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Abstract

This paper describes a field study of the illumination and lighting energy use in a full-scale test office in a building located in southern
Norway. Natural light is provided to the office via southwest-oriented windows and a horizontal light pipe (HLP) with a daylight entrance
facing the south. The study is a full-scale field study, and it is a continuation of the recently published study addressing a scale model
and a theoretical model. The novelty of this study is a custom-made reflector for the HLP’s daylight distribution to preserve the features
of natural light noted as the primary human association with daylight. The main research aim was to determine if the daylighting level
in the back of the office was improved as a consequence of the daylighting provision from the HLP compared to a reference situation
without a HLP, as well as whether the lighting energy use for the electric lighting system that was supposed to provide the recommended
light level was reduced. This study includes monitoring of the outdoor and indoor illuminance levels as well as the energy consumption
of the luminaires throughout the study’s test period and a corresponding reference period. The recorded data were used to test hypothesis
applying inferential statistical analyses. In conclusion, this paper reports an increased daylight level on the working area in the rear part
of the office of approximately 200 to 300 Ix during clear and sunny days at equinox. The increased daylight level on the working area
near the window of approximately 50 1x was also recorded. These findings have important implications for energy balance in the Zero

Energy Buildings (ZEB) and the ‘peak load’ for energy consumption.

© 2022 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

This paper presents a field monitoring study carried out as part of
a full-scale study performed in an office equipped with a
horizontal light pipe (HLP) in a high-latitude area in southern
Norway. This full-scale study was developed following the semi
empirical study, with a scale model of a HLP and a theoretical
model of the office, recently reported in the article by B.
Obradovic and B. S. Matusiak [1]. The present paper focuses on
the photometric feature of the daylight delivered by the HLP,
illumination, and the lighting energy use of the electric lighting
solution. The qualitative analyses (user opinion) of this HLP
solution in the full-scale office can be found in recently published
study by B. Obradovic et al. [2]. This full-scale study was one of
the case studies of IEA SHC Task 61 (Solutions for Daylighting
& Electric Lighting), Subtask D, and it is described in the task’s
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report: ‘Integrated Solutions for Daylighting and Electric
Lighting’ [3].

Electric lighting represented almost 40% of the total energy use
in commercial buildings in Scandinavia, as argued by T. Kolas [4];
however, since 2010, the evolving usage of LED light sources may
have reduced this statistic depending on whether there has been no
rebound effect caused by ‘over-usage’. The most efficient way to
save energy is to reduce the installed electric power density
(W/m?) in the project’s design phase, as stated by W. R. Ryckaert
et al. [5] and G. Y. Yun et al. [6]. Lighting design that aims for
energy efficiency can develop lighting solutions based on a
localized lighting rather than general, but such solutions lack
flexibility. In the regions near the equator, the increased
exploitation of daylight could lead to a reduction of installed
power density as long as the building operational hours coincides
with the daylight hours, but this can be the case of a small number
of functions, as most of the buildings operate also during the night
(at least maintenance and cleaning). However, for high-latitude
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Nomenclature

GHI Global horizontal illuminance recorded during the
test or reference period, Ix
Vi Vertical illuminance on the tube’s entrance

recorded during the test or reference period, Ix

DHI1  Desk 1 horizontal illuminance, Ix

DVI 1 Desk 1 vertical illuminance, Ix

DHI 2  Desk 2 horizontal illuminance, Ix

DVI2 Desk 2 vertical illuminance, Ix

DOI 2  Desk 2 observer illuminance, Ix

DLC Daylight-Linked Control

LENI  Lighting Energy Numerical Indicator

ZEB Zero Emission Buildings

ZEN Zero Emission Neighbourhoods

PBC Point Biserial Correlation statistical analyses

areas in the extreme north or south, the reduction of installed
power density based on available daylighting is not feasible, due
to the extremely short daylight period during the winter months.
The fulfilment of the requirements for visual performance
completely relies on electric lighting. The only possibility to
reduce energy consumption for lighting will be to focus on the
periods throughout the year with abundant daylight, like summer
months. Therefore, the Lighting Energy Numerical Indicator
(LENI), which presents the energy necessary for electric lighting,
is more suitable indicator for evaluation than installed power
density. Reducing the operating time of electric lighting (included
in LENI) through prolonged daylight availability (DA) is equally
important, as stated by A. Tsangrassoulis et al. [7]. For instance,
Passive House Standards in Norway (NS 3700:2013; NS
3701:2012) set a LENI value threshold of a maximum of 12.5
kWh/m2 per year (e.g., for office buildings). The value is referred
to the methodology described in the Norwegian standard for
calculation of energy performance of buildings (NS3031) and,
European standard for energy requirements for lighting
(EN15193).

A. Cincinelli and T. Martellini [8] stated that, nowadays, people
spend as much as 90% of their time indoors, and these long hours
are not necessarily spent in areas near windows with available
natural light but instead in areas far from windows. As an
individual moves away from the window, the available
daylighting decreases exponentially [9,10]. Here, we notice the
necessity to transport daylight beyond the daylit ‘perimeter zone’
to deeper areas within the building. To daylit a building's deeper
areas, a daylight transport system (DTS) can be used, where, e.g.,
horizontal daylight tubes (or light pipes) are argued to be efficient
in delivering daylight to deeper areas of multistorey buildings
[1,11-15]. The HLP can increase the illuminance levels of the rear
part of the room, which results in better light uniformity and thus
reduces the luminous contrast of the room's front and rear areas,
as stated by J.-L. Scartezzini and G. Courret [16]. In the last
decade, the application of the daylight tubes has increased as a
result of the first positive findings [17-19], and research for such
systems widened its scope to address also other functions like
animal farms, tunnels, but also production issues like efficiency
improvement and costs reduction [20-25].

Many studies have noted the unreliability of the resulting
metrics of energy consumption, photometry, and visual comfort in

excessive sunlight situations. Metrics were based on models of
daylight availability that are unrelated to unpredictable human
responses to glare and their motivation to operate manually
operated shades [26-29]. Blind closure results in switching on the
lights to their maximum level.

The aim of the integration of daylight and electric lighting is to
minimize the energy consumption of lighting while ensuring
adequate illumination. A key component of this integration is the
daylight linked control system (DLC), which installation can be
inappropriate even at the start. Several studies based on empirical
settings concluded that discrepancies (e.g., insufficient
illuminance at the work plane) occur due to the differences
between the daylight supplement and measured lighting
conditions indoors [30,31]. Systems are usually calibrated very
conservatively to avoid user complaints or their overruling of the
system, which undermines the energy-saving potential.

The DLC consists of three basic components: a photosensor,
controller, and dimming unit. The photosensor requires careful
positioning to limit the chance of collecting incorrect information
stemming from variable luminance caused by veiling or sunlight
patches on the surfaces the sensor covers. Direct sunlight reflected
from the exterior ground or from the fenestration system (i.e.,
venetian blinds) and directed toward the sensors can directly
interrupt the DLC. The partial shielding of the sensor can reduce
the fluctuation of light, as discussed by S. Kim and K. Song [32],
but the other studies recorded that narrow-angled sensors increase
the effect of a sudden illuminance level shift on the surface visible
to the sensor [33,34]. N. Gentile et al. [35] suggested that slightly
tilting these sensors, (e.g., 30°) against the wall could be a
preferable solution. The control unit is usually steered by the
controlling algorithm, which can be open loop, closed loop, and
closed loop proportional. LED luminaires, nowadays, possess a
linear dimming feature; thus, the provided electric light is directly
proportional to the luminaire’s used energy.

At the beginning of the development of the zenithal light pipe,
more than two decades ago, the application was solely based in
equatorial areas; thus, solving issues related to glare and excessive
sunlight on the pipe’s exit brought about the application of
Lambertian diffusor [36]. Later on, authors studying light pipes
under an overcast sky concluded that transparent closure at the
light pipe exit should be used for those areas. Transparent closure
still provides homogeneous light output for diffuse light input, and
it preserves the light transmission efficiency in the case of direct
sunlight, which, in areas with predominantly overcast skies, is a
more desirable situation, as stated by P. Swift et al. [37] and D.
Jenkins et al. [38]. Following those findings, the transparent
closure was chosen in the present study. Additionally, a custom-
made reflector was made to redirect the light flux to most desirable
location, that is to the second desk from the window. User
satisfaction with this solution was described in the qualitative part
of this full-scale study which was recently published [2]. The
introduction of a custom-made reflector is the major novelty of
this study.

The application of light pipes in Norway is in an early phase,
with no HLPs installed thus far. Thus, this study contributes to the
field related to (or in) this latitude area. This study aims to answer
the following primary research question: Does daylighting
provision via the HLP lead to an increased level of daylight on the
desk closest to the back part of the room (situated 4 m from the
nearest window in the office), and does the lighting energy use of
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the luminaire meant to provide the recommended light level on
this desk decrease under daylight conditions supplemented with a
HLP in comparison to the situation without a HLP?

2. Method

This quantitative study is part of a full-scale research that
investigates how daylight delivered through a HLP affects
illuminance in an office as well as the energy consumption of each
luminaire installed to provide electric lighting on two working
areas. The literature addressing full-scale tests, where lighting
conditions are examined, propose the approach of having two
modules: a test and a reference one [39]. As the resource
limitations of this project did not allow two modules, an
alternative rationale was developed. In this study, the variable
luminance distribution of the skylight and sunlight are the main
input conditions on which all other monitored conditions depend.
The highest daylight supplementation with the horizontal light
pipe (HLP) happen when there is a clear and sunny sky, thus, the
solar altitude and azimuth are the main parameters. Hence, if the
two periods, test (summer to winter solstice) and reference (winter
to summer solstice) have the same solar altitude and azimuth
characteristics, the input parameters will satisfy the terms in sense
of establishing the two similar testing periods instead of two

parallel modules. The study was thus, divided into the test period
with operable HLP, which was from 21 June to 21 December of
2020, and a reference period with non-operable HLP, which was
from 21 December to 21 June of 2021. The cloudy weather
conditions are expected to vary in those two periods, but it is the
clear weather and unshaded sun that will establish the
compatibility between the periods. The positive fact in the study
is the level of control for the parameters of measurement (there is
each minute recording of all monitored data, both outdoor and
indoor illuminance, and lighting energy use). Hence, there is a full
possibility to relate all monitored parameters to each other and
between the test and reference periods, in order to have a full
overview of validity. The collected data was used as independent
and dependent parameters to study relationships. This
methodology used in this study is known as a quantitative method
using nominal parametric data.

2.1. Experimental design: full-scale test office

At Norconsult Headquarters in Sandvika (59°.53°N, 10°31’E),
Norway, a two-person office on the top (6th) floor was used as the
test room for one year. The form, size, and orientation of the office
were not perfect for the research purpose, but it satisfied the
researchers’ requirements after it was altered. Contrary to the
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Fig. 1. Full-scale test office. (a) Situation plan of the Norconsult Headquarters in Sandvika; (b) plan of the test office, VI im is the outdoor vertical illuminance meter;
(¢) model of the office with sources of illumination: window, HLP, and luminaires; position of the five indoor illuminance meters is indicated with DHI 1, DVI 1, DHI
2, DVI 2 and DOI 2; (d) section of the room, Desk 1 is closest to the window and desk 2 is closest to the door. The HLP exit is near the desk 2 and the custom-designed
reflector direct the daylight to the desk 2. Desk 1 is to be lit by artificial lighting from luminaire 1 (L1), and desk 2 from luminaire 2 (L2). S1 is the DLC sensor
connected to L1, and S2 is the sensor connected to L2. GHI im is the outdoor illuminance meter on the roof.
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i

Fig. 2. The view against the window and potential for excessive sunlight and glare: from the entrance to the office (a); from the desk 2, closest to the door (b); from the

desk 1, closest to the window (¢).

previous study done by B. Obradovic and B. S. Matusiak [1] in the
laboratory, it was carried out in a full-scale office, in an fully
operative office building. Following the thought of testing a
realistic situation, windows were not darkened and therefore the
findings of the HLP’s effect could be seen in relation to daylight
supplied also via window. The limitation of the study lies in that
the pipe’s exit was on the edge of the perimeter daylighting zone,
3.5 m from the facade wall. This spot for the pipe’s exit was
chosen as the center of the second working place for a typical two-
person office. The control measurements of daylight
supplementation via HLP, with windows darkened, were taken to

develop partly findings in the study (described in the section 2.1.4).

2.1.1. Test room

The office had an area of 13 m? and a height of 2.8 m after its
suspended ceiling was removed. The finishes and colours of the
room’s interior surfaces were representative of typical offices in
Nordic countries (standard surfaces of reflectance minimum
70/50/20 for the ceiling/walls/floor). The office had two identical
windows on its southwest walls. The horizontal daylight tube was
installed 45° from the southeast wall (Fig. 1(b)), with the aim of
allowing for the placement of the tube’s exit above the second
work area from the windows, ‘desk 2’, without any tube’s bend
(i.e., the tube was straight) as well as positioning the tube with a
southern orientation (175°). The office was equipped with the
minimum of necessary furniture common for Nordic countries:
two desks and two chairs (Fig. 1(c)).

2.1.2. Sun-shading strategy in the test office

The sun-shading strategy was developed in the test office to
provide visual comfort at any time of the day and year, thus
creating a glare-free space that would be reliable for the estimation
of energy consumption and saving. The sun-shading strategy in
the office consisted of keeping the outdoor sun-shading slats,
which were manually controlled, partly open at a tilt angle 45°,
which is the sunlight cut-off angle at the location. The glare-free
space ensured that situations with excessive sunlight would not

occur at all, and the users’ need to close the blinds would be
completely prevented. Figure 2 presents the view toward the
window from the entrance of the office (2a), from Desk 2 (2b),
and from Desk 1 (2¢).

The outdoor venetian blinds had curved slats (8 cm width and 1
cm thick) and were positioned within a frame. The distance
between slats was 8 cm. The sun-shading slats were made of semi-
specular white aluminium. The configuration of the slats’ angle
(partly open at a tilt angle 45° for a sunlight cut-off) was based on
the study by T. Kolas [10] that was performed for the same
location as the present study.

2.1.3. Daylighting conditions in the office

Daylight in the office was provided by two windows facing
southwest. The daylight calculations (using Dialux 4.3 software)
for the room were performed by applying the aforementioned sun-
shading strategy (section 2.1.2) to check what would be reasonable
to expect for the daylight supplementation on the two desks in the
office. These calculations were done without accounting for the
daylight from the HLP. Results were reported in the appendix Al
in the qualitative part of this full-scale study which was recently
published [2]. Under a clear, sunny sky, without direct sunlight
(with approx. outdoor illuminance 15 Klx) during equinox at
12:00 h (sun’s altitude of 30°, azimuth of 180°), the values would
be 350 Ix on the desk 1, closest to the window, and 120 Ix on the
desk 2, closest to the door.

2.1.4. Horizontal light pipe in the test office

The HLP used in this study was the LW300 manufactured by the
producer LightWay. Due to the building’s constructive issues, the
maximum diameter of a pipe that could be applied was 22 cm.
Dictated by the aim of the study, to have a pipe’s exit near the desk
2, the necessary length of the pipe was 375 cm. These dimensions
provided an aspect ratio of the installed light pipe of 17, which
corresponded to a semi-empirical study recently done by the
authors [1]. The reflection factor of the inner surface of the pipe is
99.8% according to the manufacturer. The light pipe’s dome had
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Fig. 3. Light pipe’s dome mounted on the fagade (a); light pipe’s exit in the room with custom-made reflector, and two working areas in the room, Desk 1 and Desk 2
(partly leakage of the daylight from the pipe’s exit is visible on the wall) (b); daylight and light patches on desk 2 delivered from the HLP and via a custom-made

reflector (¢).

""W»,:_‘\u,)“

)i

Fig. 4. Circular belt formed by light output from the HLP with clear transparent diffuser on the adjacent wall (2 m-distance) in January at noon (a); view of the light
pipe opening, with mirror surface (b); custom-made reflector; the suspension is enabled by a scissor mechanism that allows for an easy adjustment in place (c).

a diameter of 26 cm, was manufactured out of crystal glass, and
had a light transmission factor of about 95% (test performed by
the authors) (Fig. 3(a)). The light distributor, that is the element of
the light pipe that releases the light into the indoor space, was
chosen to be clear glass with a light transmission factor of 92%.
The direction of the light onto the working area was provided by
a custom-made reflector, thus using the same approach as in the
semi-empirical study recently done by the authors [1]. Here, the
aim was to redirect the light to the working area (desk 2 and the
wall in front of it) while maintaining the qualitative features of the
daylight e.g., dynamics, variation, light patches and colour, which
are possible to deliver through the HLP.

The design of the custom-made reflector underwent several
stages. Due to the scope of this paper just a brief description is
provided. After the HLP was installed (winter 2019), the light
output pattern visible on the wall adjacent to the pipe’s exit was
observed to understand the expected light distribution at different
times of the day and the year. It was first observed that the light
flux leaving the tube is concentrated in a circular belt around the
edges of the tube (Fig. 4(a)). The angle of the outcoming light rays
from the HLP (a cone distribution) was found to be suitable for
use of a concave mirror (a custom-made reflector) to obtain the
supposed light coverage on the imaginary surface (desk 2 and part

of the wall in front of it, Appendix C). The optimal shape of the
reflector would be a parabolic-formed continuous 3D-surface, as
discussed by J. Chaves [40]. Due to limited budget the reflector
had to be composed of flat and assembled mirror surfaces. To keep
the number of reflector surfaces as low as possible, it was decided
to divide the reflector into a grid of 4 X 4 parts. The multimirror
consisting of 16 surfaces, was possible to construct with simple
workshop conditions while keeping the manufacturing error and
cost low (Fig. 4(c)). The limitation of the reflector design lies in
the free height of the room, which was necessary to account for.
This resulted in a shorter reflector on the bottom, and consequently,
the daylight coming from the lower part of the pipe was not
directed down onto the desk. The reflector was designed using 3D
Autocad software and handcrafted out of lightweight aluminium
sheets and manually layered by 3M-mirror folium with a 99% light
reflectivity.

All reflected rays, predicted upon the design, fall within an area
up to 1.2 m from the centre of the table and spread over the
imaginary circular task surface which covers the table and the wall
in front of it (Appendix C). However, the ad hoc measurement
performed during the equinox, with darkened windows, to check
the reflector performance, revealed that the daylight is spread also
on the desk 1 (Fig. 5). This could have happened due to the white
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Fig. 5. Recorded values for the daylight illuminance provided just by HLP with the custom-designed reflector, during three days around equinox. Desks 1 or 2 refer to
the desk closest to the window and the desk far from the window, respectively. The illuminance is measured horizontally and vertically for both desks, and, the last

point, horizontally, between the two desks.

500
450
400
350
300
250
200
150
100
50
0
0 2 4 6 8 10

Illuminance level, Ix

12 14 16 18 20 22 24

Electric lighting power for the luminaire, W

—@— |lluminance from the lum. L1 on the Desk 1 —@— llluminance from the luminaire L1 on the Desk 2

Fig. 6. Correlation between electric lighting power of each luminaire and the illuminance level on the desk under it or supplemented to the other desk. The effect is

equal for both luminaires.

colour of the desk 2 and light colour of walls which contributed to
effective spread of light in the room by interreflections. Between
200 and 300 Ix is recorded by the three sensors assigned to the
desk 2 and up to 50 Ix on the 2 sensors assigned to the desk 1. The
weather was clear and sunny and the maximum vertical
illuminance incident on the HLP was between 60-80KIx.

2.1.5. Electric lighting in the office

The electric lighting in the test office was designed according to
the Norwegian best practice to ensure fulfilment of lighting
recommendation. Lighting solution consisted of two smaller,
ceiling-mounted luminaires, manufactured by Glamox. The
luminaires provided 2700 Im each, which enabled the required 500
Ix of horizontal illuminance on both desks along with a uniformity
of over 0.6, as specified in NS-EN 12464-1 (standard for
illumination for indoor workplaces). The luminaires had a colour
temperature of 4000 K and a colour rendering of Ra = 80.

The estimated LENI, using Dialux 4.13 software, was 10.37
kWh/m?year. The calculation was based on a seven-day week and
ten hours of occupancy, where just daylight dependency factors
were employed. The operational hours of electric lighting based
on the availability of usable daylight were counted based on the
threshold of solar altitude over 5° and accounting for the sun-
shading on the windows as well (Appendix A). The daylight time
usage was set to 2524 hours and non-daylight time usage was set
to 1116 hours which in total results in 3640hours. Each luminaire
was connected to a separate photosensor and programmed by a

DLC. Luminaires should supplement with additional light when
the daylight provided by the windows and light pipe does not reach
500 Ix.

When lighting scheme consists of more than one luminaire there
is an ‘overlapping’ illuminance effect. For example, one luminaire
is able to provide 440 Ix on the desk below it and up to 150 Ix on
the other desk (in the middle point of each desk). The effect is
totally equal for both luminaires, as they are identical and have
equally located in relation to the desks. As luminaires are
controlled separately the energy use for each of them will be
different, hence the provided illuminance solely from the electric
lighting must be estimated considering the overlapping effect.
Figure 6 shows the relation between the power (energy
consumption) and illuminance on the desk under, as well as that
supplemented to the other desk. The luminaire closest to the
window is referred here to as ‘L1’°, and the luminaire closest to the
door is referred to as ‘L2’.

2.1.6. Daylight and electric lighting control system

The system was calibrated during the night (i.e., without daylight
in the room), and the established controlling was with a 10-minute
fade time from maximum to minimum flux, based on a measuring
value of the last 1 minute, for each desk separately. This
corresponds to the best practice in Norway, which is based on the
experience with characteristic daylighting conditions. Applying
this approach for DLC sudden peaks and drops in the light were
avoided, as this would have otherwise disturbed the occupants.
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The qualitative part of the study discusses and proves this finding
[2]. The DLC components used in this study were ‘off-the-shelf’
products. This means that the results of this study are based on the
use of products available on the market during the study period.
Further, this acknowledges the limitation of this study, that the
results could be different if this study (or a future similar one) had
applied a different DLC strategy (i.e., choosing an alternative
photosensor type or controlling algorithm).

The photosensors used for this DLC system, manufactured by
Glamox, had a wide angle (120°, bicubic) and lacked any shield in
order to obtain information on a wider field (where the daylight
from the HLP was intended to be directed). The sensors were
slightly tilted toward the wall (10°), as discussed in the
introduction, so that the visual field could measure the vertical
illuminance on the wall as well. The decision of photosensor
position was made in order to detect differences in the illuminance
values on both of the desks individually and to correlate these
values with the supplementary illuminance the Iuminaires
supposed to provide. The sensors were positioned near each other
(Fig. 1) according to the most common practice with two working
places, but this proximity was not closer than in the case of using
a luminaire with an integrated sensor. In a case when both sensors
are positioned too close to the window, they are assumed to not be

affected by the excessive daylight on the working areas due to the
sun-shading strategy applied. However, the authors did not predict
that the light reflected on the slats—at a given tilt—would be
redirected directly to the sensor.

2.2. Monitoring procedure and measuring equipment

The monitoring procedure included measuring the indoor
illuminance, outdoor illuminance, and energy consumption of the
electric lighting every minute from 7am to 17pm, which was
referred to as ‘occupancy hours’ in this study. Parametric
measurements were logged continually on a PC. To ensure the
study quality, standard calibrated measuring equipment was used.

Monitoring of the indoor illuminance was performed using 5
Ahlborn illuminance meters FL623VL and an Almemo logger to
log the data on the PC. The illuminance meters were positioned to
cover the horizontal illuminance on the desk closest to the window
(desk 1, DHI 1) and the desk closest to the door (desk 2, DHI 2) at
the 0.8 m height, then, the vertical illuminance on the wall in front
of both work areas (DVI | and DVI 2) at the 1.2 m height). The
last illuminance meter was positioned on a tripod to record the
vertical illuminance at the eye level of the user of desk 2 (DOI 2).
The position of illuminance meters is illustrated in Fig. 1(c). The
CIE recommendation of using grid points is related to ad hoc point

Fig. 7. Monitoring equipment: (a) Monitoring of the VI incident on the HLP, VI im; (b) monitoring of the GHI, GHI im; (¢) logging of energy consumption of each

luminaire; (d) logging of the indoor illuminance measurements from the five illuminance meters.
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Fig. 8. Scheme for electric lighting solution in the test office and monitoring equipment for electric lighting energy-use.
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measurements, while using only one illuminance meter per desk is
recommended for continuous measurements, as argued by T.
Kruisselbrink et al. [41] and N. Gentile et al. [42]. Illuminance
meters in this study were placed at a location critical to or
representing the typical illuminance of that zone. A placement of
photosensor coinciding with the luminaire position is not
recommended, but, in this project, the same place is the target for
the output of the daylight via the HLP; therefore, the place was
assumed as the most suitable position. Monitoring of the outdoor
illuminance was performed via photosensors (Carlo Gavazzi lux
sensors BSH-LUX-U) placed vertically along the same south-
oriented vertical plane as the tube’s entrance dome (Figs. 1(b) and
7(a), marked as VI im), to measure vertical illuminance (VI) as
well as via photosensors placed horizontally on the roof of the
building (Figs. 1(d) and 7(b), marked as GHI im) to measure
global horizontal illuminance (GHI). The measurement data was
retrieved via a monitoring software UPW3 tool developed by
Carlo Gavazzi. The lighting energy consumption was measured
using separate power meters (10-20 A) for each luminaire. The
scheme for electric lighting solution and monitoring equipment for
lighting energy use is presented in Fig. 8.

3. Monitoring results and analyses

Prior to analyses, it is necessary to note some facts the researchers
became aware of just prior to the start of the monitoring period. It
has been noticed that the daylight conditions during the test and
reference periods were not completely equivalent. Daylighting
conditions are the only independent conditions (input data) that all
other conditions (here, electric lighting and energy consumption)
depend on. According to Satel-Light database (measured for the
years 1996-2001), the global illuminance data for Oslo reveals
that there are higher values for the spring period of each year
compared to the autumn (Appendix B1). The difference in weather

conditions (and daylight illuminance values) affects the lighting
energy use during the test and reference monitoring period. The
authors’ perspective is that the validity of the results of this study
is the important issue; they therefore chose the test period of the
study to be during the worst conditions (lower daylight values), as
this would represent the most reliable results.

In order to compare recorded values for the outdoor and indoor
illuminances, pairs of days for test and reference period were
chosen, Fig. 9. The days for each pair have compatible
independent variables (equal solar altitude and profile of daylight
conditions (values excluding VI and GHI during the day)), which
establishes the validity of the analyses, and the reliability of the
data being compared.

As daylight supplement via HLP (and a custom-designed
reflector), directed to the working area, is not uniform (caustic
effect is visible in the Fig. 2(c)) analysing a single point value
could be unreliable. Recorded data from all 3 sensors assigned to
the desk 2 (on the desk (DHI 2), on the wall (DVI 2) and on the
observer’s position (DOI 2)) can be used to discuss the values of
the daylight on the spread task area. In addition, the effect of the
daylight via HLP, on the desk 1, is also present, as described in the
section 2.1.4. Hence, the two illuminance meters assigned to the
desk 1 could be used in the discussion as well. Thus, the outdoor
vertical illuminance (VI) was assumed to have a direct influence
on desk 2 as the daylight via HLP is directed at it, and to a smaller
extent on desk 1; while global horizontal illuminance (GHI)
supplemented through the window, is assumed to have higher
influence on desk 1, and lower on desk 2.

In order to analyse the supplement of HLP (with the reflector),
illuminance values recorded on all five illuminance meters when
electric lighting was dimmed down to zero should be considered.
During clear and sunny sky condition dimming of the electric
lighting totally to a zero-value occurred around the noon, even
when the illuminance measured by the DLC sensors did not reach

Solar Chart for Oslo, N59°

19 April ref day

15 April ref da

26 February ref/4
6 February refcky/

Solar altitude, (°)

23 August test day

28 August test day

12 October test day

4 November test day

Day in the year

Fig. 9. Solar altitude compatibility for test and reference pair of days used in statistical analyses.
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Fig. 10. Aggregative graphs of the illuminance values recorded for the test (a) and reference (b) pair days which were recorded between 12:00am and 14:30pm. The
light orange area presents vertical illuminance incident on the pipe (VI), while light blue area presents global horizontal illuminance (GHI); Bluish lines present
illuminances recorded for the desk 1, and red, orange and yellow lines present illuminance values recorded for the desk 2.
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Fig. 11. [lluminance values for the test (a) and reference (b) pair days which were recorded between 12:00am and 14:30pm. The scatters show the illuminance values
recorded for all five illuminance meters referred to the vertical illuminance (VI); Bluish lines present illuminance recorded for the desk 1 and red, orange and yellow

lines present illuminance values recorded for the desk 2.

the threshold value of 5001x. The authors discovered that the major
reason for this was the daylight reflection on the semi-specular
sun-shading slats (at a tilt angle 45°, for sunlight cut-off), resulting
in a partial re-direction of the light to the DLC sensors. As such,
the luminaires often received incorrect information regarding the
supplementary illuminance they needed to provide, which resulted
with lower illuminance values (which was recorded by the
illuminance meters) then the threshold.

In Fig. 10, an example of the recorded values of the outdoor (VI
and GHI), and indoor (DHI 1, DVI 1, DHI 2, DVI 2 and DOI 2)
illuminance for the test and reference pair days is presented for the
time with luminaires dimmed down to zero (between 12:00am and
14:30pm). During the time with close to equal outdoor daylight
conditions (blue and orange areas in the graphs) recorded values
on the three sensors on the desk 2 (red, orange, and yellow lines)
are much higher for the test day than for the reference day.

The scatter plots in Fig. 11 illustrate the relation between
illuminance values recorded on all sensors with the vertical
illuminance incident on the pipe (VI). For the same VI values
(horizontal axis) the illuminances measured by all illuminance
meters show higher values for the test day than for the reference
day.

3.1. Statistical analyses of photometry recordings

In order to answer research questions in this study, inferential
statistical analyses were used to test hypotheses placed at the
beginning. Hence, the analyses checked if the recorded values for
DHI 1, DVI 1, DHI 2, DVI 2 and DOI 2 are higher in the case of
test days compared with the reference days. Figure 9 presents the
pair of days for test and reference period (chosen to cover the equal
daylight profiles) used in the analyses. To performed statistical
analyses just a period (each minute recorded values) when electric
lighting is dimmed to O is taken in comparison. This period is
between 12:00am and 14:30pm. In the following Tables
independent sample t-tests (with following graphs) and a point
biserial correlation (PBC) are shown. The IBM SPSS 27 software
was used to performed statistical analyses. Bonferroni correction,
usually used to account for error type 1, in large sample size
analyses, was not used, simply because of the nature of values in
population samples. The variables in the analyses are the values of
external and internal illuminance, which in the entire population
can vary greatly, (due to the sudden passage of clouds and the
covering of the sun, or due to the intensity of the illumination
recorded on the indoor light meters), and these situations were
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Table 1. Independent sample t-test analysis compares mean values for independent and dependent variables for test day 4 November 2020 and reference day 6 February
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2021.
Test day 4 November 2020 Reference day 6 February 2021
M SD SE M SD SE t df p
VI (Klx) 44.92 11.37 73 44.28 7.92 51 -71* 428.55 474
GHI (KlIx) 5.09 1.132 07 4.95 1.07 .07 -1.37 480 170
DHI 1 (Ix) 572.38 168.89 10.88 453.23 141.87 9.14 -8.38% 466.12 <.001
DHI 2 (Ix) 331.72 83.46 5.37 240.18 59.33 3.82 -13.87* 433.23 <.001
DVI 1 (Ix) 489.65 116.22 7.48 429.53 116.02 7.47 -5.68 480 <.001
DVI2 (Ix) 415.16 145.84 9.39 236.11 59.17 3.81 -17.66* 316.94 <.001
DOI 2 (Ix) 351.26 121.79 7.84 255.96 102.11 6.58 -9.309 480 <.001
*Levene’s Test violated
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Fig. 12. Comparison of Mean Illuminance values for the test and reference pair days which were recorded between 12:00am and 14:30pm. VI and GHI are shown in

Klx.

Table 2. Point bi-serial correlation test for the test day 4 November 2020 and reference day 6 February 2021.

PBC between reference day 6 February 2021 (0) and test day 4 November 2020 (1)

VI GHI DHI 1 DHI 2 DVI'1 DVI2 DOI 2
Pearson Corr. .033 .063 3577 .535™ 2517 .628™ 391"
Sig. (2-tailed) 474 170 <.001 <.001 <.001 <.001 <.001

Significance levels: * p<.05; ** p<.01. The analyses are based on n: 482.

exactly something that the analyses should not have taken into
consideration.

Independent t-test is used to compare Mean values of the
independent variables (VI and GHI) with the Mean values of the
dependent variables (DHI 1, DVI 1, DHI 2, DVI 2 and DOI 2) and
to draw a picture about the effect of the HLP presence during the
test days. Difference presented in the figures following tables
shows relative difference between Mean values of test and
reference days (Test-Ref)/Ref), thus showing the improvement
(in %) for the test comparing to the Ref.

In the point biserial correlation analyses, all dependent variables
(DHI 1, DVI 1, DHI 2, DVI 2 and DOI 2) are used in corelation
with binary nominal explanatory variable (test = 1 and reference =
0) to get the value of correlation coefficient. The result of biserial
correlation is a coefficient R which is used to build a relation
between the variables. The relation (R2) is presented in the graphs
following tables (for solely DHI 2 and DVI 2).

First pair of days is the test day 4 November 2020, and the
reference day 6 February 2021. Table 1 presents independent
sample t-test analysis. Mean values of VI and GHI for test and

reference days are nearly equal (44.92 Klx and 44.28 KlIx for the
VI, and 5.09 Klx and 4.95 KlIx for the GHI, for test and reference
day respectively), but the recorded indoor illuminance values for
the test and reference day show statistically significant difference
(p = <.01) for all parameters. Figure 12 presents comparison of
Mean values resulting from the independent t-test analyses.
Relative difference of Mean values for DHI 2 and DOI 2 is slightly
under 40% for test day comparing to the reference day. Moreover,
relative difference of Mean values for DVI 2 is over 70%, meaning
that the DVI 2 value were 70% higher in case of test day compared
to the reference day.

In Table 2, Point bi-serial correlation test for all independent (VI
and GHI) and dependent variables (DHI 1, DVI 1, DHI 2, DVI 2
and DOI 2) shows correlation strength regarding increase of the
nominal parameter (0 for ref and 1 for test). Statistically
significant correlation (p<.01) is shown for all dependent variables,
meaning that the values were higher for the test day (nominal
parameter 1). The PBC coefficient (R?) is higher for the DHI 2
(.535) and DVI 2 (.628), which is also illustrated in Fig. 13.
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Fig. 13. Point-biserial correlation coefficients show a relation between the values of DHI 2 (a), and DVI 2 (b) for pair of days, reference (0) and the test (1).

Table 3. Independent sample t-test analysis compares mean values for independent and dependent variables for test day 12 October 2020 and reference day 26 February

2021.
Test day 12 October 2020 Reference day 26 February 2021
M SD SE M SD SE t df p
VI (Klx) 65.33 4.89 31 71.02 9.520 708 7.34% 251.16 <.001
GHI (KlIx) 16.19 2.23 .14 11.73 2.774 .206 -17.70* 338.34 <.001
DHI 1 (Ix) 603.14 178.41 11.49 446.49 86.297 6.414 -11.90* 365.52 <.001
DHI 2 (Ix) 462.32 84.46 5.44 225.13 93.334 6.937 -26.90* 365.74 <.001
DVI 1 (Ix) 599.05 152.84 9.84 462.35 120.876 8.985 -10.26* 418.86 <.001
DVI 2 (Ix) 472.99 132.94 8.56 232.94 68.433 5.087 -24.10* 376.70 <.001
DOI 2 (Ix) 367.58 77.68 5.00 215.89 33.664 2.502 -27.11* 346.17 <.001
*Levene’s Test violated
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Fig. 14. Comparison of Mean Illuminance values for the test and reference pair days which were recorded between 12:00am and 14:30pm. VI and GHI are shown in

Klix.

Second pair of days is the test day 12 October 2020, and the
reference day 26 February 2021. Table 3 presents independent
sample t-test analysis for this pair. Mean values of VI for test and
reference days are 65.33 Klx and 71.02 KIx, respectively. Mean
values of GHI for test and reference days are 16.19 Klx and 11.73
KIx, respectively. Thus, this pair of days has slightly lower VI and
higher GHI values for test day compared with reference day.
Recorded indoor illuminance values for the test and reference day
show statistically significant difference (p = <.01) for all
parameters. Figure 14 presents comparison of Mean values
resulting from the independent t-test analyses. Relative difference
of Mean values for DHI 2 and DVI 2 is over 100%, meaning that

the values were two times higher for test day comparing to the
reference day. The relative difference of Mean value for DOI 2 is
70% in case of test day comparing to the reference day.

In Table 4, point bi-serial correlation test for all independent (VI
and GHI) and dependent variables (DHI 1, DVI 1, DHI 2, DVI 2
and DOI 2) shows correlation strength based on the increase of the
nominal parameter (0 for reference and 1 for the test). Statistically
significant correlation (p<.01) is shown for all dependent variables,
meaning that the values were higher for test day (nominal
parameter 1). The PBC coefficient (R?) is higher for DHI 2 (.800),
DVI 2 (.734), and DOI 2 (.768), which is also illustrated in Fig.
15.
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Table 4. Point bi-serial correlation test for the test day 12 October 2020 and reference day 26 February 2021.

PBC between reference day 26 February 2021 (0) and test day 12 October 2020 (1)

VI GHI DHI 1 DHI 2 DVI 1 DVI2 DOI 2
Pearson Corr. -363" 665" .469™ .800™ 436" 734 768"
Sig. (2-tailed) <.001 <.001 <.001 <.001 <.001 <.001 <.001
Significance levels: * p<.05; ** p<.01. The analyses are based on n: 422.
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Fig. 15. Point-biserial correlation coefficients show a relation between the values of DHI 2 (a), and DVI 2 (b) for pair of days, reference (0) and the test (1).

Table 5. Independent sample t-test analysis compares Mean values for independent and dependent variables for test day 28 August 2020, and reference day 15 April

2021.

Test day 28 August 2020 Reference day 15 April 2021

M SD SE M SD SE t df P
VI (KIx) 71.40 16.03 1.10 66.63 8.20 .61 -3.78* 322.79 <.001
GHI (KlIx) 48.01 8.89 .61 50.63 5.74 42 3.51% 363.57 <.001
DHI 1 (Ix) 333.23 86.36 5.94 338.85 100.69 7.48 .59 390 552
DHI 2 (Ix) 242.70 54.54 3.75 183.00 29.46 2.19 -13.74% 332.30 <.001
DVI 1 (Ix) 377.94 88.73 6.10 385.99 60.29 4.48 1.06* 371.37 .289
DVI 2 (Ix) 275.17 62.23 4.28 190.95 29.67 2.20 -17.48* 310.63 <.001
DOI 2 (Ix) 208.91 48.29 332 169.87 26.79 1.99 -10.07* 337.08 <.001

*Levene’s Test violated

Third pair of days is the test day 28 August 2020, and the
reference day 15 April 2021. Table 5 presents independent sample
t-test analysis for this pair. Mean values of VI for test and
reference days are 71.40 KIx and 66.63 Klx, respectively. Mean
values of GHI for test and reference days are 48.01 KlIx and 50.63
Klx, respectively. Thus, this pair of days has slightly higher VI
and lower GHI values for test day compared with reference day.
Recorded indoor illuminance values for the test and reference day
show statistically significant difference (p = <.01) for all three
parameters regarding Desk 2. Figure 16 presents comparison of
Mean values resulting from the independent #-test analysis. Here,
the relative difference of Mean values for DVI 2 is over 40%,
while the relative difference of Mean values for DHI 2 and for DOI
2 is over 30% and over 20%, respectively. This shows the
improvement for the test day.

In Table 6, point bi-serial correlation test for all independent (VI
and GHI) and dependent variables (DHI 1, DVI 1, DHI 2, DVI 2
and DOI 2) shows correlation strength based on the increase of the
nominal parameter (0 for ref and 1 for test). Statistically

significant correlation (p<.01) is shown for all dependent variables
regarding desk 2, meaning that the values were higher for test day
(nominal parameter 1). The PBC coefficients (R?) show positive
correlation for the DHI 2 (.555), DVI 2 (.645), and DOI 2 (.440),
which is also illustrated in Fig. 17.

The last analysed pair of days is the test day 23 August 2020,
and the reference day 19 April 2021. Table 7 presents independent
sample #-test analyses for this pair. Mean values of VI for test and
reference days are 69.83 Klx and 70.43 KIx, respectively. Mean
values of GHI for test and reference days are 52.38 Klx and 54.59
KIx, respectively. This pair of days has nearly equal VI values,
while GHI values for test day are slightly lower compared with
reference day. Recorded indoor illuminance values for the test and
reference day show statistically significant difference (p = <.01)
for all parameters. Figure 18 presents comparison of Mean values
resulting from the independent #-test analyses. Relative difference
of Mean values for DVI 2 is nearly 60%, while for the Mean values
for DHI 2 and for DOI 2 is slightly under 50% and over 30%,
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Fig. 16. Comparison of Mean Illuminance values for the test and reference pair days, recorded between 12:00am and 14:30pm. VI and GHI are shown in Klx.

Table 6. Point bi-serial correlation test for the test day28 August 2020, and reference day 15 April 202.

PBC between reference day 15 April 2021 (0) and test day 28 August 2020 (1)

VI GHI DHI 1 DHI 2 DVI1 DVI2 DOI2
Pearson Corr. 1807 -170™ -.030 555" -.052 .645™ .440™
Sig. (2-tailed) <.001 <.001 552 <.001 303 <.001 <.001
Significance levels: * p<.05; ** p<.01. The analyses are based on n: 392.
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Fig. 17. Point-biserial correlation coefficients show a relation between the values of DHI 2 (a), and DVI 2 (b) for pair of days, reference (0) and the test (1).

Table 7. Independent sample t-test analysis compares mean values for independent and dependent variables for test day 23 August 2020, and reference day 19 April

2021.

Test day 23 August 2020 Reference day 19 April 2021

M SD SE M SD SE t df p
VI (KIx) 69.83 3.79 .30 70.43 2.92 23 1.54% 282 125
GHI (KlIx) 52.38 3.36 27 54.96 2.90 23 7.16 300 <.001
DHI 1 (Ix) 346.13 37.24 3.03 315.17 31.66 2.57 -7.78 300 <.001
DHI 2 (Ix) 247.83 18.09 1.47 167.06 19.65 1.60 -37.15% 297.97 <.001
DVI 1 (Ix) 394.36 30.62 2.49 371.82 31.19 2.53 -6.34 300 <.001
DVI 2 (Ix) 280.91 13.06 1.06 178.21 20.98 1.70 -51.06* 251.07 <.001
DOI 2 (Ix) 215.09 14.74 1.20 157.86 17.95 1.46 -30.26* 289.07 <.001

*Levene’s Test violated

respectively. This means that the values were higher for the test
day.

In Table 8, point bi-serial correlation test for all independent (VI
and GHI) and dependent variables (DHI 1, DVI 1, DHI 2, DVI 2
and DOI 2) for the test day 23 August 2020 and the reference day
19 April 2021, shows correlation strength regarding increasement
of the nominal parameter (0 for ref and 1 for test). Statistically

significant correlation (p<.01) is shown for all dependent variables,
meaning that the values were higher for test day (nominal
parameter 1). The PBC coefficients (R?) show high positive
correlation for the DHI 2 (.906), DVI 2 (.947), and DOI 2 (.868),
which is also illustrated in Fig. 19.

Finally, we can answer the research question from the
introduction: Does daylighting provision via the HLP leads to an
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Fig. 18. Comparison of Mean Illuminance values for the test and reference pair days, recorded between 12:00am and 14:30pm. VI and GHI are shown in KIx.

Table 8. Point bi-serial correlation test for the test day 23 August 2020, and reference day 19 April 2021.

PBC between reference day 19 April 2021 (0) and test day 23 August 2020 (1)

VI GHI DHI 1 DHI 2 DVI 1 DVI2 DOI 2
Pearson Corr. -.088 -382" 410" .906™ 344 947" .868™
Sig. (2-tailed) 125 <.001 <.001 <.001 <.001 <.001 <.001
Significance levels: * p<.05; ** p<.01. The analyses are based on n: 302.
a™ 350
bob

R2 Linear = 0,821

DHI 2

100

Test

R2 Linear = 0,897

300

250

DVI 2

y=1,78E2+1,03E2"|

200

150

Test

Fig. 19. Point-biserial correlation coefficients show a relation between the values of DHI 2 (a), and DVI 2 (b) for pair of days, reference (0) and the test (1).

increased level of daylight on the second working area in the office?
The recorded data and analyses of pair days demonstrates that,

under equal daylighting conditions (here, the sun’s altitude and

GHI and VI profiles) the situation with the HLP provides higher

illuminance levels on the second task area compared to the

situation without the HLP (solely window daylighting). The

difference is from 30% to over 100% higher illuminance.

3.2. Lighting energy use and saving potential

The energy-saving potential is an estimate of how much energy
can be saved if the original or basic solution is altered with another
one. The term energy efficiency is also in use, referring to a
practice of using less energy to provide the same amount of useful
output from a service or a device. We could talk about the energy
efficiency of an alternative luminaire for example, but since this
study is about the reduction in energy consumption of a complex
solution (a multidevice solution consisting of electric lighting,

windows, HLP) the energy-saving potential suits better. The
analyses of energy-saving potential in this study rely on the
relative difference between the energy used in the reference period
and energy used in the test period and is expressed in percentage.
The energy-saving potential shows that part of the energy that is
used in the base case (reference) and could potentially be saved if
an alternative solution were applied.

Monitoring data regarding the energy consumption of both
luminaires individually was collected and analysed. The luminaire
dimming was found to be linear, as shown in Fig. 6.

The overlapping of the illuminance, as described in section 2.1.5,
triggered an unexpected issue, namely the luminaire dominance,
that the authors can explain just with reasoning on function of the
bus controlling system (DALI), which is not a perfectly
coordinated component. It seems that the system has sent signals
to each luminaire not at exactly same moment but with seconds of
delay. This has been shown to be of great importance to the
performance of this lighting solution. Additionally, the signal was
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Fig. 20. The number of incidents (days) of one of the luminaires being the dominant light provider for each month in the test period and reference period, and
accumulative for test and reference period. A ratio of 1 means that the number of incidents is the same for both luminaires.

sent first to a random luminaire (i.e., not always the same one).
Further, the luminaire which turned on first does not only provide
lighting onto the desk below but also to the other desk, as argued
over (Fig. 6), which then immediately gave information to the
photosensor of the ‘delayed’ luminaire about the specific level of
illuminance on the desk, giving it the opportunity to provide just
the necessary supplementary illuminance to reach the required 500
Ix. The result of this occurrence was that the first luminaire took
on the role of the dominant illuminance-provider throughout the
rest of the day and, consequently, has a much higher energy
consumption. This is a consistent and significant occurrence on
days with an overcast sky; however, this trend was present under
other sky conditions as well.

An analysis of the number of incidents of the dominant
luminaire (recorded data) at the beginning of the working day (i.e.,
7am) is in Fig. 20. During the test period, which is in total 182
days, L1 was dominant 47 days, while L2 was dominant 121 days;
the remaining days in the test period both luminaires started at the
same point of time. This shows that the L2 was dominant
(exhibiting the dominant illuminance) 2.57 (121/47) times more
often than L1. In the reference period (182 days as well), L1 was
dominant 66 days, while L2 was dominant 79 days. This results in
1.22 times of L2 as the dominant luminaire comparing to L1. The
ratio values showed no correlation with either the winter or
summer period, with the daylight effect from the window have
potentially been a main reason for this. The assemblage of months
was equal for the test and reference period when it comes to the
daylighting values at the starting time (for the occupancy period
starting at 7am) when the luminaires have started. The only
conclusion the authors have to offer is that the initial signal was
randomly sent and was not affected by the input illuminance
values, which the DLC photosensor could have received.

As a result, the authors conclude that the collected data on the
electric lighting energy use for L1 and L2 in both the test and
reference periods was strongly affected by this occurrence of
dominant luminaire. Therefore, it was not possible to confidently
conclude on the magnitude of the effect this occurrence had on the
total energy consumption results for each period, hence the
collected monitoring data on lighting energy consumption were
concluded as unreliable to be compared.

Authors are not able to answer the research question about the
lighting energy saving potential for a single luminaire. However,
the authors can report total light energy consumption. The
calculated LENI for this test office, was 10.37 kWh/m?year, as

mentioned in section 2.1.5, but the value of LENI based on the
recorded light energy use for test period of the study was 5.79
kWh/m?year, which can be argued as a direct effect of the
daylighting via the HLP. The energy-saving potential could be
then expressed as a relative difference between calculated and
realistic situation, being ((10.37-5.79)/10.37) 44%. Arguing this
we must provide some important notes. The recommended light
level (constant and stable target value of minimum 5001x) has not
been always achieved in situations when DLC system was affected
by daylight reflected from sun-shading, as discussed above. Such
situations occurred during the days with clear and sunny sky
conditions, which is for the location of this study historically
recorded to be about 30% of the daylight time. However, the
monitored data and analyses of a pair days suggests that in such
situations the illuminance values on the desks were around 400 Ix
(varying between 300 and 500 Ix). This fact indicates that the
periods with electric lighting under the recommended level might
have contributed to lower energy use.

4. Discussion

After a thoroughly examination of the monitored data, it can be
noted that, with similar daylight profiles (i.e., solar altitude, VI and
GHI values), the luminaires behaved quite similarly regardless of
the illuminance values recorded on the surfaces where the DLC
sensors were supposed to look. This indicates that the DLC
sensors were affected by the daylight being reflected from the slats
during the entire occupancy period. Further, there was only one
illuminance meter positioned on each desk recording the
illuminance at a point, but there could have been higher
illuminance values around this point that the illuminance meter
had missed but which the DLC sensors have caught. The lighting
patches were of a random nature, as shown in Fig. 3(c).

The potential of the HLP to bring about higher daylighting
levels has been shown through the analyses in section 3, but there
is one more fact to add. Specifically, in this full-scale office, there
were glare-free situations, and daylighting via the window was
consistently enabled. Such optimal situations cannot be taken for
granted in all buildings—even in the newly constructed. On the
contrary, it is widely expected that there will be need for sun-
shading regulation whenever there is a clear sky and sunlight, and,
depending on the sun-shading system, this often will result in total
rejection of the daylight via the window. In such situations, the
percentage of the daylight supplemented via the HLP, as discussed
in chapter 3.1, becomes even more important.
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This study shows the potential of a HLP installed on the south
fagade of unobstructed building at a latitude 60° in increasing the
indoor illuminance levels on the horizontal and vertical surfaces
positioned at a distance of nearly four meters from the facade. The
recorded data and analyses of pair days demonstrate that, under
equal daylighting conditions (here, the sun’s altitude and GHI and
VI daily profiles), the presence of the HLP results with higher
illuminance levels on the task areas compared to the situation
without the HLP. An increase in illuminance level on the working
area, in the rear part of the office, of approximately 200 to 300 Ix,
was recorded during clear and sunny days at equinox with HLP
enabled and windows darkened. In the same situation HLP
provided the increased daylight level on the working area near
window of approx. 50 Ix. A statistically significant findings from
analyses show that at the desk located close to the door, 40% to
over 100% higher daylight level can be expected if HLP is used,
as compared to the case of solely window-daylighting.

As a consequence of the daylighting via the HLP, the lighting
energy-use (justified via LENI) was improved by 44% compared
to the estimated value without HLP. This difference in monitored
and estimated values is not affected by the occupants’
unpredictable use of sun-shading devices since they have been in
fixed setting. This information is of great importance e.g., for on-
site energy generation using PV and for ZEB design concepts.
Such information is also useful for system capacity decisions, as
it can help directly reduce amount of material, costs, and the build-
in carbon amount. In the case of ZEN design concepts, it could
also provide insight regarding the PV system and the amount of
generated energy that will not be needed at the site and that could
instead be promised to the energy grid.

5. Conclusion

This full-scale field study resulted in valuable insights into the
application of horizontal light pipes (HLP) in office spaces in high
latitude areas (Oslo, Norway). In such areas, a low sun angle
prevails, and the application of sun-shading devices is critical for
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the southern, eastern, and western facades of the building.
Unfortunately, standard sun-shading devices still operate with a
rigid intelligence when it comes to protecting against glare during
strong excessive sunlight, reducing the potential for daylight
exploitation most of the time. Findings from this study proved that
HLP can contribute to a significant increase in the daylight level
of the space, both in the rear part, and in the part closest to the
window, in cases where the blinds are closed to ensure visual
comfort for the users (glare). Furthermore, the novelty in this study,
application of the custom-made reflector, contributes to increasing
the awareness for daylight distribution inside the space and set the
path for future research with daylight transport systems.

The full-scale monitoring revealed some core issues related to
unreliable lighting energy forecasting and unmet lighting quality
conditions set as recommended illuminance levels on the task
surfaces. The decision to apply best practice DLC solution in
Norway, without commissioning the solution several times after it
was installed, could be seen as one more limitation of this study.
The complex relationship between the daylight, sun-shading
device, and information-sharing protocols within the DLC system
comprise a factor involved in integration failure.

The results from the previously semi-empirical study, using
scale model of the HLP, showed that there was potential for
improving daylight autonomy (DA) for a HLP of the same aspect
ratio (16) and in the same location (Oslo), if laser cut panels (LCPs)
were used as a light collector [1,43]. LCP can deflect the incoming
light rays to change their propagation angle through the light pipe
to a more efficient one. Values of daylight illuminance of up to
3001x, which has been demonstrated in the current full-scale test,
can be improved by up to 16%, if a certain LCP configuration
described in the semi-empirical study is used. This represents a
suggestion for future studies in this field and in high latitude
locations.

Appendix A

Energy Evaluation According to Following Standard: EN 15193

Results

Total Energy Lighting: 133.62 kWh/a
LENI: 10.37 kWh/(a - m?)

Total Energy Visual Task: 128.50 kWh/a
Total Energy Parasitic (Total): 5.12 kWh/a
Total Energy Parasitic (Standby): 5.12 kWh/a

Total Energy Parasitic (Loading the Emergency Lighting): 0.00 kWh/a

Total Area: 12.89 m?

Monthly Results

Month Lighting Visual Task Parasitic
[kWh] [kWh/m?] [kWh] [kWh/m?] [kWh] [kWh/m?]

Jan 1320 1.03 1279 0.99 043 0.03
Feb 12338 0.96 11.90 0.92 043 0.03
Mar 11.03 0.86 10.60 0.82 043 0.03
Apr 9.95 (8 4 9.52 0.74 043 0.03
May 9.50 0.74 9.07 0.70 043 0.03
Jun 821 0.71 8.78 0.68 043 0.03
Jul 9.34 072 8.91 0.69 043 0.03
Aug 9.69 B.75 9.26 0.72 043 0.03
Sep 10.87 0.84 10.44 0.81 043 0.03
Oct 12.06 0.94 11.63 0.90 043 0.03
Nov 13.06 1.01 12.63 0.98 043 0.03
Dec 13.46 1.04 13.03 1.01 043 0.03

Fig. Al. Calculation of the LENI value for the test office, performed in Dialux 4.13 software.
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Parameter

Total installed lighting power [W]
Parasitic power of controls with lamps off [W]

Parasitic power of controls with lamps off [W] (Calculated Value)

Emergency lighting charging power [W]
Daylight Time Usage [h]

Non-Daylight Time Usage [h]
Emergency lighting charge time [h]
Constant illuminance factor

Constant llluminance Controllable
Maintenance factor

Occupancy dependency factor
Absence Factor

Occupancy control factor

Daylight Source

Daylight dependency factor

Daylight control factor

Control of artificial lighting system
Daylight Supply Factor

Maintenance Value of the llluminance [IX]

Maintenance Value of the llluminance [Ix] (Calculated Value)

Classification of daylight penetration

Classification of daylight penetration (Calculated Value)
Middle daylight factor for windows (building shell opening)

Effective light transmission factor
Latitude [°]

Value

44

1

0

0
2524
1116
0
1.00
/
1.00
1.00
0.00
1.00

Window

0.71
0.75

Automatic / Daylight Dependent

0.38
500
300

Low (4%>DRb>=2%)

Middle (6%>DRb>=4%)

5.9
0.49

59.90

Fig. A2. Parameters used in the calculation of the LENI value for the test office, performed in Dialux 4.13 software.

Appendix B

S@tel-Light Site : 0slo, Norway

From : sunrise To :Sunset Using : Clock Time Years :1996 to 2000
Parameter : Global Tilted Illuminance

Surface : 90° from Horizontal, 180° from North (South), 0.15 Ground Reflectivity
Information : Monthly Mean of hourly values (kix)

24 L ' L 1 L L 1 L L L L
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18
18-19
19-20
20-21
21-22
22-23

Jan.
0.0
0.0
0.0
0.0
0.1
2.6
8.4

14.9

16.4

14.3
8.4
2.6
0.1
0.0
0.0
0.0
0.0
0.0
0.0

Feb.
0.0
0.0
0.0
0.2
3.6

12.4

21.5

27.8

30.3

29.9

24.8

15.0
4.4
0.2
0.0
0.0
0.0
0.0
0.0

Mar. Apr.

0.0
0.0
0.4
4.4

14.1

25.8

34.7

42.6

44.5

41.0

36.0

25.8

15.0
5.1
0.8
0.1
0.0
0.0
0.0

0.0
0.1
0.9
2.8
8.5
17.7,
27.7
34.3
40.3
41.0
38.1
32.2
24.0
15.2
6.6
2.1
0.4
0.0
0.0

May
0.1
1.3
3.2
5.3

11.7

23.0

34.5

42.6

46.4

47.4

43.3

36.5

27.4

16.8
7.6
4.4
2.2
0.5
0.0

Jun.
0.5
1.9
3.6
5.6
9.7

18.7

28.3

34.6

36.7

35.8

34.2

30.5

24.7

16.2
8.5
5.6
3.3
1.4
0.2

Jul.
0.3
1.6
3.5
5.6

10.5

21.7
33.0
41.1
44.8
45.5
40.9
34.8
27.9
18.6
9.3
5.5
3:1
1.2
0.1

Aug.
0.0
0.2
1.6
3.8
9.8

20.5
32.4
42.0
46.1
46.8
44.8
37.3
28.2
18.1
8.1
3.4
1.2
0.1
0.0

Sep.
0.0
0.0
0.1
1.9
8.0

18.0
28.8

36.2

41.1

41.9

38.1

32.1

23.2
13.1
4.4
0.7
0.0
0.0
0.0

Oct. Nov.
0.0 0.0
0.0 0.0
0.0 0.0
0.2 0.0
3.1 1.4

10.1 5.4

17.7 10.0

23.8 13.6

29.1 14.4

28.0 10.7

25.5 5.8

20.2 1.5

10.5 0.0
3.4 0.0
0.2 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

Dec.
0.0
0.0
0.0
0.0
0.0
1.6
7.9

13.4
15.0
10.7
3.7
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Total
0.1
0.4
1.1
200
6.7

14.8
23.8
30.6
33.8
32.8
28.7
22.4
15.5
8.9
3.8
1.8
0.9
0.3
0.0

Fig. B1. Global vertical illuminance on the south surface, monthly mean of hourly values. Source: Satel-Light http://www.satel-
light.com/pub/Obradovic06052019093340/soutdoor.htm (accessed 20 July 2021).
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Appendix C

reflector surfaces; system of 4x4

=l Sl e
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Fig. C1. Side view of 3D model of the test office. A custom-made reflector for HLP light distribution receives the light rays from the HLP and reflects them onto the
task surface. The task surface is in the form of a circular plate covering a 1.2 m radius area, including desk 2 and the wall in front of it.

reflector surfaces, system of 4x4

Ny -
~_N17_— 5

Fig. C2. Top view of 3D model of the test office. A custom-made reflector for HLP light distribution receives the light rays from the HLP and reflects them onto the
task surface. The task surface is in the form of a circular plate covering a 1.2 m radius area, including desk 2 and the wall in front of it.
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