the weight
loss from directly after slaughter and dressing up to the point of dispatch or further processing.
One of the components of heat production or heat loss from carcasses involves the
evaporation of moisture and therefore the loss of carcass weight. For this reason, factors
involved in carcass chilling rate will also affect the rate and amount of moisture or weight loss
(Kerens, 1974). Shrinkage represents a serious economic concern for the beef packing
industry (Hamby, Savell, Acuff, Vanderzant, & Cross, 1987), hence, many recent and earlier
studies on carcass chilling and weight loss focus on non-conventional methods of chilling and
the prevention of carcass weight loss such as wrapping of carcasses (Sampaio, PflanzerJúnior, Roça, Casagrande, Bedeschi, Padovani, Miguel, Santos, Girão, Miranda, & Franco,

2015), blast chilling or chilling at sub-zero temperatures (Aalhus, Robertson, Dugan, & Best,
2002) and spray-chilling (Prado & Felicio, 2010; Isa & Lawrence, 2015). While these are
important modern technologies, the focus of this literature review will rather be on the validity
of a single coefficient to use for chiller shrinkage of the carcass, the factors involved in variation
of chiller shrinkage and possible models to be used to predict chiller shrinkage under
conventional chilling conditions. Conventional chilling is considered as conditions excluding
extreme temperatures, such as blast chilling systems (far below zero), extreme air velocities
(normal speeds between 0,5 and 3 m/s) and/or extreme humidity, as experienced with spraychilling systems.

Chiller shrinkage values reported in scientific studies
A range of chiller shrinkage values are reported in scientific studies and are attributed to a
variety of factors including duration of chilling, chiller temperature, relative humidity, wind
speed, pre-slaughter and carcass characteristics such as weight, conformation, fat cover and
other technical parameters of the chiller unit. The effects of these factors will be discussed in
the subsequent section. Greer and Jones (1997) reported weight losses of at least 2 % during
the initial 24 h of conventional chilling of beef, pork, and lamb. In contrast Jones, Schaefer,
Tong and Vincent (1988a), Jones, Schaefer, Robertson and Vincent (1990), Savell, Mueller,
and Baird (2005), Prado and Felicio (2010), Lage, Paulino, Souza, Duarte, Benedeti, Souza
and Cox (2012), Miguel, Faria, Roça, Santos, Suman, Faitarone, Delbem, Girão, Homem,
Barbosa, Su, Resende, Siqueira, Moreira and Savian (2014) reported much lower figures for
conventional systems of between 0,4 % to 2,16 % for beef over the first 24 h. The studies of
Brown, Chourouzidis and Gigiel (1993), Sheridan, McGeehin and Butler (1998), McGeehin,
Sheridan, and Butler (1999), Redmond, McGeehin, Sheridan and Butler (2001), McGeehin,
Sheridan and Butler (2002) and Fernández and Vieira (2012) showed 24 h weight losses
between 1,48 % and 2,4 % for heavy (15-16 kg) to light weight (10,5 kg) lamb carcasses under
conventional chilling conditions.

The relationship between chilling and chiller shrinkage
After dressing, a carcass is a hot, wet mass of pre-rigor muscle, fat and bone. At this point the
deep bone temperature corresponds closely with the body temperature of the living tissue (±
38˚C) and may even increase to above 40°C due to external processes like heat stress
(hyperthermia), stunning or electrical stimulation as well as internal processes such as heat
produced due to glycolysis (Jacob & Hopkins, 2014). At this stage there is a large difference
in temperature and vapour pressure between the carcass and the surrounding air, especially

when the carcass has entered and has been locked into the chiller. These differences are the
driving forces for the high rates of surface heat loss by convection and evaporation with
correspondingly high moisture loss rates and rapid surface drying (Kerens, 1974). Due to the
significant role of evaporation in heat loss, the rate (and therefore amount) of weight loss
during chilling is directly related to the rate of heat loss (Jacob & Hopkins, 2014). The relatively
high heat and mass transfer rates result in a rapid lowering of surface temperatures which in
turn set up a temperature gradient through the carcass between the exterior and interior of the
carcass. Heat is then conducted from the internal parts of the carcass with a resultant drop in
deep bone temperature. Towards the end of the chilling phase the reduction in surface
temperature tends to reduce the heat transfer at the surface, thereby slowing down the rate of
temperature reduction of the deep bone. At the same time the rate of weight loss will also
decrease. During the terminal phase of chilling, surface temperatures are now more or less
equal to the air temperature and the remaining sensible heat in the carcass is removed at a
much slower rate with the deep bone temperature slowly approaching the air temperature.
(Kerens 1974).

Theoretical considerations of chilling:
The rate of cooling at any point in the carcass is governed by physical and thermodynamic
properties, viz.:
-

Dimension

-

Thermal conductivity

-

Specific heat and density of the surrounding tissues

-

Heat and mass transfer from the surface to the surrounding air

The complex nature of a carcass makes it difficult to make model calculations of chilling rate
as across the carcass muscle varies in thickness, there is a variation in fat deposition and
thickness as well as variation in bone insertion. Heat loss from carcasses during chilling occurs
by means of a) sensible, b) latent and c) radiation energy exchanges between the surface of
the carcass and the surrounding air. Radiation energy can be ignored as the carcasses are
more than likely to be surrounded by other carcasses of the same temperature. The rate at
which sensible heat (a) can be extracted from the carcass depends on the difference in
temperature of the surface area of the carcass and the temperature of the surrounding air and
is affected by the convective film heat transfer coefficient (h) which is a function of air
velocity. Latent energy (b) is caught up and therefore released from moisture that evaporates

from the carcass, the mass transfer component. The rate of moisture loss from the carcass
by evaporation depends on the vapour pressure difference between the moisture on the
surface of the carcass and the moisture in the air. This in turn is also affected by the mass
transfer coefficient (m) which is once again a function of air velocity (Kerens & Visser, 1974).
Latent heat losses from a carcass can account for between 20 to 50 % of total heat loss and
the actual value depends on the total wetted area of the carcass and the degree to which the
vapour pressure of the surface moisture decreases as the content of mineral salts in the
cellular fluid increases (Kerens & Visser, 1978).

Theoretical considerations of weight loss:
Post mortem shrinkage is the result of drip loss and evaporation of moisture originating from
the carcass being washed but also from moisture loss of the different carcass tissues (Smith
& Carpenter, 1974). The rate, and therefore amount of weight loss of the latter component
(meat and fat) depends on two processes, viz. diffusion and evaporation (James & James,
2011). Diffusion is the process that transfers moisture from within the meat to the surface of
the meat. Evaporation in this context is the process that transports moisture from the surface
of the meat to the surrounding air (chiller). Both mass and heat transfer coefficients discussed
in the previous section are of importance in the calculation of the rate of evaporation. By
implication air velocity is therefore also important.
Rate of evaporation from the surface of the carcass:
𝑀ₑ = 𝑚𝐴 (𝑃ₘ − 𝑃ₐ)
𝑀 = rate of evaporation
𝑚 = mass transfer coefficient
𝐴 = effective area
𝑃ₘ = vapour pressure at the surface of the meat
𝑃ₐ = vapour pressure of the surrounding air

The same challenges that exist for the calculation of carcass chilling rate are experienced with
modelling moisture loss:
In most cases a value for the mass transfer coefficient (m) is obtained by analogy with the
overall surface heat transfer coefficient (h). As mentioned, h is a function of the shape of the
body under investigation and the properties of the medium flowing over the body. Regular
shapes are no problem but for irregular shapes like a carcass, h has to be obtained

experimentally which is problematic when the dimensional properties of carcasses could vary
substantially considering factors such as weight, fatness and conformation. With regards to
“properties of the medium flowing over the body”: it can be assumed that weight loss increases
as air velocity increases, but will further be influenced by “shape properties”, which includes
the intrinsic heat transfer properties of the body as well.
Vapour pressure of the surrounding air (Pa) is influenced by air temperature and air humidity,
which can be measured and controlled to a large extent (James & James, 2011). Vapour
pressure at the surface of the meat (Pm) depends on the rate of diffusion and could be difficult
to calculate. After slaughter and dressing, free water from the slaughter and from the washing
process covers the carcass surface. It can be assumed that Pm is equal to that of saturated
vapour at the same temperature as that of the carcass surface. Water evaporates as the
surface cools down in the chiller as long as there is surface water available to evaporate. The
surface drying rate of the carcass is determined by the difference between the rate of moisture
evaporation from the surface and the moisture diffusion from the underlying layers towards
the surface. This diffusion rate is dependent on the type of tissue. The resistance against
diffusion of moisture through muscle is relatively low enabling moisture transfer from deep
tissue to the surface. In contrast dry (muscle) tissues and fat have a higher resistance against
moisture diffusion. Fat-covered regions therefore become practically dry, non-evaporating
surfaces once the overlying connective tissues, which act as a barrier, have lost their moisture.
Meat on its own is also heterogeneous as it consists of connective tissue and fibre bundles,
the latter having a preferred orientation. When using Fick’s law of diffusion, the problem of the
heterogeneous nature of meat in calculating diffusion and therefore predicting evaporation
becomes clear (James & James, 2011).
Md =KAɣC
Diffusion coefficients (K) (or mass transfer coefficients (m) in evaporation equation) and
concentration gradients (ɣC) are determined by different orientation of muscle and connective
tissue fibres and also barriers of different permeability between and within muscles.
During initial chilling the percentage wetted area on the surface of the carcass decreases, but
due to internal diffusion an increase in wetted area is detected during the final stages of chilling
and this contributes to moisture loss (Kerens 1974). The report of James & James (2011)
confirms this theory by stating that the initial rate of evaporation, representing a short phase,
the evaporation rate will be similar to that of free water. Then follows a decreased rate due to
dehydration and which is lower than evaporation from a water surface. After this stage
diffusion gradually restores free water to the surface simulating free water again.

At this point it is clear that both carcass properties and environmental conditions influence
chilling rate and therefore weight loss. According to Pascoal, Lobato, Restle, Vaz, Vaz, and
Pacheco (2011) it is difficult to compare the effect of different factors on carcass weight loss
due to variation in methodologies applied and carcass characteristics. Moreover, there are
chilling differences among packing plants, including chilling time, initial and final temperatures,
relative humidity, air speed, carcass density, and time to fill the chiller. These factors may
interact in different ways to produce different results. Nevertheless, looking at each study
individually the relative effects of different factors can be reviewed to arrive at acceptable
conclusions.

Pre-slaughter factors affecting moisture loss:
Jones et al. (1990) found that carcasses of slaughter cattle withdrawn from feed and water for
24 to 48 h prior to slaughter recorded lower chiller shrinkage than those without any withdrawal
period. However, it should also be noted that the actual carcass weight loss for all treatments
were low, i.e. between 1,3 and 1,4 % and the difference between treatments were as low as
0,1 % units. Likewise, Jones et al. (1988a) found that a short feed withdrawal of 24 h prior to
slaughter showed less carcass weight loss (0,5 % units) during chilling than longer withdrawal
periods combined with long transport distances. Again, the maximum weight loss was only 1,3
%. Ekiz, Ekiz, Kocak, Yalcintan and Yilmaz (2012) found that lairage times of 18 h caused
live animal weight loss due to dehydration but had no effect on chiller shrinkage of lambs
compared to 30 min of lairage. The amount of shrinkage was generally quite high at >3 %.
Nikbin, Panandam and Sazili (2016) studied the effect of transport time (0 vs. 3,5 h) on carcass
shrinkage of Boer Goats. Carcasses of goats slaughtered without transport (6 %) lost twice as
much carcass weight during chilling than transported goats (3 %).
According to a review by Warris (1993), pigs, sheep and cattle lose body weight that includes
carcass weight loss (warm carcass) during extended feed withdrawal periods before slaughter
which is normally the result of a combination of transport and lairage time. This is probably
the main reason why most studies report lower chiller shrinkage when animals were exposed
to long hours in lairage and/or transport, because weight loss took place before slaughter.
According to a summary of different studies pigs lost about 0,1 % carcass weight per h of fast
after an initial 9 to 18 h period, sheep lost between 0,08 and 0,15 % per h and cattle, <1 to
8 % over the initial 48 h (Warris, 1993). Parker, Hamlin, Coleman and Fitzpatrick (2003) and
Minka, Ayo, Sackey and Adelaiye (2009) attributed the water loss and subsequent dehydration
in stressed animals to more frequent urination and higher breathing rates. Dehydration then
leads to lower evaporation during chilling.

Carcass parameters affecting chiller weight loss:
The two main carcass parameters affecting chilling are carcass weight and fat cover (Kerens
& Visser, 1978; Anonymous, 2003). An increase in carcass weight will result in a decreased
chilling rate due to the decrease in surface area-to-weight ratio. For the same reason
proportional weight loss for larger carcasses are lower than for lighter carcasses (surface area
does not increase proportionately with volume of the carcass). Fat cover also reduces chilling
rate as fat is less heat conductive and has less surface moisture available for evaporative heat
loss. Chilling rate and carcass shrinkage in the chiller cannot be separated from each other
because the factors affecting both are interrelated. Therefore, carcass parameters that affect
rate and degree of chiller loss are also carcass weight and conformation, completeness of fat
cover and thickness (Smith & Carpenter, 1973; Kerens & Visser, 1978). Of these, fat thickness
plays a major role and there is general consensus that chiller weight loss decreases as fat
coverage increases. Overall beef carcasses with little or no fat cover will lose up to 1 % unit
more over an 18 h chilling period than a carcass of the same weight with a thick even fat cover
(Anonymous, 2003). Pascoal et al. (2011) reported losses of 2,57, 2,22, and 1,96 % for
carcasses with 1-2 mm, 3-5 mm and 6-8 mm rib fat thickness (12th rib), respectively in beef
chilled for 48 h. Fatter carcasses usually also have more complete fat cover. The study of
Smith and Carpenter (1973) suggests that an even fat cover of at least 2,5 mm (12th rib) will
prevent excessive chiller shrinkage, although an increased fat cover to 9,1 mm did not
contribute significantly to additional savings. Sampaio et al. (2015) confirmed that very lean
carcasses loose proportionally more weight. They recorded an average weight loss of 2,23
% over the first 24 h and then on average 0,3 % per 24 h to a total of 3,21 % after 96 h. Kerens
and Visser (1978) reported a difference in weight loss of 0,15 % units between lean carcasses
(fat code 0) between 210 kg and 280 kg, while this difference shrunk to 0,1 % units for fatter
carcasses of fat code 3 over the same weight range. However, within carcass weight groups,
the difference in weight loss for lean (fat code 0; < 1 mm subcutaneous rib fat; (Government
notice No. R342, 1999) and fatter (fat code 3; 4 – 7 mm subcutaneous rib fat rib fat) carcasses
was 0,85 % units irrespective of weight. According to predictive models by Crossley, Heinze,
Snyman and Smith (1993) the difference between leaner (fat code 0) and fatter carcasses (fat
code 3) was slightly less at 0,5 % units. Between fat code 3 and 6 the difference in moisture
loss was negligible. Hippe, Field, Ray and Russell (1991) showed that sides from thinner cows
(poor conformation) had a higher percentage of chiller shrink after 24 h than sides from steers
with proper conformation. This is substantiated by research by Johnson, Hunt, Allen, Kastner,
Danler, and Shrock (1988) that lean tissue retained less water than adipose tissue. Despite
the fact that fat cover seems to have a greater influence on moisture loss compared to weight

(Kerens & Visser, 1978; Califano & Calvelo, 1980), it should be noted that the two parameters
are often, but not always, interrelated. For the same type of animal/breed, carcasses with a
lower weight have a lower fat cover than heavier carcasses (Kerens & Visser, 1978).
However, with an increased utilisation of growth enhancers in grain fed cattle, carcass weights
are higher while fat cover may be the same or lower than for carcasses not produced with
growth enhancers. Therefore, the larger leaner carcasses will lose proportionally less weight
than smaller lean carcasses because of a lower surface area-to-volume ratio.

Environmental factors (within the chiller) affecting moisture loss during chilling:
Kerens and Visser (1978) and Califano and Calvelo (1980) showed that the effects related to
chiller environment such as wind speed, humidity and air temperature are appreciably smaller
than the effects of carcass characteristics. Air velocity is the main factor in determining the
thickness/density of the air film at the surface of the carcass, which in turn influences the rate
of diffusion of heat and vapour from the carcass surface to the surrounding air (Kerens, 1974).
However, of the three chiller parameters (wind speed, humidity and air temperature), humidity
has the greatest effect on carcass weight loss, especially after the first 2 h of chilling when the
vapour pressure on the carcass surface starts to decline.
The main importance of a lower air temperature is the lowering of bacterial growth rates
(Kerens, 1974). Low air temperatures can also be expected to affect moisture loss, but the
effect relative to other factors is relatively small and scientific results are often conflicting. The
Australian Meat Technology Update (Anonymous, 2003) quotes an increase in weight loss of
less than 0.1 %-unit point on a 140 kg beef carcass side when air temperature was reduced
from 5°C to 0°C during an 18 to 20 h chilling cycle. According to Kerens and Visser (1978),
air temperature (-5°C vs 10°C) in the chiller did not influence the amount of weight loss when
comparisons were made between the different fat and weight combinations. However, within
the same carcass weight and fatness class, higher air temperatures (10°C) showed lower
weight losses over the same chilling time (18 h) than lower air temperatures (<0°C) for the
same type of carcass, but this relationship was inverted when the recording was done to a
final bone temperature of 10°C. The reason for the apparent discrepancy is that a lower air
temperature reduces the chilling time to final bone temperature and therefore less weight loss
will be recorded over a shorter time. This is supported by Califano and Calvelo (1980). Subzero temperatures are also often applied for initial phases in the chilling cycle. Kerens and
Visser (1978) reported that variation in air temperature between -5°C and 10°C increased the
weight loss with 0.3 % units based on a final bone temperature of 10°C. However, blast
chilling of pork before changing to a conventional chilling cycle is reported to decrease
shrinkage and give pork a darker and firmer lean (Jones, Murray, & Robertson, 1988b).

Aalhus, Janz, Tong, Jones and Robertson (2001) reported a small (0,3 %) but significant
advantage over 24 h chilling using blast chilling at -20°C for 3 h compared to conventional
chilling at 2°C. The change in weight loss was not linear and flattened off below 0°C. This
suggests that temperatures below zero would not save much on weight loss. It is also
emphasised in the study by Aalhus et al. (2001) that the cost due to increased power
consumption often outweighs the savings on shrinkage loss, which was supported by Drumm
and McKenna (1992). It is important to note that in both studies the shrink loss under
conventional systems were 1,24 % and less. Drumm and McKenna (1992) noted that in order
to reduce the shrinkage by a mere 0,5 % units, from 1,2 % to 0,7 %, doubled the power
consumption. Considering air temperature in combination with carcass parameters, Aalhus
et al. (2001) found that very lean carcasses (0 mm fat) under conventional chilling lost 1,2 %
while carcass with fat cover over 40mm lost 1,07 %, which, although significant was small.
Interestingly, with blast chilling, chiller shrink increased with increase in fat cover to a point
where no differences were recorded above 40 mm fat between blast chilling and conventional
chilling. A follow-up study by Aalhus et al. (2002) found that blast chilling at -35°C could
eliminate chiller loss after 7 h. However, the power consumption was not reported, and the
financial implications of the probable higher power consumption was not compared to the
savings on weight loss. Furthermore, higher drip loss was also found for extreme carcass
chilling conditions in this study. Bowling, Dutson, Smith and Savell (1987) performed rapid
chilling at -70°C for 5 h and reported 0,9 % less shrinkage during the first 24 h post mortem
than conventionally chilled sides. In addition, rapid chilling produced higher marbling scores,
beef that was more tender and juicier and desirable in overall palatability and recorded darker
and softer lean as compared to conventional sides. A more affordable practice than severe
blast chilling is suggested by Kerens and Visser (1978). By lowering the air temperature from
1,7˚C to -9,4 ˚C for the first 2 h of chilling can lead to a reduction in moisture loss of 0.37 %
during this period. The air temperature is then increased back to 1,7˚C for the remainder of
the chilling ensuring that the carcass surface does not freeze over. An overall saving in the
order of 0,14 % units over the total cycle was then recorded.
Air velocity is used in combination with air temperature to manage chilling and carcass
shrinkage. Califano and Cavelo (1980) emphasised that variable chilling times to a final bone
temperature rather than fixed chilling times should be considered when relating air velocity to
weight loss, just like in the case of air temperature. According to their models the increase in
mass transfer when air velocity is increased (higher weight loss) is always negated by a higher
heat transfer coefficient and therefore shorter chilling times at higher air velocities. Kerens
(1974) also recommend higher air velocities (2 to 3 m/s) to save on chiller weight loss due to
shorter chilling times to recommended bone temperatures. This applies only if chilling cycles

are halted after bone temperatures are reached, otherwise higher velocities will increase
weight loss. Humidity also plays a major role as described in the next paragraph. Furthermore,
the study also found that surface drying due to higher air velocity may further save on weight
loss. Drumm and McKenna (1992) recorded no differences in weight loss over a constant
time for similar air velocity specifications in contrast to the study of Califano and Cavelo (1980)
although their air temperature at 7°C was probably not ideal for effective chilling. The
Australian Meat Technology Update (Anonymous, 2003) confirmed that higher air velocities
will increase chiller loss when measured over fixed chilling cycles. A case study showed a
disadvantage of 0.2 % units in loss when air velocity was raised from 0,75 m/s to 3 m/s. They
also noted that higher air velocities enabled more rapid chilling, therefore offsetting the
negative effects of high velocity, but emphasised that air velocities above 1m/s cannot be
justified by the small increase in cooling rate, because fan power requirements increase
quadratically to the increase in air velocity. Similar to adjustments of air temperature during
the chilling cycle, adjustments in air velocity can benefit the cost of chilling and reduce chilling
losses without affecting rate of chilling (Kerens, 1974; Anonymous, 2003). At the start of the
chilling cycle the rate of cooling is mainly determined by rate of transfer of heat from the
carcass surface to the air. However, as chilling progresses and carcass surface temperature
approaches the air temperature, the rate of cooling is determined mainly by thermal
conductivity of the meat. Therefore, air velocity can be reduced to less than 0,5 m/s after 8 10 h of chilling without affecting the duration of chilling to end point temperatures, while saving
on costs and shrinkage, especially with prolonged storage of carcasses.
Relative humidity has a greater effect on carcass shrinkage than either air temperature or
velocity (Anonymous, 2003). While the relative humidity in most trials and commercial
conditions is mostly set at 95 %, Kerens and Visser (1978) showed that weigh loss decreases
by 0,75 % units in a curvilinear pattern when relative humidity ranged between 75 % and 98 %.
Other trials reported decreased weight loss of almost 0,5 % units over an 18 h chilling cycle
when humidity was increased from 80 % to 95 % (Anonymous, 2003). Kerens and Visser
(1978) also discussed the interplay between air velocity and humidity stating that air velocity
has a lower effect on carcass loss at typical humidity of 90 % and more under drier conditions.
The average moisture loss at 0°C and 0,75 m/s air velocity increased by 0,5 % unit when air
velocity was increased to 3 m/s at 90 % humidity and only by 0,2 % unit at 95 % humidity. In
contrast, carcass weight loss increased by more than 1 % unit when air velocity increased
from 0,75 to 3,0 m/s at 70 % humidity (Kerens, 1974). During the first 2 h of chilling the
influence of relative humidity is small, because the vapour pressure on the carcass surface is
high and variation in chiller room humidity has less influence on moisture loss. After 2 h,
humidity becomes increasingly significant as time progresses and vapour pressure on the

carcass surface declines. Low humidity has therefore a greater effect earlier in the chilling
cycle (Kerens, 1974).

Duration of chilling
Shrinkage by evaporation is higher at the beginning of the chilling cycle and then the rate of
shrinkage declines over time (Anonymous, 2003). Weight loss by evaporation from the
carcass surface occurs at a high rate during the first 4 to 5 h and typically 80 % of the total
loss of a 20-h chilling program will occur in the first 8 h. On very lean carcasses, Sampaio et
al. (2015) reported 2.2 % weight loss over the first 24 h in the chiller for beef. In the following
72 h, the additional weight loss per 24 h was 0,31 % units, giving a final weight loss of 3,2 %
after 92 h. Similar trends were found by Fisher and Bayntun (1983) and Crowley, Prendergast,
Sheridan and McDowell (2010). In a study conducted on 1 000 lamb carcasses, 92 % of the
72 h weight loss occurred during the first 36 h and approximately 39 % of the remaining weight
loss occurred in the next 60 h (Smith & Carpenter, 1973).

Other factors affecting chilling and moisture loss
There are numerous technical factors that could also affect chilling rate and moisture loss, but
these will not be discussed in detail. Air must be able to flow between carcasses and sufficient
air flow should occur over the rump area. The rate at which carcasses are loaded into the
chiller will affect the air temperature in the chiller with a fast loading of the chiller resulting in
an increase in the temperature of the chiller. A minimum air circulation rate must therefore be
provided to limit the temperature rise during peak loading periods to within acceptable levels
(Kerens, 1974). The air circulation rate is dependent on the rate at which carcasses are loaded
into the chiller as well as the maximum air temperature increase which is acceptable during
loading (around 0.26 to 0.50m3/s per square meter floor area).
Evaporator coil area is also important in determining capable and affordable chilling with the
least weight loss. Without providing much technical details, the amount of moisture loss from
the carcass surface is inversely related to the evaporator unit surface area. So smaller
evaporator units for a given heat load (room capacity) will cost less, but result in higher
moisture loss (Anonymous, 2003). Undersized units require a large difference between the
evaporator coil temperature and air temperature in the chiller to handle the heat removal. This
will draw more moisture from the air in the form of condensation on the coil leading to lower
humidity and higher rates of weight loss.

Prediction of cold carcass weight and percentage chiller shrink using carcass
parameters
Crossley et al. (1993) used carcass data recorded at two state-owned abattoirs in South Africa,
namely Cato Ridge which is in an area of high natural humidity and City Deep which is an area
of lower natural humidity to generate prediction models for cold carcass weight. When the
models, different weight groups (1: <100 kg, 2: >100 kg and ≤200 kg, 3: >200 kg and ≤300 kg,
4: >300 kg and ≤400 kg, 5: >400 kg), age groups (A, B, C), days in the chiller (1 to 5) and fat
codes (1 to 6) were considered (Government notice No. R342, 1999). The regression formula
was then calculated from the actual hot and cold carcass weights recorded at City Deep
(n=164 419) and Cato Ridge (n=88 038) over a period of six months. The data from the
252 457 carcasses was divided into 848 groups according to abattoir, weight group, fat code,
age and number of days in the chiller room.
The accuracy of the regression was based on the standard error of prediction, meaning the
smaller the error the more accurate the equation. The following regressions (and the factors
on which they were based) were used according to their standard error of prediction values:
General (1,51); weight group (1,40); weight group and number of days in the chiller room
(1,37); weight group and age (1,20); days in the chiller room (1,00); fat code (0,91), age, fat
code and number of days in the chiller room (0,56); number of days in the chiller room and fat
code (0,54) (Table 1).

The simplest prediction model was based solely on warm carcass weight:
y = -1,017 + 0,982366 x1, where y = Cold carcass weight and x1 = warm carcass weight
The prediction slightly improved when the regressions were based on weight group because
the relationship between carcass surface area and carcass weight influences the percentage
weight loss of a carcass.
Weight group 1: y = -2,365 + 1,00228 x1; adjusted R2 = 99,1
Weight group 2: y = -4,306 + 1,00100 x1; adjusted R2 = 99,5
Weight group 3: y = -0,460 + 0,98034 x1; adjusted R2 = 99,8
Weight group 4: y = 21,680 + 0,91371 x1; adjusted R2 = 99,2
Weight group 5: y = -9,710 + 0,99805 x1; adjusted R2 = 99,5
The R2 = percentage variation of the predicted averages explained by the regression
equation.

Table 1: The effects of different factors on the standard error of prediction (SEP) of regression
models used to predict cold carcass weight
Regression

SEP*

General

1,51

Weight group

1,40

Weight group & days in chiller room

1,37

Weight group & age

1,20

Days in chiller room

1,00

Fat code

0,91

Age, fat code & days in chiller room

0,56

Days in chiller room and fat code

0,54

*SEP = Standard error of prediction:
𝑗

(𝑋𝑤 − 𝑋𝑣)2
𝑛

𝑖=𝑛

where j = number of carcasses in group, Xw is the actual cold carcass weight and Xv predicted cold
weight

Because the number of days in the chiller room also has an influence on carcass weight loss,
the accuracy of the weight group regression improved by including this variable within each
weight group.
Weight group x(1-5) and within each weight group, number of days z(1-5)
y = intercept(1-25) + slope(1-25) x1.
The 25 individual models are not shown but SEP was 1.37 (Table 1)
Interestingly, the accuracy of prediction also improved when weight groups were divided into
age groups.
Weight group x(1-5); Age z(A -C)
y = intercept(1-15) + slope(1-15) x1 .
The fifteen models are not shown, but the SEP improved to 1.20.
The number of days in the chiller room, in comparison to the other factors previously
mentioned, had a very big influence on the prediction of cold carcass weight. This is reflected

by the low standard error of prediction when days in the chiller room was used as single
independent variable (SEP = 1,00).
Number of days in chiller room x(1-5)
y = intercept(1-5) + slope(1-5) x1 .

A carcass loses weight due to a loss of moisture from its surface into the surrounding
atmosphere. Fat contains a very low percentage of water and is also a poor conductor of
moisture. This confirms that a carcass with a thick layer of fat should lose less moisture than
a carcass with a thin layer of fat. Using only fat class as dependent variable, the SEP
decreased to 0,91.
Fat code x(0-6) y = intercept(1-7) + slope(1-7) x1 .

When age, fat code and number of days in the chiller room were combined in the regression,
the standard error in prediction was much lower than with other combinations of factors (SEP
= 0,56).
Age z(A -C) Number of days in chiller room x(1-5) Fat code z(0-6)
y = intercept(1-105) + slope(1-105) x1 .

Surprisingly, by leaving out age from the previous regression, the lowest error of prediction
was achieved (SEP = 0,54) making it the simplest and best model to use to predict cold
carcass weight and therefore % chiller shrinkage.
Number of days in chiller room x(1-5) Fat code z(0-6)
y = intercept(1-35) + slope(1-35) x1 .

Table 2: Standard error of prediction and accuracy of various models to predict cold carcass
weight using carcasses sourced from two abattoirs.

Regression

Total number of

City Deep

Cato Ridge

carcasses n = 4 517

n = 2 625

n = 1 892

SEP*

model

%

%

within

SEP*

%

%

within

within

2 kg**

1 kg***

SEP*

%

%

within

within

within

2 kg**

1 kg***

2 kg**

1 kg***

General

1,45

90,8

63,8

1,81

87,3

55,66

0,94

95,67

74,95

Weight group

1,63

88,8

60.0

2,03

85,5

52,72

1,08

93,34

69,99

Weight group &

1,83

86,4

55,5

2,16

84,0

53,41

1,38

89,59

58,40

2,17

85,7

55,9

2,75

81,9

49,49

1,35

91,28

64,80

Days in chiller

1,61

90,47

55,3

1,72

88,2

59,24

1,47

93,39

49,84

Fat code

1,41

91,0

64,2

1,81

87,7

55,12

0,86

95,56

76,85

Age, fat code &

1,09

94,1

70,4

1,30

91,8

66,78

0,80

97,30

75,37

1,09

94,1

70,7

1,29

91,7

67,73

0,82

97,30

74,84

days in chiller
Weight group &
age

days in chiller
Days in chiller
and fat code
*SEP = Standard error of prediction

∑𝑗𝑖=𝑛

(𝑋𝑤 −𝑋𝑣)2
𝑛

where j = number of carcasses in group, xw is the actual cold carcass weight and xv is

the predicted cold carcass weight.
**% within 2 kg = % carcasses where the difference between actual and predicted cold carcass
weight is between -2 and 2 kg
***% within 1 kg = % carcasses where the difference between actual and predicted cold carcass
weight is between -1 and 1 kg.

The different regressions were tested against actual cold carcass weights from City Deep
(n=2 625) and Cato Ridge (n=1 892) to determine the validity of the models. The various
regression equations were used to predict cold carcass weight and then the difference
between the predicted value and the actual value was calculated. The standard error was
calculated and the percentage of carcasses that fell into -2 and 2 kg, and -1 and 1 kg range
of the actual cold carcass weight were also used to determine suitability of the regression
equation. In agreement with the low standard error of prediction of the regressions models
(Table 1) including age, fat code and number of days in the chiller room and days in the chiller
room and fat code were best suited to predict cold carcass weight. Both of these regression

equations give a standard error of prediction of 1,09 and are therefore equally suitable. There
was a small difference between abattoirs as far as the ranges between -2 and 2 kg, and -1
and 1 kg were concerned but these were found to not be statistically significant. There was no
difference in accuracy between the two models and therefore it is recommended that the
second simpler equation be used to predict cold carcass weight and ultimately chiller loss.
The following graphs show the % chiller shrinkage of carcasses of four different weights
(200 kg, 250 kg, 300 kg and 350 kg), seven different fat classes (0 – 6) after one (Figure 1),
two (Figure 2) and five (Figure 3) days in the chiller. It is interesting to note that after overnight
chilling (one day) not even the lightest (200 kg) and leanest (fat code 0) carcass will lose more
than 2,5 % weight. This is in comparison with a universal 3 % (over 24 h) used in industry
irrespective of weight, age or fat class. The shrinkage followed a slight negative linear trend
with an increase in carcass weight probably due to changes in surface to weight ratio as the
carcass size increase (Anonymous, 2003).

As expected, the chiller shrink for leaner

carcasses was higher than for fatter carcasses and this was consistent over five days in the
chiller. However, the differences across fat classes were not consistent. Across fat classes
three to six almost no differences are predicted, while fat codes zero to two were distinctly
different from the fatter groups and from each other. These differences also increased as
days in the chiller progressed meaning that leaner carcasses dried out more than fatter
carcasses, as expected. After five days, fat code zero carcasses lost one percentage point
more weight than fat codes four, five and six carcasses, while this difference was 0,6 of a %
at one day.

4.0

% weight loss

3.5

Fat code 0 Day 1

Fat code 1 Day 1

Fat code 2 Day 1

Fat code 3 Day 1

Fat code 4 Day 1

Fat code 5 Day 1

Fat code 6 Day 1

3.0

2.5

2.0
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Figure 1: Effect of fat code and warm carcass weight on chiller shrinkage of beef carcasses
after a 24 h chilling cycle

4.0

Fat code 0 Day 2
Fat code 2 Day 2
Fat code 4 Day 2
Fat code 6 Day 2

3.5

Fat code 1 Day 2
Fat code 3 Day 2
Fat code 5 Day 2

3.0

2.5

2.0

1.5
180

190

200

210

220

230

240

250

260

270

280

290

300

310

320

330

340

350

360

Figure 2: Effect of fat code and warm carcass weight on chiller shrinkage of beef carcasses
after a 48 h chilling cycle
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Figure 3: Effect of fat code and warm carcass weight on chiller shrinkage of beef carcasses
after a 120 h (5 days) chilling cycle

Although the calculations presented above strongly suggest that a standard deduction of 3 %
of warm carcass weight is an over estimate, there may be various factors as was discussed
earlier, that may have an effect on the amount of chiller shrinkage apart from weight, fat code
and days in the chiller. These factors include, pre-slaughter treatment, but more specifically
chiller environment as influenced by e.g. chiller design and operational specifications (wind
speed, operating temperature, cycles), carcass organisation and spacing in the chiller and
bulk relative to capacity. These conditions may have been standard for the two state-owned
abattoirs used in Crossley’s project, although it may be much more variable in the current
deregulated abattoir industry.

However, Kerens and Visser (1978) supported by The

Australian Meat Technology Update Report (Anonymous, 2003) showed that the effects
related to chiller environment such as air velocity, humidity and temperature are appreciably
smaller than the effects of carcass characteristics such as weight and fatness.

Conclusion
Although there are technical reports from countries like the USA and Australia stating that a
factor of 2,5 % to 3 % is used to calculate cold carcass weight under conventional chilling

conditions, none of these reports support these deductions with any scientific evidence. When
considering the results of numerous scientific studies, however, carcass weight loss during
chilling seldom reaches values as high as 1,5 to 2 % during a 20 h chilling cycle. Only under
extreme conditions, such as carcasses with poor conformation combined with low fat cover,
or carcasses that have undergone severe trimming due to bruises, are higher losses reported.
Most studies emphasise that carcass characteristics, rather than chiller environment have the
biggest effect on carcass weight loss. In addition, it is emphasised that extreme chiller
environments are normally not conducive to efficient cost-effective chilling.

Our

recommendation is two-fold:


For beef carcasses at least, the regression model from the study of Crossley et al.
(1993) using warm carcass weight, fat code and days in the chiller to calculate the
cold carcass weight would provide more accurate predictions than using a fixed
generic factor of 3% weight loss.



Should a fixed value be preferred, then it is recommended to lower the general figure
of 3 % across all scenarios to 2 % or less because the data shows that 3% carcass
weight loss is only reached in extraordinary conditions and is therefore an
overestimate of carcass weight loss.



For other species, it may be necessary to use the criteria of the Crosley et al. (1993)
study, to investigate the losses including a number of abattoirs in the study. The beef
carcass model may also be revised.
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