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Abstract

In the mid-latitudes, pigs and poultry are kept predominantly in confined livestock buildings with a mechanical ventilation
system. In the last decades, global warming has already been a challenge which causes hat stress for animals in such systems.
Heat stress inside livestock buildings was assessed by a simulation model for the indoor climate, which is driven by meteoro-
logical parameters. Besides the meteorological conditions, the thermal environment inside the building depends on the sensible
and latent energy release of the animals, the thermal properties of the building and the ventilation system and its control unit. For a
site in Austria in the north of the Alpine Ridge, which is representative for confined livestock buildings for growing-fattening pigs
in Central Europe, meteorological data between 1981 and 2017 were used for the model calculations of heat stress measures. This
business-as-usual simulation over these 37 years resulted in an increase of the mean relative annual heat stress parameters in the
range between 0.9 and 6.4% per year since 1981. In order to minimise the negative economic impact as the consequence of this
positive trend of heat stress, adaptation measures are needed. The calculations for growing-fattening pigs show that such a
simulation model for the indoor climate is an appropriate tool to determine the level of heat stress of livestock inside confined
livestock buildings.
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Introduction

The impact of global warming on livestock husbandry has
already been a challenge in the last decades and is a threat
for the future. So far, only a few investigations have been
undertaken regarding intensive pig and poultry production in
confined housing systems, while most of the investigations
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were performed for grassing animals. This is driven by the
fact that grazing animals are immediately impacted by outdoor
climate, while confined livestock is kept under artificial cli-
mate conditions thought to be less vulnerable to global
warming. The majority of pigs and poultry in mid-latitudes
are kept in confined livestock buildings (Robinson et al.
2011); at the global level, it is more than half (Niamir-Fuller
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2016). Nevertheless, the ability of livestock to tolerate heat
stress declines with increasing performance levels, i.e. milk
yield in dairy cows, growth rates and proportion of lean meat
in pigs or poultry (Dikmen and Hansen 2009; Zumbach et al.
2008; Hoffmann 2013). In pig production, heat stress has been
reported to reduce profitability (St-Pierre et al. 2003) but also
affects the welfare of the animals (Huynh et al. 2005).

Confined livestock buildings are predominantly mechani-
cally ventilated in Europe. Depending on the season, the me-
chanical ventilation system fulfils two major goals: (1) to pro-
vide sufficient air quality during the cold winter season while
still maintaining inside air temperature close to the thermo-
neutral zone of the animals and (2) to remove the sensible heat
of the animals with high ventilation rates to avoid high indoor
air temperatures during the summer season.

The optimum environmental temperature for pigs and
poultry lies considerably above the annual outdoor mean tem-
perature, which is ~5 °C in Northern Europe (about 60° N)
and ~ 15 °C in Southern Europe (about 40° N). The current
design of the buildings and the ventilation systems is aligned
predominantly to guarantee the lower limit of the thermal
neutral zone of the animals (Vitt et al. 2017). Therefore, they
are frequently termed warm confinement livestock buildings
(Zulovich 1993; Gillespie and Flanders 2009). The geograph-
ic distribution of pig density in Europe and the climate classi-
fication according to Koppen-Geiger (e.g. Kottek et al.
(2006)) shows the highest animal density (Robinson et al.
2014; Robinson et al. 2011) and farm density (Marquer
2010) for the climate classification Cfb temperate oceanic
climate (warm temperature, fully humid, warm summers)
(Beck et al. 2005). This agreement between climate and ani-
mal density can be found for North America and Asia (pre-
dominantly China) as well.

The impact of global warming cannot be derived directly
from meteorological data as is the case for grazing animals
because the indoor climate of buildings differs to quite an
extent from the outside situation. Besides the outdoor climate,
the thermal environment inside the building depends on the
animals as a source of sensible and latent heat and CO,, the
thermal properties of the building and the ventilation system
and its control unit. Due to this complexity, the use of simu-
lation models is favoured to evaluate and manage the indoor
climate. Most of them are based on steady-state sensible and
latent heat balances (CIGR 1984; Albright 1990; CIGR 1992,
2002; Blanes and Pedersen 2005; Liberati and Zappavigna
2007; Pedersen et al. 2008; Schauberger et al. 2014).
However, the complexities of such models vary with the goal
of the models (Fournel et al. 2017), e.g. design applications
(DIN 18910; CIGR 2002), the simulation of the indoor cli-
mate in a diagnostic mode (Turnpenny et al. 2001;
Schauberger et al. 2000) and the impact on airborne emissions
(Schauberger et al. 2018). Most of these models are based on
the assumption that the inside volume of the livestock building
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is a box with a spatial homogeneity of the parameters. By the
use of computational fluid dynamic models, the spatial struc-
tures of various parameters can also be calculated (e.g. Lee
etal. 2007; Bjerg et al. 2013). The last group of models cannot
be used for long-lasting calculations over 1 year or longer due
to the high demand for computing power.

For this investigation, we selected a steady-state simulation
model (Schauberger et al. 2000). The model calculations were
performed for a typical livestock building for growing-
fattening pigs in Central Europe for 1800 heads, divided into
nine sections with 200 animals each. Using such a reference
building, the transferability of the results to other countries can
be achieved. The model calculation was performed for mete-
orological data on an hourly basis between 1981 and 2017.
The location of the meteorological dataset is in the northeast
of the Alpine Ridge in Austria in the climate zone Ctb. On the
basis of such model calculations, the multi-decadal temporal
trend of the thermal climate inside the livestock building can
be used as an indicator for future global warming impacts.

The goal of the paper is to estimate the impact of global
warming on the thermal conditions inside confined livestock
buildings for growing-fattening pigs. By the use of several
heat stress measures for pigs, the temporal trend will be inves-
tigated in comparison to the outdoor situation. The results will
give an orientation whether adaptation measures should be
applied to reduce heat stress for growing-fattening pigs in
the future.

Materials and methods
Meteorological data

For the calculation of the indoor air conditions, air temperature
and relative humidity, meteorological data are needed on an
hourly basis. The Austrian Meteorological Service ZAMG
(Zentralanstalt fiir Meteorologie und Geodynamik) compiled
a climatic reference scenario on the basis of representative
observational sites around the city of Wels (48.16° N, 14.07°
E) for the time period 1981 to 2017 with a temporal resolution
of 1 h. Following the climate classification of Kdppen and
Geiger (c.f. Kottek et al. 2006), the station is located within
class Cfb temperate oceanic climate which is representative
for large areas in Central Europe excluding the Alps. For the
whole area of Upper Austria, in the future, a mean increase of
temperature is expected with values of ~+ 1.4 °C (~+0.5°)
until the middle of the century. The number of hot days (daily
maximum temperature > 30 °C) is expected to increase in this
region from a mean value of 3.3 hot days/year in the reference
period 1971-2000 to between 4.7 and 5.0 days/year in the
middle of the century (Chimani et al. 2016). The relationship
between air temperature and humidity for this site can be seen
by a Mollier diagram (Fig. 1).
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Fig. 1 Air temperature 7 and
vapour pressure p for outdoor
(inlet air, blue) and indoor (red) in
2003 as hourly data, depicted in a
Mollier diagram (a rotated psy-

Xy = 55kJ kg™’

chrometric chart). The relative

humidity is shown by the series of
curves in 10% steps. The indoor

values are calculated for a con-
stant body mass of fattening

pigs of m =105 kg. The selected
thresholds for the four heat stress
parameters are depicted as
coloured lines (temperature Xt =
25 °C, specific enthalpy Xy =

55 kJ kg !, temperature-humidity
index Xty =75 and the control-
lable temperature range Xt = 7¢
al’ldXTU=Tc+ATp) 191

Temperature (°C)

® outdoor
@ indoor

Simulation of the indoor climate

The indoor climate was simulated by a steady-state model
which calculates the thermal indoor parameters (air tempera-
ture, humidity) and the ventilation flow rate. The thermal en-
vironment inside the building depends on the livestock, the
thermal properties of the building and the ventilation system
and its control unit. The core of the model can be reduced to
the sensible heat balance of a livestock building (Schauberger
et al. 2001, 2000, 1999). The validation of the simulation
model was elaborated for fattening pigs by measurements of
Schauberger et al. (1995) and Heber et al. (2001).

The model calculations were performed for a typical live-
stock building for fattening pigs in Central Europe for 1800
heads, divided into nine sections with 200 animals each. The
system parameters, which describe the reference building

10 15 20 25 30 35
Vapour pressure (hPa)

(properties of the livestock, building and the mechanical ven-
tilation system), are summarised in Table 1.

To adapt the control unit to the needs of the animals during
the growing-fattening period, the set point temperature 7¢ is
modified by the body mass m according to
Te = Tesan— AT, ——
Mend ™ Mistart
with the set point temperature at the beginning of the fattening
period Tc gare =20 °C which decreases in the course of the
fattening period (Mg <m <mepg) by ATp=4 K to Tceng =
16 °C.

For an all-in-all out production system AIAO, an animal
growth model describes the increase of the release of energy
and CO, by the growing of the animal body mass of the herd.
The time course of the body mass of growing-fattening pigs

Table 1 System parameters for

livestock, building and ventilation Parameter Value
system related to one animal place .
for the indoor climate simulation Animal Body mass (m) 30-120 kg
Service period (f5) (building emptied for cleaning and disinfection) 10 days
Building Area of the building orientated to the outside (ceiling, walls, windows) 141 m*
Mean thermal transmission coefficient U weighted by the area of the 041 Wm 2K
construction elements (wall, ceiling, door, windows) which are
orientated to the outside
Ventilation Set point temperature of the ventilation control unit (7¢) 1620 °C
system Proportional range (bandwidth) of the control unit (A7p) 4K
Minimum volume flow rate of the ventilation system (V,;,) for maximum  8.62 mh!
CO, concentration 3000 ppm and a body mass m =30 kg
Maximum volume flow rate (V) by the maximum temperature difference 107 m’ h!

between indoor and outdoor of 3 K
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behaves like a sawtooth wave with a period of 118 days (about
one third of a year). These growth periods are superimposed
and interact with the time course of the outdoor temperature.
To create statistically valid results, we calculate the body mass
on the basis of a Monte Carlo method, called inverse trans-
form sampling, a useful method for environmental sciences
(e.g. Schauberger et al. 2013; Wilks 2011). There are many
techniques for generating a random sample which is distribut-
ed according to a pre-selected cumulative distribution function
(CDF).

We used the Gompertz model with a constant average daily
gain of the body mass m (kg) as a function of time ¢ (days).
The body mass values at the beginning and end of the
growing-fattening period were selected to be mgy, =30 kg
for =0 days and m,g = 120 kg for 74 = 108 days. The dura-
tion between two consecutive production cycles, when
cleaning and disinfection is performed in the livestock build-
ing, is assumed as #s = 10 days. Hence, the overall duration of
a growing-fattening period is given by #rp =t + f5 Which re-
sults in fpp =108 days+ 10 days with a duration of #p=
118 days, i.e. about 17 weeks.

The inverse sampling technique uses a pseudo-random
number RN from a uniform distribution in the interval [0, 1],
which is transformed to define the time of the growing-
fattening period 7 in the interval [0 d; 118 d]. The body mass
m, (kg) is then calculated by the Gompertz model according to

Mimax €XP[~bmexp(—Kn 1)] fort<tp

0 fortpn < t<tp +tg
(1)

with the maximum body mass m,,,, = 208.6 kg, the exponent

by =1.939 and the growing factor K,,,=0.001168 days .

mt:|

Heat stress measures for growing-fattening pigs

Heat stress for pigs can be quantified by the following param-
eters and related threshold values (Vitt et al. 2017): (1) air
temperature (dry bulb) 7, (2) temperature-humidity index

Table 2 Heat stress parameters and the related threshold values X
(upper limit for specific physiological reactions) for pigs used to
evaluate the indoor climate by air temperature 7" (°C), specific enthalpy

(THI) and (3) specific enthalpy H, which is equivalent to the
apparent equivalent temperature (Mitchell and Kettlewell
1998). For all these parameters, a related threshold value X
has to be defined (Table 2). To adapt the heat stress measure to
the growth of the pigs between 30 and 120 kg, the exceedance
of the controllable temperature range was used with the lower
limit X1 = T between 16 and 20 °C as a linear function of the
body mass m and the upper limit with Xty =Tc+ AT At
these two thresholds, the minimum and the maximum venti-
lation flow rate in relation to the body mass is transported by
the ventilation system. The last heat stress measure Xty is
defined according to Turnpenny et al. (2001).

For a time series with the length ¢ and » equidistant obser-
vations of a selected parameter x, the exceedance frequency
Py=prob{x|x>X} can be defined, given in hours per year
(h a"). The second one describes the exceedance area (area
under the curve) Ay was calculated according to Thiers and
Peuportier (2008) by

xi—X forx; > X
Ay = lel 0 forx; <X
The area above the threshold X is defined analogously to
the degree days (Gosling et al. 2013), but with the selected
parameter x used on an hourly basis instead of daily mean
values. All measures describing heat stress for pigs are calcu-
lated as annual sums over the 37-year period (1981-2017).

Model calculations

The model calculations were performed for the entire
growing-fattening period for a body mass between 30 and
120 kg. The calculations were done for 1981 to 2017 to de-
termine the trend for the 37-year period. Additionally, we
selected the years 1984 and 2003, as one of the coldest and
warmest years, respectively, for summertime measured in the
last decades, to show specific results outside of the trend cal-
culations. The trend is estimated with a linear function Xypg =
b x + a for the period 1981 to 2017. The starting point of the
linear trend is calculated for 1981 as a reference value.

HKJ kgﬁl), the temperature-humidity index THI (—) and the temperature
exceedance of the controllable range of the ventilation system (X1, Xty)
(Vitt et al. 2017)

Heat stress parameter

Threshold X

Air temperature 7 (°C)

Specific enthalpy H (kJ kg ™)

Temperature-humidity index THI, THI=0.72 Tpg + 0.72 Twg +40.6
Temperature limits for the controllable range 7Ty, Trp

Xr=25°C

Xiz=55 kJ kg ' mild heat stress
Xt =75 alert situation
Xru=Te+ AT

Xr=Tc

Tpg dry bulb temperature (= indoor air temperature 7), 7w wet bulb temperature, 7¢ set point temperature of the control unit, decreasing with the body

mass of the pigs; proportional range (bandwidth) A7p =4 K

@ Springer
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Results and discussion

The results of the simulation of the indoor climate are
presented for the hygrothermal parameters (heat stress),
the air quality (via the CO, concentration), the ventilation
volume and the related electrical energy demand. In com-
bination with threshold values X for these parameters, the
exceedance frequency Py, given as an annual mean value
(h/a), and the exceedance area Ay, which can be
interpreted as the area under the curve, are presented.
Using these parameters, the results are focused predomi-
nantly on the occurrence of heat stress, whereas cold
stress is mostly omitted (Table 3). The exceedance fre-
quency Py (Turnpenny et al. 2001; Haskell et al. 2011)
and the exceedance arca Ay (St-Pierre et al. 2003; Thiers
and Peuportier 2008; Gosling et al. 2013) are used widely
as measures for heat stress.

Table 3  Statistics of the heat stress parameters, air quality, and energy
demand by the use of the mean annual linear trend, the calculated
reference value for 1981, the coefficient of variation CV of the
detrended values, the minimum (Min) and maximum (Max) values be-
tween 1981 and 2017 of the exceedance frequency Py and the exceedance

The model calculations of the indoor climate were per-
formed for a dataset of more than three decades between
1981 and 2017. The length of the dataset has the advantage
that the results are not sensitive to erratic artefacts. Further on,
the length gives the opportunity to calculate trends over more
than three decades which is unfeasible for shorter datasets as it
was performed by St-Pierre et al. (2003). They generated syn-
thetic data, which are not able to include extreme weather
episodes like heat waves (e.g. for the year 2013). The distri-
bution of air temperature 7'and vapour pressure p is shown in
Fig. 1 for outdoor (inlet air) and indoor situations for 2003.
The occurrence of heat stress is shown by the selected heat
stress measures and the related thresholds X (Table 2). The
exceedance frequency Py is determined by the number of data
points (hourly values) above the related threshold line )X;. The
exceedance area Ay is given by the sum of the distances of
these data points and the threshold line.

area Ay for the threshold of air temperature Xt =25 °C, specific enthalpy
Xu =55 kl/kg, temperature-humidity index Xty =75, and the controlla-
ble range Xty = Tc + AT for heat stress parameters indoor and outdoor,
air quality (Xco = 3000 ppm), annual ventilation volume V (10° m® a™")
and annual energy demand for the ventilation system £ (kWh a ')

Trend (unit/a) Relative trend (%/a) Reference 1981 Min (year) Max (year)
Heat stress parameters, outdoor
Exceedance frequency P (h a ')
Pr 6.1+15 3.11+£0.74 197 92 (1984) 593 (2015)
Py 95+1.9 590+1.19 161 53 (1990) 689 (2003)
Prmn 44+1.0 12.53+£2.84 35 12 (1997) 347 (2015)
Exceedance area A
Ar (Kh a) 232+6.5 6.01+£1.68 387 202 (1984) 2516 (2015)
Ap kI kg' h ah 5274122 8.98 +2.08 586 91 (1990) 3826 (2003)
Ary (Wa) 11.6+3.1 26.04 +7.06 44 7 (1990) 1077 (2015)
Heat stress parameters, indoor
Exceedance frequency P (h al)
Pr 7.8+1.8 1.26+0.30 621 420 (1984) 1139 (2003)
Py 13.2+3.0 2.08+0.47 636 335 (1990) 1333 (2003)
Prm 75+1.6 3.01+0.65 248 132 (1984) 715 (2003)
Pry 10.6+2.1 091+0.18 1166 921 (1984) 1747 (2003)
Prp —-77+24 -0.73+£0.23 1053 560 (2014) 1320 (1985)
Exceedance area A
At (Kh a) 40.5+9.8 2.38+0.58 1703 952 (1984) 4461 (2015)
AxpkJ kg' hal 121.9+25.2 4.12+0.85 2957 1151 (1990) 9846 (2003)
Arpr (h/a) 304+6.6 6.35+1.37 479 294 (1984) 2463 (2015)
Ary (Kh a) 67.5+£15.5 1.52+0.35 4447 2950 (1984) 8642 (2003)
Arp (Kh a) —442+158 -1.16+0.41 3805 1307 (2014) 6236 (1985)
Air quality/energy demand
Pcop(h a™h -39+15 —-1.37+£0.53 283 38 (2015) 453 (1987)
Ventilation rate V (10> m?®a™!) 815+ 149 0.24+0.04 336 318 (1984) 374 (2015)
Energy demand E (kWh a ') 0.038+£0.007 0.24+0.04 15.8 15.0 (1984) 18.0 (2015)
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The time course of the calculated parameters is shown in
Fig. 2a for the exceedance frequency Py and in Fig. 2b for the
exceedance area Ay. The outdoor and the corresponding in-
door parameters are shown in the same colour with different
brightness. The temporal trend is assessed by a linear regres-
sion over the 37 years. The expected heat stress in the near
future can be assessed by a short time extrapolation.
Comparing the mean annual trend of the observed heat stress
measures outdoor and indoor, the vulnerability of traditional
livestock buildings can be determined (Table 3).

The shift of all the outside parameters for heat stress to
higher values inside is caused by the sensible and latent heat

production of the animals. Two outstanding years are accen-
tuated by light blue for the cold year 1984 and light red for
2003 as a hot year in this period. According to Schir et al.
(2004), the summer of 2003 was statistically extremely un-
likely at its time, but it can be used as a typical warm year for
the middle of the twenty-first century. The cold year of 1984
shows the highest frequency of minimum values for heat
stress (6 of 8) as well as the hot year of 2003 with 6 of 8
maximum values.

The mean linear trend of the exceedance parameters Py and
Ay is positive for all heat stress measures (exceedance of the
threshold values X, Xy, Xty and X7y), showing a mean
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relative annual change for the indoor climate of about 0.9%
(Pty) to 3.0% (Pryy) per year for the exceedance frequency
Pyand 1.5% (Ary) to 6.4% (Aryy) for the exceedance area A .
The lowest values are found for the temperature threshold Xty
and the highest values for Xty with more than a tripled rela-
tive trend. This shows that the heat stress is not only caused by
the temperature increase but is also due to the increase of the
humidity inside the livestock building. Even if stationarity
cannot be assumed for global warming (Hendry and Pretis
2016), the trend can be used as an educated guess for the near
future.

The exceedance frequency of the upper limit of the con-
trollable range Pty was calculated between Pty =921 h/a
(minimum in 1984) and Pty =1747 h/a (maximum in
2003). Turnpenny et al. (2001) found for 1997 a value of
Pry=1018 h/a, calculated for Southeast England.

The slope of the linear annual temporal trend is distinctly
steeper for the indoor values as compared to the outside situ-
ation. The increase lies in the range of 28 to 70% for Py-and 75
to 162% for Ay. Therefore, the indoor climate is more vulner-
able for global warming than the outdoor situation. This
means that the direct use of meteorological data—i.e. without
the use of a simulation model for the indoor climate—
underestimates the likelihood of the occurrence of heat stress
in animals inside confined livestock buildings.

The fact that the relative increase of heat stress shows
higher values as the reduction of cold stress shows that global
warming will result not only in a shift of the mean value but
also in an increase of the variability of thermal parameters
(Klein Tank and K6nnen 2003).

Indoor CO, is mainly selected as a key parameter to eval-
uate the indoor air quality in relation to animals (CIGR 1984;
DIN 18910). Therefore, the maximum recommended CO,
concentration of 3000 ppm is used as a criterion for poor air
quality instead of 5000 ppm as the threshold for a human
workspace. The exceedance frequency of this threshold
(Xco=3000 ppm) is decreasing from about Pco, =283 h/a
for 1981 by about — 1.4% per year. The mean indoor air qual-
ity is getting better over the years due to the increase of the
ventilation flow rate V by about 0.24% per year which is
caused by the reduction of the cold stress in the range for
Py by —0.7%/a and for A by — 1.2%/a (Fig. 2).

The specific energy demand of fans depends not only on
the fan itself but also on the resistance of the entire ventilation
system (e.g. ducts, restrictions). Typical values are in the range
between 35 and 66 W per 1000 m>/h (Biischer 2011). We used
a value of 47 W per 1000 m*/h. The energy demand of the
ventilation system was determined as 16 kWh/a per animal
place for the reference year 1981 (Table 3) which is a typical
value for growing-fattening pigs (Krommweh et al. 2014;
Schmitt-Pauksztat et al. 2006; Lammers et al. 2010;
Turnpenny et al. 2001). The mean relative change lies in the
range of about 0.24% per year due to the increase in the annual

ventilation volume. Turnpenny et al. (2001) found a relative
increase of 0.9% per year for the energy demand between
1997 and 2015 (baseline scenario 1S92a of the IPCC (1992)).

To manage the distinct temporal trend of the heat stress
parameters, adaptive measures have to be applied in the fu-
ture. The management of livestock offers a wide range of
control measures which shall allow for adaptation, such as
feeding strategies (Le Bellego et al. 2002; Renaudeau et al.
2012), adaptation of the animal density (reduction of the
slaughter live mass and/or the number of animals), measures
to increase the heat release of animals (evaporation (Hoff
2013), increased air velocity, cooling of drinking water
(Huynh et al. 2006), floor cooling (Wagenberg et al. 2006;
Huynh et al. 2004)), modification of the design values when
planning livestock buildings (maximum and minimum venti-
lation flow rate, insulation of the building (Aby et al. 2014)),
inverting the diurnal pattern (resting during daytime, feeding
during night time) and selecting more adapted genotypes.
Certain adaptation measures are part of the ventilation system.
These can include energy-saving devices for cooling of the
inlet air in order to concomitantly reduce running costs (Vitt
et al. 2017). Some measures are applied inside the building,
like evaporative cooling (high-pressure fogging
(Haeussermann et al. 2007b; Haeussermann et al. 2007a) or
evaporative cooling pads (Valifio et al. 2010)). While these
measures are likely effective to reduce biomass growth losses
and to increase animal welfare under global warming, they
will increase production costs in most cases. An assessment
of costs and benefits of adaptation shall be subject to further
research. It needs to tackle both gains—during the cold season
such as for air quality shown in this study—and losses from
biomass growth and adaptation during the hot summer season
(cf. Mader et al. 2009). The calculated heat stress effects show
an essential impact on the performance, health and welfare
status of livestock. As stated by Parsons et al. (2000), it is
difficult to find suitable experimental data to derive models
to quantify the performance depression.

Long-term (seasonal) climate forecasts would be essential
for decision-making tools aiming at the mitigation of heat
stress for livestock inside confined buildings. Such seasonal
climate forecasts for agricultural producers are well
established (Klemm and McPherson 2017), but the special
needs of livestock keeping are not considered yet, particularly
for confined livestock buildings.

Conclusions

The simulation of the indoor climate of confined livestock
buildings shows a lower resilience for global warming com-
pared to the outside situation. The mean relative annual trend
for heat stress parameters between 1981 and 2017 lies in the
range between 0.9 and 6.4% per year, relative to the year

@ Springer



228

Int J Biometeorol (2019) 63:221-230

1981. The more frequently and more distinctly occurring heat
stress situations have an essential influence on the perfor-
mance, health and welfare status of livestock. Future impacts
of global warming will be even more severe. To reduce animal
health and welfare problems as well as the economic impact of
these changes, appropriate adaptation measures are needed.
The selection has to focus on adaptation measures with low
investment and operating costs. Long-term (seasonal) climate
forecasts similar to those offered for crop producers would be
essential for decision-making tools aiming at mitigating heat
stress for livestock inside confined buildings. The calculations
for growing-fattening pigs show that such a simulation model
for the indoor climate of confined livestock buildings is an
appropriate tool to determine conditions of heat stress for
livestock.
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Nomenclature m, body mass of the pigs (kg); Mgy, body mass at the
beginning of the fattening period (kg); m.ng, body mass at the end of the
fattening period (kg); U, mean thermal transmission coefficient of walls
and ceiling (W m? Kﬁl); T, set point temperature of the ventilation
control unit (°C); AT proportional range (bandwidth) of the control unit
(K); Vinin, minimum volume flow rate of the ventilation system (m3 hfl);
Vimax, maximum volume flow rate of the ventilation system m® hhy;
Tc stars SEt point temperature at the beginning of the fattening period; t4,
duration of the fattening period (days); ¢, duration between two consec-
utive production cycles (days); tgp, overall duration of a growing-
fattening period (days); b,,, exponent of the Gompertz model (-); K,
growing factor of the Gompertz model (days '); 7} air temperature (°C);
THI, temperature-humidity index (-); H, specific enthalpy (kJ kgfl); Tru,
upper temperature limits for the controllable range (°C); Trr, lower tem-
perature limits for the controllable range (°C); Xt, threshold value for air
temperature 7 (°C); Xy, threshold value for specific enthalpy A (kJ kg ™");
Xrtnr » threshold value for temperature-humidity index THI (—); Xcoo,
threshold value for CO, concentrations THI (—); Py, exceedance frequen-
cy for a certain threshold X (h/a); A x, exceedance area for a certain thresh-
old X: V, ventilation rate per year (10> m® a '); E, energy demand per year
(kWha")
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