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ABSTRACT

Ilumination of dairy barns impacts animal health, milk production, and building energy efficiency. The aim of this study was to
assess the existing daylighting and electric lighting conditions of dairy barns located in Southern Sweden. The study specifically
examined how different architectural features impact the lighting environment, aiming to identify retrofit potentials in older barns
and areas of improvement for new constructions. Ten dairy barns on seven farms were selected as case studies with different
construction types, construction year, and size; and were monitored during November 2023 and February 2024. Photometric and
geometric measurements were collected, and simulation models were created and calibrated by comparing them with the
measurements. The simulation results were used to analyse the lighting performance of the barns. The results indicate that several
older barns have lower than recommended illumination from daylighting and electric lighting systems, inappropriate choice of
building materials with low reflectance, poor maintenance of building surfaces, etc; thus, requiring maintenance and retrofit
measures. Newer barns often showcased improved lighting conditions compared to older barns, primarily due to better daylighting
through side openings and skylights (aperture-to-floor ratio: 1-6 % in older barns and 12-20 % in newer designs), underscoring
the importance of improving design practices. Older barns consistently showed mean daylight factor values below 1 %, while newer
barns exhibited notably improved daylighting. Compared to most older barns having a daylight autonomy below 10 %, newer barns
achieved a daylight autonomy higher than 50 %. Mean electric lighting illuminance ranged from 57 to 157 lux across the studied
barns. Both new constructions and retrofit projects can benefit from implementing clearly defined design guidelines and lighting
requirements for agricultural buildings. Future studies on long-term impacts of illumination on farm animals and human
caretakers, environmental and economic assessment of improved barn design and retrofit measures can provide more information
on this topic.
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1.INTRODUCTION quality and quantity [2,4—6]. Research shows that cows exposed to
16 to 18 hours of daylight and/or electric lighting produce more
milk [7-9]. Light exposure also increases the cows’ feed intake and
prolactin levels [1]. Appropriately designed daylighting and electric
lighting systems can mitigate the risk of overheating and prevent

Daylighting and electric lighting systems in dairy barns play an
important role in supporting animal health [1-3], as well as milk
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the human caretakers [13]. Thus, high-quality daylighting and
electric lighting systems create a safe and comfortable
environment for both cattle and humans.

Several studies show that ensuring well designed, energy-
efficient daylighting and lighting in dairy barns can contribute to
building energy efficiency [14—-16]. The minimum illuminance
required for dairy barns in Sweden is 150 lux, measured at work
surface according to Swedish Institute for Standards [17];
measurement plane not specified by Swedish Fire Protection
Association [18]. The European standard (EN 12464-1:2021)
specifies a minimum illuminance for barns used for production of
animal species as 50 lux, measured at 0.85 m according to European
Committee for Standardization [19]. In contrast, it provides more
specific and higher requirements for human-occupied buildings
(500 lux horizontally on an office desk, 300 lux in the whole office,
and 150 lux in corridors) [19], indicating a potential room for
improvement in regulation for animal-inhabited spaces. Using
appropriate illuminance levels, appropriate electric light fixtures
and ensuring regular maintenance of building surfaces and electric
lighting fixtures and choosing Light Emitting Diodes (LED) over
fluorescent lamps can lower cost for electricity, as shown in built
environments for humans [20-22]). These measures are also
important to maintain low production costs in dairy facilities.

Agricultural buildings constitute a large portion of the building
stock in Europe [23], which makes it an energy-intensive sector.
However, these buildings are regulated differently than other
building types in Sweden. Buildings in Sweden generally must go
through a building permit process (or “bygglov” in Swedish) [24].
However, agricultural buildings, including barns for farm animals,
are instead required to pass a preliminary inspection (or
“forprovning” in Swedish) [25], which must comply with the
Swedish animal welfare act [26]. As the lighting requirements for
farm animal buildings are less rigorous than those required for
other building types [27], they may not guarantee optimal
illumination for the cattle and human occupants. The preliminary
inspection process requires the horizontal illuminance (lux)
recommended by the Swedish Institute for Standards [17] and
Swedish Fire Protection Association [18], and the presence of
windows in the barns. However, it does not specify any quantitative
daylight provision (e.g., minimum Daylight Factor of 1 %) as is the
case for human-occupied buildings [27]. This lack of a defined
daylight metric limits the ability to carry out both qualitative and
quantitative assessments of daylight conditions during design
approval and later inspections.

Several studies on the impact of light on cattle have been
conducted according to a review [28]; however, none of the studies
fully considered aspects related to the building envelope or the
architecture. Some studies investigated electric lighting conditions
of dairy barns in Sweden [29-31], while other European or
American studies performed general photometric assessments
[32,33], investigated the impact of different materials and design
techniques [32,34], and the impact of light treatment on the

animals [35]. None of these studies specifically focused on a holistic
investigation of daylighting and
conjunction with architectural features and their influence on
illumination in the Swedish context. Therefore, the aim of this
study was to investigate architectural characteristics of Swedish
dairy cattle barns and evaluate their lighting conditions through
measurements and simulations. The overarching research question
of this study was “How do architectural design choices in Swedish
dairy cattle barns influence daylighting and electric lighting
conditions?” To achieve this, the study focused on four sub-
research questions:

o How have architectural design practices in Swedish dairy cattle
barns evolved over time, and what implications do these
changes have for illumination conditions?

e What are the current daylighting and electric lighting
conditions in existing Swedish dairy cattle barns, as assessed
through on-site measurements and lighting simulations using
static and dynamic daylight metrics?

e To what extent do older dairy cattle barns present
opportunities for lighting retrofit interventions to improve
overall illumination conditions?

lighting performance in

e What lighting-related shortcomings or limitations can be
identified in newer dairy cattle barns, and how can these
inform improvements in future barn design?

2. METHODOLOGY

The study followed a sequential process of barn selection and
survey, data collection, modelling and simulation, calibration,
analysis, and synthesis, as shown in Fig. 1.

2.1. Lighting performance metrics

Since Swedish regulations for dairy barns do not specify daylight
performance metrics [17,18], in contrast to human-occupied
buildings where such metrics are well established [19], this study
applied several lighting performance metrics to evaluate dairy
barns. This approach enabled an assessment of which metrics can
reasonably represent lighting conditions in dairy barns, which are
large spaces with substantial spatial variation in illuminance. The
following static and dynamic metrics were used for analysis in this
study:

o Daylight Factor (DF): A measure of the illuminance within a
room on a horizontal plane, relative to the total amount of
light available under an unobstructed hemisphere with an
overcast sky, calculated by Eq. (1). [36]. DF was used in this
study for primary on-site measurement and subsequent
simulation model calibration.

DF = Eindoor (1)

Eoutdoor
where E;,q00- is the indoor illuminance [lux] and E,,;q00r iS
the unobstructed outdoor horizontal illuminance [lux].
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Uniformity Ratio (UR): Also called illuminance uniformity, it
is defined as the ratio of minimum to average illuminance on a
surface, calculated by Eq. (2) [37]. UR is particularly relevant
for dairy barns, as uneven illumination can negatively affect
cow activity and movement, even when average illuminance
levels are adequate [31].

UR = —min_ (2)

Eaverage
where Ey,;, is the minimum illuminance [lux] and Eperqge is

the average illuminance [lux].
Daylight Autonomy (DA): The percentage of occupied hours of
the year when the minimum illuminance threshold at a point
or a grid of points is met by daylight alone [38]. DA was used to
link daylight performance to potential reduction in electric
lighting use.
Spatial Daylight Autonomy (sDA): The percentage of an
analysis area meeting a minimum horizontal daylight
illuminance level (e.g. 300 lux for offices) for a specified
fraction (e.g. 50 %) of the operating hours per year [39]. sDA
was used in this study to evaluate the spatial extent of daylight
adequacy.
Lighting Dependency (LD): The percentage of the occupation
hours per year when electric lighting must be added to
maintain a minimum work plane illuminance threshold (e.g.
300 lux for offices), calculated by Eq. (3) [40]. LD was used
mainly to complement DA results.

LD =100 — DA (3)
Lighting Power Density (LPD): A measure of the lighting power
per unit area of a building, expressed in Watts per square foot
or square meter, calculated by Eq. (4) [41]. LPD was used as a
benchmark for evaluating lighting system efficiency.

LPD=Pf:tal (4)

Annual Sunlight Exposure (ASE)

—

itk

Fig. 1. The overall methodology of the study about daylighting and electric lighting in ten dairy barns of Southern Sweden: barn selection, data collection,
modelling and calibration, simulation, analysis, and synthesis.

where Py, is the total power consumed by all luminaires in
the space [W] and 4 is the total floor area [m?]

e Useful Daylight Illuminance (UDI): A daylight metric
expressing the percentage of time when illuminance at a point
is insufficient (< 100 lux), useful (100-2 000 lux), or in
oversupply [42]. The range was later redefined through
various studies [43-45] to insufficient (< 100 lux),
supplementary (100—300 lux), autonomous (300—-3 000 lux),
and in oversupply (> 3 000 lux). UDI was included to capture
the full distribution of daylight levels over time and explore its
suitability as a daylight metric for dairy barns.

e Annual Sunlight Exposure (ASE): ASE is the number of hours
per year at a given point where direct sunlight is incident on
the surface; it quantifies the percentage of analysis points that
receive at least 1 000 lux for at least 250 occupied hours per
year [39]. ASE was included to identify areas of potential
excessive direct sunlight that may cause overheating.

All evaluation criteria used in this study based on regulations and

assumptions are summarized in Table 1.

2.2.Barnselection

The study was conducted for ten dairy barns in seven farms in
Skdne county of Southern Sweden (55 °48 ‘N 13 °37 ‘E) between
November 2023 and February 2024 (Fig. 2). A description of the
selected barns is presented in Table 2. The criteria for selecting the
barns were designed to capture a wide range of barn types:

o Barn age: Older barns were included to assess the impact of
building period on lighting conditions and potential need for
retrofitting. Newly constructed barns were included to
evaluate advancements in daylighting and lighting design and
construction practices while trying to identify potential areas
of improvement. The final selection included barns
constructed between 1965 and 2019.
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Table 1. Summary of lighting performance metrics, thresholds, and conditions applied in the analysis.

Target type/metric

Target

Measurement plane height
INluminance threshold

Operating hours

Daylight Factor (DF)
Spatial Daylight Autonomy (sDA)
Useful Daylight Illuminance (UDI)

Annual Sunlight Exposure (ASE)

1.0 m from circulation level (approximately 0.85 m from cubicle level) [19]
150 lux [17,18]

06:00 to 22:00 (A Long-Day Photo Period (LDPP) of 16 hours based on
literature survey [7—9]; which is also a common practice among most of
the surveyed farms. This resulted in 5 840 hours of illumination required
throughout the year.

1% as a minimum [27]
150 lux [17,18] for 50 % of the occupied hours per year [39]

Insufficient (< 50 lux) [19], supplementary (50-150 lux) [17,18],
autonomous (150—2 000 lux), and oversupply (> 2 000 lux), according to
the previous lower range [42], a conservative estimation to account for
higher risk of overheating in animal barns.

1000 lux for at least 250 occupied hours per year [39]
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Fig. 2. The location of the dairy barns within Sweden and Skane (left), sun path diagram showing summer solstice, equinox, and winter solstice (top right),
and global horizontal radiation, highest value of 842 Wh/m? on June 12, 12:00 (bottom right).

o Barn construction: Barns constructed with different materials
and construction techniques, as well as different apertures
such as windows, skylights, open facades, and curtains were
included to examine how this affects illumination, while also
indicating the changing design practices.

Size and capacity: Barns with varying sizes as well as varying
number of cattle were selected.

Cattle type: Barns that were primarily used to house dairy cows
were included. However, in some cases, other cattle production
groups such as heifers, calves, and fattening bulls were also
present.

In 2020, Sweden had 3 253 dairy farms, of which 274 were in
Skane [46]. The ten barns included in this study therefore represent
0.22 % of all Swedish dairy farms and 2.55 % of those situated in
Skane. According to Eurostat, 2024 [47], Sweden had 302 820 dairy
cows in 2020, with 37 020 located in Skane and Blekinge. The
surveyed barns housed 2 715 cattle, including 2 490 dairy cows,
corresponding to 0.82 % of the national herd and 6.73 % of the herd

in southern Sweden. However, the ten sample barns are not
intended to be statistically representative of all Swedish or Skane
dairy farms. Instead, the selected barns serve as case studies
enabling detailed analysis of lighting conditions under real
operational conditions.

2.3. Data collection and analysis

2.3.1. Photometric and geometric measurements

Data collected at each visit and the equipment used for the
measurements are listed in Table 3. The daylight measurements
were performed only under an overcast sky, as DF was the only
daylight metric measured on site [37] (Fig. 1). The measurements
were collected during daytime between 09:00 and 15:00 hours and
thus, photometric measurements focused on daylighting. The
architectural drawings of the barns were collected from the farmers
for eight out of the ten barns to produce the simulation models.
Physical measurements were used alongside satellite images to
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Table 2. General description of the selected dairy barns, including construction year, general geometric properties, number of cattle, and survey date.

Barn Construction Length(m)  Width (m) Wall height  Height to Area (m?) Total Floor area Survey date
year (m) ridge (m) cattle* (m?) per
cattle
B1 1965 34.8 10.8 2.5 flat roof 374 50 7.5 21/11/2023
B2 1983 48.0 26.2 3.6 5.0 1257 115 10.9 23/11/2023
B3 1989 40.0 13.2 2.9 flat roof 528 99 5.3 24/11/2023
Bz 1990 81.0 25.2 2.9 7.2 2041 180 11.3 15/02/2024
B5 1991 63.0 30.0 2.7 7.8 1890 260 73 22/11/2023
B6 2002 90.0 26.0 3.0 9.0 2340 280 8.4 29/11/2023
B7 2005 78.0 WA 2.8 8.5 2683 251 10.7 15/02/2024
B8 2008 90.0 39.0 3.3 10.0 3510 380 9.2 01/12/2023
B9 2014 84.0 39.8 3.8 10.3 3343 370 9.0 15/02/2024
B1o 2019 162.5 37.0 3.2 9.4 6 013 730 8.2 22/11/2023
* Including cows, heifers, bulls, and calves.
Table 3. Description of photometric and geometric measurements with equipment specifications.
Measurement Category Measured Properties Equipment

Basic Geometry

Barn dimensions (length, width, ceiling height,
roof slope), internal layout, and key building

Luxorparts laser distance meter, measurement
range: 40 m, accuracy + 3 mm [52]

elements (columns, beams, partition walls), roof

type.
Windows and apertures

transmittances

Material reflectance

interior materials

Daylight measurements

under overcast sky

Electric Lighting

Glazed area, window frame size, skylight size,
placement, number of windows, and window

Materials for floor, roof, walls, partitions,
structural elements, and surface reflectances of

DF calculated as the ratio between interior and
exterior illuminance measured simultaneously

Number of luminaires, layout, product

Luxorparts laser distance meter [52], Two
Hagner EC1 digital luxmeters with an accuracy of
+ 3 % (+ 1in last digit), measuring range: 0.1-
200 000 lux, factory-calibrated [53]

Hagner S5 Universal Photometer, Measurement
functions: luminance: 0.01-199 900 cd/m2,
illuminance: 0.01-199 900 lux, factory-
calibrated [54] and Hagner Reflection Reference
with reflectance factor 95.4 % and accuracy of +
3% [55]

Hagner EC1 digital luxmeters [53] and Hagner
EC1-X digital luxmeters, measuring range: 0.1-
200 000 lux, factory-calibrated [56], both with
an accuracy of + 3 % (+ 1in last digit)

Hagner EC1 digital luxmeters [53]

specifications, and illuminance levels of electric

lighting

create the simulation models in the absence of a floor plan for the
other two barns (B2 and B6). The roof slope, type, and overhang
dimensions were noted. All daylight apertures through windows,
doors, and skylights were measured. Window-to-wall ratio (WWR)
is suitable for typical buildings where daylight openings are limited
to glazed wall surfaces, but it is less appropriate for dairy barns
which commonly include skylights, large doors, and often with
materials other than glass. Moreover, in dairy barns the total wall
area is often comparable to, and in some cases even exceeded by,
the total aperture area. Instead, floor area provides a more reliable
reference parameter. Therefore, this study introduces the
Aperture-to-Floor Ratio (AFR) for a more reliable analysis. AFR
was calculated by Eq. (5) to understand the degree to which it
impacted daylighting performance in the barns when compared
with the daylight metrics.

AFR = Aaverture (5)
Afloor

where A,,¢,0ure is the total area of windows, skylights, and openings
including frames [m?] and 4y,,,, is the total floor area [m?].

The glazing transmittance was measured by placing one
luxmeter on the interior side of the glass and another one on the
exterior side as recommended in Gentile et al. [48] and Dubois et al.
[49]. Simultaneous measurements were taken to calculate the
visual transmittance by finding the ratio between indoor and
outdoor illuminance, and the average of three measurements on
one typical window was used in the simulations. The surface
reflectances of the major diffusive building materials were
measured using a calibrated luminance meter and reference plate
with 95.4 % reflectance, following the method described by
Fontoynont [50]. The average of three measurements was used for
each material. The mean material reflectance for each barn was
area-weighted as described in Lynes’ formula [51]. All interior
illuminance measurements were taken at a height of 1.0 m inside
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Table 4. A comparison of the electric lighting systems in different barns.

Barn LPD Luminaire height LED Fluorescent Control Notes
(W/m?) (m) luminaires sources system

B1 6.7 2.5 24 34 Manual Twin-tube T8 fluorescent and LED luminaires, old
fluorescent luminaires partially replaced

B2 0.8 3.2-3.7 45 - Automatic Single-tube LED luminaires, replaced every 15 years

B3 2.7 2.9 - 24 Manual Single-tube T8 fluorescent luminaires, replaced once

B4 2.7 4.5—5.3 - 94 Automatic Philips MASTER TL-D Super 80 58W/840 1SL/25
fluorescent, twin-tube luminaires, CRI>80, planning to
replace luminaires soon

Bs 0.7 3.5—-5.5 60 - Manual Single-tube LED luminaires, too many luminaires
according to the farmer, only half are kept on

B6 2.0 5.3 —8.5 81 - Automatic Single-tube T8 fluorescent luminaires, replaced once

B7 2.2 3.7 - 4.9 - 100 Automatic Twin-tube LED luminaires

B8 2.1 4.5 — 8.0 - 128 Automatic Philips MASTER TL-D Super 80 58W/840 1SL/25
fluorescent, twin-tube luminaires, CRI>80

B9 1.6 6.4, —9.5 YA - Automatic LED stable modulized luminaires, planning to replace
luminaires soon

Bio 1.2 5.0 — 7.0 60 - Automatic Delaval CL6000, LED stable modulized luminaires,

124W, 87 Im/W, CRI>60. Four rows of LEDs, one blue
and three white

the barns using a tripod at 5.0 m intervals along the central axis of
the barns. Exterior illuminance measurements were recorded with
an exterior sensor attached to a luxmeter. The DF was calculated by
simultaneous measurements inside and outside the barns [36].

2.3.2. Electriclighting

Data about lamp and luminaire types were collected at each site
(Table 4). The illuminance coming from electric lighting was
measured directly below luminaires on a tripod at 1.0 m from the
floor. Measurements were taken during the day at the
comparatively darker parts of the barns with and without the
presence of electric lighting to determine the illuminance provided
only by electric lighting. These data and insight from the sites were
used to calibrate the electric lighting simulations, especially when
the product specifications of the light sources were not available.
The Lighting Power Density (LPD) of the barns was calculated using
Eq. 4 [41].

2.4, Calculations for data analysis

Weather data file from the Malmé Sturup airport (55°31'N 13°22'E,
Fig. 2) [57] was used to create a cumulative exterior diffuse
illuminance curve (Fig. 3) for all the 4 680 daylit hours at the site,
based on an original figure by Mardaljevic [58]. This curve was used
to determine the required DF to achieve 150 lux of illuminance
outlined by Swedish Institute for Standards [17] and Swedish Fire
Protection Association [18]. While the data exclude direct sunlight,
it reflects diffuse sky conditions that are common in Sweden,
especially during winter months when dairy cattle are typically
housed indoors. The graph shows that 1%, 2 %, and 3 % DF can
provide approximately 150 lux of illuminance in the barns for 45 %,
66 %, and 74 % of the daylight hours, respectively. This calculation
shows how important it may be to increase the DF to reduce the
reliance on electric lighting systems.

2.5. Simulation and calibration

The Malmo-Sturup airport (55°31’'N 13°22'E) was selected as the
location for all the simulations due to its proximity to the barns (Fig.
2). A single climate file SWE_SN_ Malmo.AP-Sturup.
026360 _TMYX.2004-2018 [57] was used for all simulations. The
barn models were created in Revit 2023 [59] taking references from
the photometric and geometric measurements. The models were
exported from Revit using ‘Climatestudio export daylight model’
plug-in to perform the simulations using Climatestudio [60] in
Rhinoceros 3D [61]. The linear fluorescent and LED luminaires were
modelled using the 3F LINDA INOX 2X58 HF IES file [62], while the
modular LED luminaires were modelled using CRUISER 2 LED DALI
21550lm 4000K IP66 110° grey IES file [63]. The power multiplier
for luminaires in Climatestudio was adjusted iteratively to calibrate
the fixtures’ output to align with
specifications. During the calibration phase, the sensor plane was
positioned at a height of 1.0 m above the floor to match the on-site
measurements. Following calibration, all final simulations used for
analysis were performed with the sensor plane placed at 1.5 m above
the floor, corresponding to the approximate eye height of dairy
cattle at standing position. The horizontal sensor grid spacing was
set to 0.6 m, and occupancy hours were defined from 06:00 to 22:00
(16 h per day, hourly timestamp resolution). Default Radiance
calculation settings in ClimateStudio were used for all daylight
simulations (Samples per pass = 64, maximum number of passes =
100, ambient bounces = 6, weight limit = 0.01, ambient division = 4
096). DF was simulated under a standard CIE overcast sky [37],
independent of time of year. Electric lighting simulations were
performed as static illuminance calculations corresponding to the
survey conditions. The DF and electric lighting illuminance
measurements from the survey were compared with the simulation
results to calibrate the models (Fig. 4). The calibrated models were
then used for further simulations and analysis. On the day of the
survey, Barn B8 (Fig. 2) had an accumulation of snow on its

luminous luminaire
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skylight, which resulted in a lower measured DF. To ensure
accurate survey conditions, the skylight
transmittance was adjusted in the simulation to reflect the snow-
covered condition. All other parameters for B8, as well as the
properties of all other barns, remained unchanged following the
calibration phase. After the initial calibration phase, subsequent
simulations were performed for analysis.

calibration to

3. RESULTS AND DISCUSSION

The primary aim of this study was to examine the architectural
design and lighting conditions of dairy barns in Southern Sweden
through surveys, measurements, and simulations. The study
sought to understand how evolving design practices influence
daylighting and electric lighting performance, and to identify
retrofit potential in older barns as well as areas of improvement in
newer constructions. The findings revealed significant variations

in lighting quantity and quality, with older barns often exhibiting
insufficient illumination from daylight due to limited windows and
skylights, low material reflectance and high soiling level. In
contrast, newer barns demonstrated improved conditions in terms
of illuminance level, DA and uniformity, emphasizing the gradual
improvement in design through better practices over time.

3.1. Comparison of measurements and simulations of
daylighting and electric lighting

Measured and simulated DF values and electric lighting
illuminance were compared across the ten barns with multiple
measurement locations per building. Each point in the combined
figure represents measured and simulated values of a single point,
allowing direct assessment of simulation accuracy (Fig. 4). For both
daylighting and electric lighting, the data showed a strong
correspondence with the 1:1 reference line, R? = 0.99 for daylight
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Fig. 5. Comparison of geometry and orientation between the barns. North is oriented upwards. The barns are arranged in two rows and ordered by year of
construction from left to right. Dimensions are based on on-site measurements and architectural drawings provided by the farmers; cross-checked using

satellite images [64].
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(Root Mean Square Error (RMSE) = 0.2 % DF, Mean Absolute
Percentage Error (MAPE) = 29.3 % ) and R? = 0.97 for electric
lighting illuminance (RMSE = 20.4 lux, MAPE = 5.1 %). The higher
MAPE for daylighting is attributed to the sensitivity of percentage-
based errors at low DF values, where small absolute deviations
result in disproportionately large percentage errors.

Figure 4 indicates that the simulation models reliably captured
the overall lighting performance of the barns.

3.2. Architectural evolution and its influence on barn
illumination

The top view of the barns in Fig. 5 show that the elongated facades
of six barns face the East and West direction (B2, B3, B4, B5, B7,
B9), while the elongated facades of four barns face the North and
South direction (B1, B6, B8, B10). Figure 6 presents barn
dimensions arranged by year of construction on the left, and the
relationship between floor area and AFR on the right. The left plot
shows that barn dimensions have generally increased over time.
The plot on the right illustrates that barns with larger floor areas

usually have higher AFR values, implying that newer barns are not
only larger but also designed with proportionally greater aperture
areas.

The barns have become larger due to increasing production scale
in fewer farms [65] and industrialization of the dairy business.
Most of the studied barns were rectangular in shape, mostly due to
efficient manure removal, feeding systems, and ease of cow traffic
design features. Many barns are shaded by surrounding
geometries, causing poorer daylight performance. Most of the
barns have double pitched roofs with 10-20 © angle, with two barns
having flat ceilings that limit zenithal daylighting. The similar roof
design across contexts can be considered as an overlooked
opportunity for daylight optimization. The orientation of the barns
is important for natural ventilation and sunlight, supporting air
movement and thermal comfort for the animals [66]. Elongated
facades of six barns faced the East and West direction, while North-
South elongated barns were more prone to overheating having
higher ASE. East-West elongated barns generally minimize direct
sunlight penetration, reducing heat stress [67]. This is consistent
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Fig. 7. Visual comparison of windows and apertures between the barns, showing the difference in AFR values. The barns are arranged in two rows and
ordered by year of construction from left to right. The figure is illustrative and not to exact scale.

with the simulation results from this study. The building
orientation should be a balance between daylighting and natural
ventilation needs and further study into this could lead to
optimization.

A drawing of the windows and apertures of the barns is shown in
Fig. 7. The AFR in the barns through all windows, openings, and
skylights are mentioned as percentages. Design practices have
shifted from small windows to larger windows and clerestory or
high windows, eventually leading to open facades. Skylights have
evolved from non-existent to small and often non-functioning
skylights, and more recently to larger skylights. AFR has increased
from 1-6 % in pre-2000 barns to 12-20 % in post-2000 barns.

It is evident from Fig. 7 that the number of windows and
apertures has increased throughout the years, resulting in a higher
AFR. This is likely in response to both daylighting and natural
ventilation needs. Older barns seldom had large skylights, which is
a relatively common practice in recent years. The skylights have
been increasing in size throughout the years; however, their design
has remained quite similar. Older barns had small wall windows,
gradually replaced by high windows and, later, open wall systems
with curtains or nets for improved ventilation. While this leads to
improved daylight illumination, it could also increase the risk for
overheating, especially in North-South elongated barns as
mentioned before. More research is needed to optimise the design
of apertures to get a desired variation in daylight illuminance.

The area-weighted average material reflectance of the major
interior building materials is presented in Fig. 8 along with a
pictorial representation. The image indicates a preference for
lighter-coloured materials in more recent constructions. Older
barns often have darker-coloured materials and higher soiling
levels, which reduce interreflections. The use of more metal and
concrete was also observed in recent barns. A gradual rise of higher
mean material reflectance can be observed in Fig. 8 throughout the

years, except for barn B2 built in 1983. This farm has higher mean
material reflectance compared to its contemporaries, which
possibly caused a higher illuminance, partially owing to a white
sprayed foam insulation on corrugated metal roof. Corrugated
metal roofs have been a dominant roofing material in recent years;
however, they are carbon-intensive and can cause overheating
issues if not insulated. Lower parts of the walls are often painted in
a darker colour for maintenance reasons, while upper parts are
painted in lighter colours. Many recent barns also used corrugated
metal and polycarbonate sheets in upper parts of the walls. Flooring
materials often have very low material reflectance, due to soiling
and cattle manure. Building materials can become very dirty;
therefore, luminaires cannot perform as they should because of low
material reflectance.

3.3. Assessment of daylighting and electric lighting

performance
The measured DF values along the central axes of the barns showed
highly varying values between barns with different characteristics.
The B4 barn built in 1990 and B9 barn built in 2014 (Fig. 5) were
evaluated and measured on the same day one hour apart under an
overcast sky. The older barn had few skylights and small and dirty
windows on the facades with 5.1 % AFR and 14 % visual
transmittance (Fig. 7). The results show that the DF in the B4 barn
(1990) along the central axis 20.0 m from the barn entrance was
very close to 0.0 %, while the DF in the new barn measured in the
same location was 7.0 %. Photographs taken with the same camera
configuration (ISO 360, aperture 3.2, and shutter speed 1/10,
daylight white balance mode) on the survey day presented in Fig. 9
show the great difference in daylighting conditions between the
older barn (left) and newer barn (right).

The daylighting simulation results are presented in Fig. 10. The
barns are arranged by year of construction. Barn Bi-B5 are
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Fig. 8. A comparison of area-weighted average material reflectance between the barns (top) and a pictorial representation of the major building materials
(bottom). The material types are presented with the pictures. PW = Painted wood, SFI = Sprayed foam insulation on corrugated metal sheet, CMS =
Corrugated metal sheet, PCS = Painted concrete surface, PS = Polycarbonate sheet, C = Concrete, usually covered with wood chips or hay, SC = Slatted

concrete, highly soiled.

Fig. 9. Comparison of two dairy barns, B4 barn built in 1990 (left) and B9 barn built in 2014 (right), photographed with the same camera settings, same barn
orientation, on the same day, and under a similar sky condition, showing the contrast created by substantially different DF.

constructed pre-2000s and B6-B10 barns are constructed post-
2000s. The daylight analysis of the barns reveals a clear trend of
improving daylighting performance in more recently constructed
barns:

o Daylight Factor (DF) and Uniformity: Pre 2000s barns except
B2 showed DFmean values consistently below 1 %, indicating
insufficient daylight. DFmean in post-2000s barns improved
notably, peaking in B10. DFmedian Values follow a similar trend.
The lower DF in the pre-2000 barns was also visually evident
in the photographs, which showed generally dimmer interior
conditions compared to the more recently constructed barns.
UR was low in early barns but gradually improved, with Bio
achieving the highest UR. Barns with skylights positioned
along the central axis showed higher DF in those areas. Barn
B8, which had the widest span and the largest skylight, also

had a lower UR, indicating uneven daylight distribution across
the space.

o Daylight Autonomy (DA) and Light Dependency (LD): LD was
generally higher in most pre-2000 barns with a low DA,
indicating a high reliance on electric lighting systems. Barn B2
exhibited generally higher DA compared to other barns of the
same construction period, indicating better natural light
availability. DA increased substantially from B6 to B1io, with
B10 showing the highest DA. This trend was confirmed by the
sDA, which was higher in newer barns.

o Annual Sunlight Exposure (ASE) and Aperture-to-Floor Ratio
(AFR): ASE remained below the 10 % threshold in eight out of
ten barns with B8 barn having the highest ASE. The AFR
increased gradually over the years, indicating improved
daylight penetration. The North-South elongated barns (B6,
B8, and B10) obtained higher ASE than the East—West oriented
barns, as also seen in the simulations where the central axis
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had increased ASE due to skylights. East-West oriented barns
had lower ASE despite higher AFR. B1 is an exception among
North-South elongated barns, with low ASE due to absence of
skylight and very low AFR.

o Useful Daylight Illuminance (UDI): Older barns exhibited high
UDlItaiing Values except B2. In contrast, newer barns (B6-B10)
showed high proportions of UDIacceptable. However, these newer
barns also had higher UDIexcessive, indicating a potential risk of
overlighting and overheating.

Figure 3 indicates that increasing the DF to 3 % would make the
barns autonomous in illumination the majority (i.e., 74 %) of
daylight hours, offering substantial energy savings. However, Fig.
10 shows that most pre-2000 barns did not maintain a DFmedian Of 1
%, the benchmark used in buildings for humans [27], which can
also keep the barns autonomous in illumination for 45 % of the
daylight hours (Fig. 3). On the other hand, post-2000s barns
consistently had a DFmedian higher than 1 % . Barn B8 (2008)
underperformed in the on-site measurements due to dust, snow on
skylights, and facade polycarbonate sheets, an isolated case caused
by snowfall the previous day. Regular maintenance could
significantly improve its lighting performance, as suggested by
simulation results.

Generally, barns with larger windows and open facades had
higher DFmedian in general, while barns with smaller windows and
skylights often had a DFmean Very close to zero. High-performing
barns were mostly newly built ones. However, very high DF can
create a risk for overheating if ventilation is inadequate. In this
study, light levels exceeding 2 000 lux were considered a potential
risk of overheating, but this assumption requires further research.
Older barns typically failed to reach the minimum required
threshold of 150 lux [17,18]. These barns were mostly reliant on
electric lighting throughout the year, except for barn B2 (Fig. 10).
Newer barns achieved significant DA but often lacked proper
lighting control or automatic sensors to fully utilize it.

The results from the electric lighting simulations are presented
in Fig. 11. These show that electric lighting conditions vary among
the studied barns. The mean illuminance ranged from 57 to 157 lux.
Median values were generally lower, indicating skewness in
lighting distribution. UR remained below 0.12 for all barns,
suggesting relatively uneven lighting distribution. Illuminance
distribution maps highlight spatial variability, with several barns
exhibiting significant areas below recommended lux level. Overall,
newer barns did not consistently show improved lighting
uniformity or higher illuminance compared to older structures. The
LPD of the barns ranged from 0.7 to 2.7 W/m?2, except for Barn B1
exhibiting an exceptionally high LPD of 6.7 W/m?2.

Table 3 shows that most barns have luminaires mounted at
ceiling level, which can result in a higher required LPD since the
luminous flux is spread over a larger area. However, most of the
barns had very low LPD. Barn Bi had an unusually high LPD,
oversized lighting, and the luminaires were placed at a very low
level (2.5 m). Half of the luminaires were turned off all the time to

tackle this. The luminaires were often switched on even during the
day in barns without automatic dimmers or light controls,
indicating inefficient design and the need for proper lighting
calculations. Newer barns mostly had automatic lighting control
systems, while some older barns still rely on manual controls. The
daylighting analysis indicated that most barns cannot run without
electric lighting even during daylight hours (Fig. 10), resulting in
high electricity costs. In barns with flat roofs, luminaires were
generally mounted at the same height, while in sloped roof barns,
they followed the roof inclination, leading to poorer UR. Four barns
still use fluorescent lamps and one of them has partially upgraded
to LEDs. All owners considered switching completely to LED in the
near future.

Although cattle are dichromats and perceive light differently
from humans [68], the instruments used in this study were chosen
because lighting guidelines and norms are primarily based on
human visual perception. Nonetheless, using human-centric
measurements has its limitations, as cattle experience light
intensity and quality differently than humans [69-71]. Daylight
simulations slightly over- or underestimated DF values due to local
shading, window reflectance, or sensor positioning. Electric
lighting discrepancies likely reflected real-world variations in
luminaire output, aging, and room reflectance. Despite these
differences, most simulations matched measurement results.
However, on-site data were mostly from circulation areas, with
fewer readings in cattle lying areas. Thus, simulations are more
reliable for circulation zones, while results in lying areas may vary,
especially due to the presence of cattle and heavily soiled surfaces.

3.4. Potential for lighting retrofits in older barns
Pre-2000 barns had low AFR (1-6 % ), small and often dirty
windows, no skylights, and dark interior materials, resulting in
very low DF values (< 1 %). Limited daylight and poor material
reflectance increased their reliance on electric lighting systems,
which was also inefficient. Several retrofit strategies can address
these deficiencies for better energy performance and animal
welfare:
o Introduce skylights, clerestories, light tubes, and windows in
the gables to ensure daylight access.
o Repaint walls and ceilings with lighter shades to increase
surface reflectances.
o Replace fluorescent lamps with LED systems that offer higher
luminous efficacy and longer lifespan.
e Introduce daylight sensors and dimmers to minimize
unnecessary use.
o Clean windows, skylights, and luminaires to prevent light loss
due to soiling.
Government incentives or financial support programs are
needed to help small and medium-sized farms adopt improved
lighting systems and energy-efficient solutions.
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3.5. Opportunities for improvement in future dairy
barn constructions

Although post-2000 barns performed better, inconsistencies in
daylight utilization and electric lighting efficiency indicate room
for improvement. Developing specific illumination guidelines
especially focusing on introducing lighting performance metrics
tailored to dairy barns would ensure consistent lighting quality and
promote better animal welfare across the sector. Design strategies
for future barns should include:
e Maintaining higher AFR values, while prioritizing well-
distributed windows and skylights.
o Taking advantage of the building orientation to have better
natural ventilation and lower ASE.
o Optimizing the roof angle and profile, skylight size, shape and
location based on daylighting simulations.
o Incorporating automatic switch-off, step or dimming systems
that respond to real-time daylight availability.
o Using high-reflectance materials for ceilings and walls for
better illumination.
o Ensuring a uniform illumination across the barn floor and
maintaining adequate lighting at animal sight level.
o Installing LED systems with advanced controls for energy
savings and adaptability.

4, CONCLUSION

Although this study was limited by the small sample size and
single-day measurements conditions, it
highlighted important differences between buildings designed for
dairy cattle with varying barn design characteristics and the
resulting daylight availability and lighting performance. Within the
broader research context, this study contributes to measurement
and simulation-based evidence that links architectural design
decisions to quantified lighting outcomes in operational dairy

under overcast

barns, which has been largely absent in previous studies. The study
is crucial to address the regulatory and design gap between animal
buildings and human-occupied buildings.

Most older barns in this study, constructed pre-2000 with small
windows and no skylights, showed low daylight illuminance,
achieving the 150 lux target during less than 25 % of daylight hours
and therefore depending largely on electric lighting. These barns
typically exhibited Daylight Factor (DF) values below 1 % ,
Aperture-to-Floor Ratio (AFR) of only 1-6 %, and high lighting
dependency throughout the year, clearly indicating suboptimal
daylight provision. In contrast, newer barns with skylights and
large windows achieved higher illuminance from daylight, meeting
the 150 lux target for up to 75 % of the daylight hours. These barns
generally showed AFR values between 12-20 % , DF values
exceeding 1 %, and Daylight Autonomy (DA) levels consistent with
achieving autonomous illumination for approximately 66-74 % of
daylight hours when DF approached 2-3 %, as indicated by the
cumulative diffuse illuminance analysis. However, despite
improvements in newer barns, electric lighting systems often
lacked switch-off or dimming control systems and failed to provide
adequately uniform illumination. Across all barns, electric lighting
uniformity ratios remained low and mean electric illuminance
ranged from 57 to 157 lux, demonstrating that improvements in
daylighting alone do not guarantee adequate or evenly distributed
illumination without coordinated electric lighting design and
controls. This article suggests the following recommendations to
improve illumination in dairy barns:

« Maintaining a DF of at least 1 % as a minimum baseline,

o Targeting DF values closer to 3 % where feasible,

e Achieving AFR values above 10 %, using high-reflectance

interior surfaces,

o Limiting excessive Annual Sunlight Exposure (ASE) (<10 %),

and
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o Integrating daylight-responsive dimming or switch-off

controls for electric lighting.

Future research should include long-term monitoring across
seasons, expand to more farms across broader geographical areas,
assess the impact of AFR and building orientation on overheating
and natural ventilation, evaluate lighting impacts on animal
behaviour and productivity, and explore the economic concerns
considering reduced electricity use and increased milk yield from
retrofit measures. However, small and medium farms may find the
investment hard to justify without government incentives.
Additionally, since agricultural buildings are not subjected to the
same design standards as human-occupied buildings in Sweden,
establishing specific illumination guidelines including lighting
performance metrics tailored to animal buildings would be a crucial
step forward. Future work could explore how retrofitting older
barns and applying optimized design strategies
constructions may enhance both energy performance and animal
welfare.

in new
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