Experimental Investigation of Residential Building Heating
and Ventilation Systems Performance

Alula Assefa

A Thesis
In
The Graduate Program
of
Building Science / Building Engineering

The School of Construction and the Environment

Presented in Partial Fulfillment of the Requirements
for the Degree of Master of Applied Science at
British Columbia Institute of Technology
Burnaby, British Columbia, Canada

May 2018

Burnaby, British Colombia, Canada

© Alula Assefa, 2018



BRITISH COLUMBIA INSTITUTE OF TECHNOLOGY

Building Beienee Gradusate Program

BRITISH COLUMEBA
INSTITUITE OF TECHNOLOGY

Builiing Scince Geaduale Pegran
Schratof Banslrstlion

el the Ervironmes]

3700 Willingdon Avsda

Buraby, Baitst Columbia

Canada V86 3H2

heit.ca

This is o certify that the thesls prapared
By: Aluln Assefs Yadete Student Number:

Pptited:  Bxperimental Investigation of Residentinl Building Heating and Ventitation
Systems Performance

Aaud subaitted in partial fulfiliment of the requirement for the degree of!
Master of Applied Science in Building Engineering/Building Scienee

Complics wilh the regulations of the Ingtitete and meets the aocepled standards with
respee] to ordginality and quality,

Sipsed by the findl B mm\ng pittee:

% e T
Rodriga Mora, PhD {Chain) =

s

Wahid M m‘et, PhlD {Bsternal Exominer)

fo 2y MY oug

Bo LI, MASe (Examiner)

P

A L

¢ Aitsum Tariky, PHD (Supcrvtsnr)

Approved by

i

s

( /’Gmduatc Frogmm Director




ABSTRACT

The building sector is one of the most dynamically evolving field with an expectation to provide
comfortable, clean and healthy indoor environment with less energy consumption. This acceptable
indoor condition is created with a combination of heating/cooling systems and ventilation
strategies. There are various systems available, which can deliver heating/cooling as well as
ventilation to a dwelling space. These systems involve different heat transfer mechanisms and
ventilation strategies: as a result, their performance would be different. Accordingly, the
performance of these systems would affect indoor conditions. The process of providing an
acceptable indoor environment with minimized energy use can be challenging. In addition to that,
there is also a keen interest to reduce the current trend of the building energy consumption as low
as possible without affecting the required, comfortable indoor environment. Therefore, the
requirement of comprehensive field research that studies and compares most of currently available
space heating systems, as well as ventilation strategies, is highly vital to provide information about

their actual and relative performance in a real scenario.

This research project conducts a field experiment that studies, heating systems, ventilation
strategies, and ventilation flow rates. The first part is done by running two different heating
systems at a time out of four heating systems (electrical baseboard heater, portable radiator heater,
heat pump, and Radiant floor heating systems) in identical full-scale test building with similar
ventilation strategy and similar ventilation flow rate. Whereas, the second group of experiments
compare two ventilation strategies (mixed ventilation and underfloor ventilation) inside two test
buildings with similar heating systems and ventilation flow rate. The third group of comparison
compares three ventilation flow rates (15 cfm, 7.5 cfm, and 5 cfm) in the test buildings with similar

heating systems and ventilation strategies.



Various indicators and indoor environmental elements are used to conduct the comparisons. In the
first case where heating systems are compared, the thermal energy provide by the systems are used
for comparison. In addition, the thermal comfort, local thermal discomfort, temperature
distribution and RH distribution are used to assess and compare the indoor environment produced
by the systems. Whereas, the ventilation strategies are compared using indoor environmental
element (temperature, relative humidity, CO2, and air velocity) distributions. Finally, the
comparison of ventilation flow rates is performed using contaminant removal effectiveness, indoor

air quality number, and indoor environmental element distributions.

The findings from the experiments indicate that all of the heating systems provide similar daily
thermal energy between 10 kWh and 14 kWh based on the outdoor weather condition. In addition,
all of the heating systems produce a thermally comfortable indoor environment for standing
person. Whereas, the ventilation strategies comparison shows that mixed ventilation strategy
performance is slightly better than an underfloor Ventilation strategy by creating marginally
uniform CO2 and RH distribution. Moreover, the results of the ventilation flow rates comparison
show that the temperature and air velocity distribution find similar while using all the three
ventilation flow rates. But the higher ventilation flow rate removes relatively more RH and CO2
in comparison to the lower one. Accordingly, the higher ventilation flow rates depict higher
contaminant removal rate and high indoor air quality number relative to lower ventilation flow

rate.

Keyword: Thermal Energy, Portable Radiator Heater, Ventilation Effectiveness, Ventilation Flow

Rate, Indoor Air Quality Number.
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1 INTRODUCTION

A typical living environment needs to be a healthy and comfortable space for dwellers, but it
requires energy to provide these conditions. The conditioning involves a combined effort of
heating/cooling systems and ventilation strategies. However, the performance of the systems varies
from system to system. That means the energy performance of these systems would affect the
dwelling space condition and overall building energy consumption. In addition, the cost of the
energy is getting expensive over time leading a concern to consider energy efficient systems

without compromising the thermal comfort and indoor air quality.

The thermal comfort is the state of human body perceiving the surrounding environment regarding
temperature (ASHRAE 55, 2013). The state of thermal comfort shows substantial influence on the
health and productivity of the dwellers. Consequently, the building industry firmly requires precise
thermal comfort requirements, which are the focus of the mechanical design of air conditioning
systems. In addition to thermal comfort, buildings also require maintaining acceptable indoor air
quality, which deals with providing fresh air and removing polluted air. Moreover, the building
code is demanding distributed ventilation design to reach every occupied space, so that acceptable

indoor air quality is kept.

The concern of high contaminant particle concentration close to the floor brought the introduction
of displacement ventilation and underfloor ventilation strategies. These ventilation strategies have
shown higher momentum in comparison to mixed ventilation. Some research indicates that
although the momentum is believed to remove the contaminant particulate indeed, there were
concerns about the drawing of particles to the breathing zone. In addition, the particle at a lower
level may pass through the breathing zone increasing the probability of inhaling the contaminant

particles.



A different combination of mechanical systems can deliver the desired thermal comfort level and
ventilation requirements. The mechanical systems include space heating/cooling systems and
ventilation strategies. One of the most common mechanical systems is forced air system which
combines space heating and ventilation altogether. The coupling of ventilation and space heating
systems, on the one hand, discharges considerable amount of conditioned air to the exterior to keep
acceptable indoor air quality level. On the other hand, this process consumes significant energy.
Furthermore, there has been an attempt to separate and treat space heating and ventilation
strategies, which potentially reduce the power spent on air conditioning. Thereby various studies
have been conducted to investigate this approach and confirm that indeed energy saving is possible
by differentiating ventilation and space heating systems. As a result, some independent space
heating systems emerge and adopted by the building industry. One of the most known systems is
radiant floor heating which covers wider floor area allowing uniform temperature distribution in
the occupied space. The radiant floor heating system allows the heating medium recirculation

rather than the breathing air which makes it advantageous than that of the forced air system.

Moreover, different independent space heating systems are introduced for heating purpose: heat
distribution units (radiator heaters and electric baseboard heaters). These systems are adopted and
used; through time, researchers unveil these systems have localized influence than over whole
heating, especially for a wider dwelling. Despite this concern, those systems are found useful in
avoiding cold from the cool part of the envelope such as windows that is why these systems most

of the time install below the window.

As a result, various gaps and research opportunities are identified and addressed in this research.
The first research opportunity for this thesis is energy. The building code is changing over time

advancing into tighter building construction and energy requirements. This requires more research



into efficient energy systems for future implementation. Moreover, there are limited comparative
investigations involving most of the available systems in the market. Those limited research
studies either thermal comfort or energy performance separately. Thus, there is a demand for
comprehensive whole performance investigation on heating systems, ventilation strategies, and

ventilation flow rates.

Consequently, this research study focuses on three parts of air conditioning systems. The systems
include four space heating systems (electrical baseboard heater, heat pump, portable radiator
heater, and radiant floor heating system), two ventilation strategies (mixed ventilation and
underfloor ventilation), and three ventilation flow rates (15 cfm, 7.5 cfm, and 5 cfm). Various
performance indicators and indoor environmental element distributions are used to conduct this
comparison based on experimental data. The data are gathered by running two systems in full-
scale field experimental research facilities called Whole-Building Performance Research

laboratory (WBPRL) at the BCIT Building Science Centre of Excellence.



2 LITERATURE REVIEW

The performance of a building can be characterized by different indicators which are collectively
referred to the whole building performance. These indicators include energy use, thermal comfort,
indoor air quality, and durability. The first three are closely related to indoor conditions, whereas,
durability is linked to the structural and physical part of the building. A good understanding of
these indicators enables designers and engineers to design and optimize high-performance
building. Regardless of the outdoor climatic condition, buildings are expected to offer healthy and

comfortable indoor environment while at the same time being energy efficient.

The building energy consumption includes space conditioning. The energy used for space
conditioning is for heating/cooling of the living space. The common forms of energy sources are
either electricity or fuel. These sources generate the required energy to run the mechanical system,

which provides space heating for buildings.

The building envelope has been changed to improve the energy performance of buildings. The
effort involves making the building enclosure more thermal resistant as well as airtight. The
advancement in improving the envelope performance incorporates employing advanced insulation
materials and reducing the thermal bridge in the building structure. Whereas, the air infiltration
problem in the envelope can be minimized with an introduction of airtight envelope systems.

Therefore, these two measures together boost the performance of buildings.

The building sector consumed a significant amount of energy to create comfortable, clean-living
space. For example, Janbakhsh et al., 2014 showed buildings used 30% of the total energy
produced globally. Moreover, the Heating ventilation air conditioning (HVAC) systems consumed

a considerable amount of energy. These systems covered for 40% of the building's energy



consumption (Aleksander et al., 2015). Therefore, the performance of HVAC systems influenced

energy consumption.

Thermal comfort is a state of mind in which human body perceives the surrounding environment.
It is a scale of thermal neutrality, which is highly dependent on the thermal status of the body
(Oleson et al., 1980). The goal of thermal comfort is not satisfying everyone thermally; instead, it
is minimized thermal dissatisfaction as much as possible (Lin et al., 2008). As a result, the thermal

comfort concept deals with defining thermally adequate living space for dwellers.

Therefore, a mathematical model formulated to calculate human thermal satisfaction. The analysis
had evolved from representing human body as a single node like Fanger et al., 1972 to two
eccentric cylinder model by Gagge et al., 1986. The two-node model represents the human body
by a core (inner cylinder), which generates heat and carried by blood and transfer to the skin (outer
cylinder), which eject heat to the surroundings. Whereas, a single node model considered the

human body as a single node and correlate its interaction with the surrounding.

In addition, the thermal comfort calculation could be classified into two types based on the
environment either indoor or outdoor. The two common ones are Fanger et al., 1972 for indoor
space, and Gagge et al., 1986 which is based on outdoor context. Most researchers implement
Fanger model, which have been widely accepted and vastly used both in the experimental
investigation and numerical analysis. The Fanger model expressed thermal comfort with a

predictive mean vote(PMYV) and predictive percentage of dissatisfaction (PPD).

Where,

The predictive percentage of dissatisfaction (PPD), is expressed as follow:



PPD = 100 — 95exp [—(0.03353PMV* + 0.2179PMV?)]

(1)
Where PMV is a mean predictive vote, which is dependent on the thermal load (L), and
metabolic activity level (M). It is defined as follow:
PMV = [0.303exp (—0.036M) + 0.028]L (2)

The thermal load on the human body (L) determined by calculating heat balance that includes

radiative, conductive, convective and evaporative heat transfer.

ASHRAE developed a model (Figure 1) that depict the range of temperature and relative humidity
at which thermal comfort could be achieved. Accordingly, the scope of operative temperature for
winter and summer season specified in the graph regarding thermal comfort. It was shown that the
effective temperature could range from 20°C to 25°C as well as the relative humidity reached 30%
- 60% to feel thermal comfort. ASHRAE 55 (2013) also developed seven thermal sensation scales
including hot, warm, slightly warm, neutral, slightly cool, cool, and cold to describe thermal

perception for subjective evaluation.
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Figure 1: Thermal comfort zone (ASHRAE Fundamentals 2017)

The second model was by Gagge et al. (1986) to determine standard effective temperature (SET)
as a thermal comfort indicator of outdoor dwelling environment. Although, the method used in the
research involved several assumptions in numerical calculation, it is possible to come up with SET
for a location given adequate weather data. Because the outdoor environment required a different

variables unlike a conditioned space, the calculation had relatively higher assumed variables.

The physiology of the human body found adapting the surrounding conditions to some level like
air temperature, which led to the development of the adaptive thermal comfort model by Richard
et al., 2001. In addition, Leen et al., 2008, had indicated that individuals quickly adapt warm

condition than cold weather conditions.



ASHRAE has created an adaptive thermal comfort model (Figure 2) accounting human adaptation
to their thermal environment using survey data. The model produced a simplified way to describe
thermal comfort in a naturally ventilated space with air temperature instead of calculating the
complex standard effective temperature (SET). The adaptive model defined correlating the daily
mean outdoor air temperature (Tm) in Equation 3 with expected comfort temperature (Tcomf), or

using the graph from ASHRAE 55, 2013 (Figure 2).

Teoms = 0.33 Ty, + 18.8 (3)

operative temperature (°C)

16 F | \comfort temp. = 18.9 + 0.255 x ET*,, ‘
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mean outdoor effective temperature (°C)

Figure 2: Adaptive thermal comfort model (ASHRAE, RP-884)

The human body not only adapt the surroundings but also affected by a different factor such as the
draft. Effective draft temperature (EDT) is another thermal discomfort indicator related to air
velocity around neck and ankle. It combines temperature difference between the average room

temperature and local temperature with air velocity to describe the corresponding thermal status.



This approach was a conventional method to calculate EDT for cooling mode. After examining
the cooling mode, a new model has been developed that can be used for heating mode (Shichao et

al., 2015; equation 4).

0," <EDT(8") = T, — T, — 9.1(v; — 0.15) < 6," ()

Where

Furthermore, the effect of draft on different body parts such as ankle and neck level studied by
different researchers. Twenty research works which investigated the impact of the draft on thermal
comfort have been reviewed and discussed on Fountain et al., 2012. The review suggested that
although it was essential to know the impact of air velocity on human thermal perception due to

draft, the local thermal comfort might not reflect the whole body thermal comfort status.

Besides, different standards recommended requirements to maintain acceptable thermal comfort
in mechanically air-conditioned space. For a typical residential house, the ISO 7730 standard
suggested that the mean air velocity should be less than 0.25 m/s for summer and greater than 0.15
m/s in winter to achieve optimum thermal comfort. Moreover, regarding the vertical air
temperature distribution, ISO 7730 also recommend that the vertical temperature difference (head
- ankle) should be less than 3K. Whereas, ASHRAE suggested the vertical temperature gradient
should be less than 2°C to minimize local thermal discomfort as the result of vertical temperature

difference.

The introduction of computational fluid dynamics (CFD) helped to understand air movement in a
living space. Although it takes much time and memory to solve numerical analysis, the results
were more illustrative as it was discussed in Zhai et al., 2005. Moreover, Hakan et al., 2007 used

CFD to study human thermal preference in a controlled office environment. The agreement of



CFD simulation and experimental measurement discussed in various detailed research articles on
living environments: Shuzo et al., 2000, Zhigiang et al., 2005, Cataline et al., 2009, Wei-hwa et

al., 2012.

In addition to ambient temperature, occupants' thermal comfort can be affected by airflow,
radiation, and relative humidity. The airflow, radiation and moisture transfer has been analyzed to
study the heat transfer between human body and their surroundings related to thermal comfort
using experimental data and CFD tool (Shuzo et al., 2000). The approach was to determine the
total heat loss from the human body, which was a combination of sensible and latent heat to attain
thermal equilibrium. The result indicated that the human body had a different skin temperature for
different body parts. The results also showed that CFD is a useful tool to study the whole-body

heat transfer with its' surroundings.

Indoor space conditioning includes ventilation system. The ventilation system is tasked with
keeping acceptable contaminant level in the occupied space by diluting as well as discharging the
polluted air. There are two approaches to ventilation air supply. One of the methods is called
dedicated outdoor ventilation system, which brought 100% outdoor air into the conditioned space.
Whereas, the second one involves recirculating some portion of the indoor air and introducing
makeup air from outdoors. ASHRAE recommended providing 7.5 cfm air per person into the

occupied space to maintain acceptable indoor air quality level.

The indoor space has a variety of gaseous pollutants and particulate matters, which are harmful to
a human being in high concentration. These materials include volatile organic compounds
commonly known as VOCs, which cause a health concern above a certain level of concentration.
Ventilation systems have been used to remove polluted air and replace it with a fresh one, so that

acceptable indoor air quality is maintained consistently.
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There are different types of ventilation strategies that could maintain acceptable indoor air quality
level in a mechanically air-conditioned space. Based on supply and return location of the,
ventilation systems are classified into five categories. These are mixed ventilation, underfloor

ventilation, displacement ventilation, stratum ventilation and confluent ventilation.

Mixed ventilation strategy: the supply air is provided through the overhead unit. It is, then,
distributed throughout the occupied space to create a stable condition by mixing with the existing

air. Finally, the exhaust air leaves the space through the overhead unit.

Underfloor ventilation strategy: The Underfloor ventilation strategy provides the supply air

through the floor and exhausts the polluted air through either the ceiling or floor (ASHRAE, 2009).
The incoming air is supplied into the conditioned space with momentum to reach the breathing
level in the occupied space. Then the contaminated air leaves the conditioned space through the
exhaust mostly close to the ceiling. It is because if the exhaust is located close to the floor, the
incoming air might directly go to the exhaust instead of rising above and diluting the air in a

breathing zone.

Displacement ventilation strategy: It is a type of ventilation strategy, in which the air supplied

through wall-mounted diffuser close floor (ASHRAE, 2009). Since the supply is at a lower level
as it gets heated, it rises and mixes the air. The exhaust then discharged through wall mounted
terminal unit opposite to the supply and close to ceiling as described by Zhang et al., 2005, Cho et

al., 2002, Fong et al., 2011, and Olesen et al., 2011.

Zhang et al., 2005 studied the effect of air supply and return terminal locations for the performance
of displacement ventilation in a typical office building during the cooling season using CFD
simulation. Also, energy, thermal comfort, and indoor air quality were the indicator used to

evaluate the performance of displacement ventilation strategy. The result indicated that the supply
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unit was better to be located at the centre. However, the location of the return had shown the

smallest effect on the performance.

Stratum ventilation strategy: this ventilation strategy provides the supply air directly into the

breathing zone. As a result, the supply air is only the required amount of air for ventilation purpose,
whereas the space heating is handled separately by heating systems. Moreover, since the supply
air reaches the breathing zone directly the air needs to be treated or warm enough to minimize

thermal discomfort (Lin et al., 2011).

Confluent ventilation strategy: the air is supplied to the occupied space through a supply unit
mounted at the top part of the sidewall (Figure 3). This arrangement of ventilation strategy allows
supplying air at a higher momentum to mix with the indoor air; then the exhaust air leaves the
space on the opposite side of the supply (Cho et al., 2002; Youngjun et al., 2007). The air supplied
into space is through circular holes of the supply unit, the air streamlines then start combining after

the air leave the supply unit (Youngjun et al., 2008).
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Figure 3: Confluent Jet Ventilation
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The contaminant distribution was studied in a classroom with mixed ventilation and displacement
ventilation strategies (Sture et al. 2003). As a result, the particle concentration in the classroom
found between 50 and 200 pg/m?, where the concentration rate 100 pg/m?> represent the highest
acceptable limit. Therefore, the result showed that for both ventilation strategies the particle
concentration in the breathing zone was higher than the expected amount. Moreover, research
indicated a cold surface could draw contaminants to the breathing zone, even with a displacement
ventilation strategy (Francesco et al., 2010). This research applied equation 5 to calculate

contaminant removal effectiveness (CRE).

Cexit - Csupply (5)

CRE =
CP - Csupply

Where,

CRE = Contaminant removal effectiveness.

Cexit = Contaminant concentration in the exhaust air.

Csupply = Contaminant concentration in the supply air.

C, = Contaminant concentration at a specific point in the test room.

Young et al., 2008 investigated air distribution vertically and horizontally comparing two
ventilation strategies: confluent ventilation strategy and displacement ventilation strategy. It was
conducted in a full-scale experimental setup inside climate chamber. The result demonstrated that
the confluent ventilation strategy performed better than displacement ventilation strategy
providing a similar indoor condition as well as under similar outdoor conditions which were

simulated using the climate chamber.
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A demand control ventilation system introduced to the building industry with a promise of energy
reduction by managing the ventilation flow rate based on occupancy density. The common one
was CO2 based demand control ventilation which was examined by David et al., 2004. The result
indicated that the risk of compromising indoor air quality was higher than the advantage of demand

control ventilation since CO2 is not comprehensive indoor air quality indicator.

Conditioned space is categorized into two groups. The first one was treating ventilation and space
heating/cooling together such as forced air heating system. Whereas, the second one was managing
space heating/cooling and ventilation separately (Lin et al., 2011, Cho et al., 2002,). Both methods
had been studied and compared using performance criteria as well as standards (Krajcik et al.,
2012). As a result, separately treating heating/cooling and ventilation found to have a broader

energy-saving advantage compared to addressing both together.

The Radiant floor space heating system either hydronic or electric powered was claimed to be an
efficient approach to heat the occupied space. When it came to hydronic one, the actual design
water temperature depended on economic and comfort considerations for the occupied space. The
radiant floor heating system believed to be energy efficient and comfortable space heating system
(Xiaozhou, 2016). That was why in the past decades, the system had been extensively adopted by
countries such as Germany, Australia, and Denmark owe 30% to 50% of the newly built residential

houses were equipped with the radiant floor heating system (Olsen et al., 200).

Nine different space heating systems were studied in a full-scale experimental test room built
inside climate chamber (Oleson et al., 1980). A steady-state winter condition was simulated by the
cold box on the front wall, and the experiment was based on two-hour data measurement. All
systems that is (two electrical radiant floors, one convector, two radiators, one warm ceiling, two

forced air heating) delivered acceptable thermal condition with 0.8 ACH infiltration-based
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ventilation. The result indicated that the radiator had localized effect rather than heating the whole

test space.

Energy-Plus building with two walls entirely window facade was used to investigate the energy
performance of different space heating systems. The radiant floor heating and forced air systems
were compared based on actual measurement and energy simulation (Jacob et al., 2011). The
results indicated that the radiant floor heating demonstrated better energy performance than Forced

air system heating depicting 23% energy savings compared to a forced air system.

Zhang et al., 2013 had tested low-temperature radiant floor heating system (LRFH) which used
hydronic pipe laying on aluminum foil to improve radiation. Whereas, a conventional radiant floor
heating system embedded hydronic pipelines inside concrete. The result revealed the LRFH could
provide uniform temperature distribution and acceptable thermal comfort with less energy

consumption compared to conventional radiant floor heating system.

Stefan et al. (2008) studied different heat pumps types that could be used for space heating and
cooling in extreme weather condition. The test was for both heating and cooling season. The
outcome indicated that it was possible to provide space heating even in extremely lower outdoor
air temperature reaching -30°C using a heat pump. Moreover, the COP of heat pump reduced when

the outdoor temperature falls to the extreme.

The thermal comfort and energy performance of the low-temperature heating system was studied
in five newly built houses by Hesaraki et al., 2013. The houses comprised low-temperature
hydronic floor heating system on the ground floor and ventilation radiator for upper two floors.
Ventilation radiator was a unique design to harvest both radiation and convection. One-year actual
energy consumption of these buildings indicated energy saving, as well as the thermal comfort

analysis, showed PPD about 12% within the acceptable range (PPD = 15%)).
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The indoor environment components (air distribution and ventilation effectiveness) were
investigated in a room equipped with the ventilation and heating/cooling systems (Olesen et al.,
2011). The test was conducted in a climate chamber with radiant floor heating system combined
with mixed and displacement ventilation strategies. The result showed that all combinations
provide the intended thermal comfort for both heating and cooling mode. However, the outdoor

weather condition was only simulated on the front wall by cold panels.

Similarly, the air distribution and ventilation effectiveness were studied in a room where the mixed
ventilation is combined with the radiant floor heating system (Krajcik et al., 2012). The test room
was inside laboratory hall, and one wall had cold panel simulating winter condition. Both mixed
ventilation combined with radiant floor and forced air system had shown acceptable thermal
comfort. But, the radiant floor heating coupled with the mixed ventilation had demonstrated
uniform air distribution and better ventilation effectiveness. The research used temperature and
contaminant removal effectiveness, Equation 3 and 4, respectively, to evaluate the performance of

the system.

Temperature effectiveness,

_ (Te —T5) (6)
T -

Where,

&; 1s temperature effectiveness.

T; is mean air temperature at engaged position.
Ts is mean air temperature of supply air.

Te 1s mean air temperature of exhaust air.
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Contaminant removal effectiveness

)] (7)
CRE= " —c)

Where

C; is the mean contaminant at a given points in the test building.

_ qs
¢= 1.2(T, = Ty) )

Where

Q =required supply airflow rate to meet sensible load, L/s
qs = net sensible heat gains in the space,

T,= return or exhaust air temperature, °C

T, = supply air temperature, °C

T, = return air temperature, °C

The underfloor ventilation strategy was examined experimentally and with CFD simulation (Wan
et al., 2005). The air distribution and temperature characteristics were evaluated to study the
performance of the ventilation strategy. The result indicated that the thermal stratification was

highly dependent on thermal length scale.

Tomasi et al., 2013 investigated the performance of mixed ventilation strategy by varying the
position of supply and exhaust units. The test was conducted inside a climate chamber with private
room arrangement having a low flow rate mixed ventilation and radiant floor. The thermal comfort,
ventilation effectiveness, and contaminant removal were studied. The results were in line with the

subjective investigation in a similar setup by Michal et al., 2013. As a result, in both cases, the
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temperature distribution found uniform when radiant floor combined with mixed ventilation

strategy.

On the other hand, experimental study and two-dimensional CFD simulation comparing underfloor
and mixed ventilation strategies were carried out in the compartment office. The air distribution
and thermal comfort were studied by varying the position of supply units for underfloor ventilation
(Son et al., 2011). The results indicated that underfloor ventilation depicts better air distribution

and energy saving than mixed ventilation systems at the breathing zone given a similar condition.

Fong et al. (2011) evaluated the energy performance of mixed ventilation, stratum ventilation, and
displacement ventilation strategies of a room in the middle of the building. The result indicated
that stratum ventilation system saved around 12% and 9% energy than mixed and displacement
ventilation strategies respectively. Full-scale experimental and numerical analysis study of
Francesco et al. (2010) suggested that a combination of radiant floor heating and displacement

ventilation systems give ventilation effectiveness close to 1 (efficient).

Chanjuan et al., 2013 studied the energy performance of mixed ventilation with a local setpoint
temperature different from the rest of the room. The analysis indicated it was possible to create an
acceptable condition by providing tempered air targeting the chest and back level of individuals

minimizing energy consumption in cooling mode.

Xiaozhou et al. (2013) showed a linear vertical temperature distribution for a room equipped with
radiant floor heating and displacement ventilation. Unlike other research work, the numerical
simulation result indicated that the vertical temperature distribution was within 80% (equation 10).
However, most of the literature claims the temperature distribution was under 50%, for example,
Olesen et al., 2011. In addition, Xiaozhou et al., 2013 used numerical analysis to demonstrate

radiant floor heating system would create uniform thermal distribution.
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The displacement ventilation was studied in a climate chamber using experiment and numerical
analysis (Olesen et al., 2010). Also carried out a further study comparing mixed ventilation and
displacement ventilation combined with space heating and cooling systems, in the same test room
in which the window is simulated with the cold panel. The result demonstrated that displacement
ventilation combined with floor heating showed a smaller vertical temperature difference and
higher ventilation effectiveness. A similar effect was found by Michal et al., 2013 in which a

subjective study was conducted in a similar scenario.

The confluent jet ventilation strategy was examined in contrast with mixed and displacement
ventilation strategy by Cho et al., 2002. The full-scale experimental study revealed that mixed
ventilation strategy was better regarding thermal comfort. However, the confluent ventilation
showed better air distribution compared to the other two ventilation strategies. The introduction of
Indoor air quality number (equation 9) that incorporating contaminant removal effectiveness and
percentage of dissatisfaction based on ventilation flow rate gave a new perspective to evaluate

ventilation strategies.

e Air quality number respectively could be determined as follows,

_ & )
IAQN = ==

Where,
N¢ =

e The effectiveness of heat removal and contaminant respectively could be determined.

S ek} (10)
Tm - Ti

£, = o~ G (11)
Cm — (i
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The research involving both numerical and experimental investigation was conducted to study
confluent ventilation strategy (Janbakhsh et al., 2014). The result showed similar air movement
and temperature distribution characteristics for both isothermal and non-isothermal conditions. In
addition to air movement characteristics, the temperature distribution was also similar. The

founder’s of this article was in line with the previous study such as Cho et al., 2002.

Zhang et al., 2011 studied the airflow distribution of stratum ventilation system in a room built
inside a full-scale climate chamber. The approach incorporated CFD simulation combined with
the experimental measurement. The result indicated that the thermal comfort, air velocity, and

contaminant concentration were within the acceptable state.

In addition, the airflow characteristics of stratum ventilation were studied in a classroom
arrangement. The research outcome showed the supply temperature of Stratum ventilation should
be 23°C since it was directed to the breathing zone (Cheng et al., 2015). The same scholars
conducted an experimental study involving stratum ventilation by 2016. The focus was studying
the interaction between a human body with room airflow and its impact on thermal comfort. The
result indicated that although there were critics concerning about blocking of air at the back of the

first row, the flow can overcome the blockade and reach the back row.

Moreover, the stratum ventilation was studied in a classroom compared with mixed and
displacement ventilation strategies (Fong et al., 2011). The research aimed to determine the highest
temperature limit without compromising thermal comfort. The study also involved 48 individuals
in the subjective thermal comfort analysis of the cooling season. The result indicated that the
stratum ventilation system was able to maintain thermal comfort by supplying 2.5°C and 2°C above

mixed ventilation and displacement ventilation, respectively.
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The partial control system was studied in comparison with two points control system concerning
energy saving possibility (Manohar et al., 2004). The results illustrated that the Partial control
system showed precise set point temperature achievement than two position monitoring system,
but the energy saving expected were not found from the energy simulation analysis. In addition,
the real-time optimizing technique was investigated for energy saving in buildings by Attajariyakul
et al., 2004. In which the control system was based on the average of actual performance and the
designed set point condition. The research outcomes indicated that the control system with real-

time optimizing had energy saving.

Moreover, some research work also experimented unique systems to see any energy-saving
advantage. On the one hand, the passive solar space heating system was studied in full-scale
experimental buildings by Ferna et al., 2006. The test considered five passive solar heating
methods including sunspace and direct gain; the result showed that considerable temperature
fluctuation which could cause radiant asymmetry discomfort. On the other hand, Dorer et al., 1998
conducted a full-scale experiment by embedding the supply duct through the ground. The result

demonstrated that this system could improve energy saving in a particular environment.

There had also been researching that tested new innovative ideas. One of the attempts was to
couple the ventilation duct with the ground and to provide ventilation into the house (Viktor et al.,
1998). The significant aspect of the ventilation systems like energy consumption, air quality,
ventilation efficiency, thermal comfort, and acoustical performance was investigated and found

acceptable.

The other innovative test involved wall confluent ventilation strategy. In which the air was
supplied directly to the corner with high momentum (Figure 4) so that the air bounce back and

reach the occupied space. Different scenarios were tested by varying the supply flow rate and the
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number of corners. The CFD simulation and measured result indicated that this confluent wall
ventilation provides better performance than displacement ventilation. Moreover, the ventilation

system also provided clean air than mixed ventilation (Karimipanah et al., 2007).

R e

Figure 4: Wall confluent Jet ventilation.
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3 PROBLEM STATEMENT

Buildings use different mechanical systems to create a comfortable living environment for
occupants. The mode of heat transfer of the heating systems could be convective, radiative or
combination of both. The thermal energy required to maintain the same indoor temperature using
different heating systems with different mode of heat transfer could be different. In addition to
thermal energy, the thermal comfort of the living space could be different. Thus, there was a need
to investigate the impacts of different heating systems on the thermal energy use and thermal
comfort of buildings operating in a field under the same outdoor boundary conditions (field

exposure).

Extensive measurement of radiant floor heating and ventilation systems had been done, but not for
other systems such as electrical baseboard heater, portable radiator heater and heat pump.
Moreover, most of the research work presented in the literature were at steady state or quasi-steady
states conditions in a climate chamber with isothermal surfaces and constant temperature
difference across the surfaces. Although the information generated was quite useful, it needs to be
extended to building operations in a field as the actual environment is much more dynamic, and
complex involving solar, wind wash, longwave radiation, rain, and snow, and the different surfaces

could experience different loads at a given time.

In the current building code, residential buildings not only are required to meet the code minimum
ventilation rate, but also the fresh supply air needs to be distributed throughout the rooms. In a
distributed ventilation air supply design, where the ventilation air requirement of each room in a
building separately defined and delivered, the air that passes the diffuser could have a low
trajectory velocity, which can limit its effectiveness in diluting the room air. In addition to
ventilation rate, the ventilation system design, for example, the supply of the fresh air at the ceiling
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level or under the floor may have an impact on the ventilation effectiveness of the distributed
ventilation systems. In buildings, with the radiant floor heating system, portable radiator heater,
electric baseboard heater, and split-head heat pump, fresh air is provided to the indoor space
through a dedicated ventilation system. Usually, the two systems are designed separately.
However, it is essential to understand the interrelationships between the different heating and
ventilation systems and identify the best combinations that can reduce building energy use,

increase occupants thermal comfort and ventilation effectiveness.

CFD can play a role in parametric sensitivity study and optimization of heating and ventilation
systems. Unfortunately, a very limited data are available for benchmarking of CFD models with
different combinations of systems and outdoor climatic conditions. There is a need to generate
high-resolution data for validations and extend the application of CFD in building design to

advance the existing building technology into more energy efficient technology.
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4 RESEARCH FRAMEWORK

The main purpose of the mechanical systems is providing a comfortable living environment for
occupants. As a result, the goal of this research is to compare the different mechanical systems
(heating systems and ventilation strategies) employed in full-scale experimental test buildings.
Therefore, by using energy performance, thermal comfort, and ventilation effectiveness as the
indicator of the overall building performance, this study compares those mechanical systems and

present the results.

4.1 Objective

The primary objective of this research is to study and compare the performance of space heating
systems as well as ventilation strategies for residential buildings. The comparison involves
evaluating the energy performance, thermal comfort, and ventilation effectiveness of four heating
systems, two ventilation strategies, and two ventilation flow rates.

The specific objectives include,

e Evaluating thermal energy performance and thermal comfort of four heating systems with
different heat transfer mode in a side-by-side field experiment.

e Determining the ventilation effectiveness of distributed ventilation system design.

e Evaluating the impacts of ventilation systems design, more specifically mixed and
underfloor ventilation strategies as well as on the ventilation effectiveness of low-flow rate
ventilation design.

e Examining the interrelationship of heating systems and ventilation strategies regarding

energy consumption, thermal comfort, and ventilation effectiveness.
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e Generating experimental data on building performances with different combinations of

heating systems and ventilation strategies for future validation of CFD models.

4.2 Scope

The scope of this study includes four space heating system and two ventilation strategies in heating
mode. The heating systems are a radiant floor heating system (RFHS), heat pump (HP), electrical
baseboard heater (EBH), and portable radiator heater (PRH). In addition, the two ventilation
strategies are mixed ventilation (MV) and underfloor ventilation (UV). Whereas, the ventilation
flow rate cover in this study is 15 cfm, 7.5 cfm, and 5 cfm. However, no mechanical system

efficiency is part of this project instead this study focused on thermal energy.

4.3 Methodology

Field experimental research methodology is followed in this study to investigate the performance
of mechanical systems in test buildings, simulating a study room or small office building. Two
different systems run side-by-side to provide a similar indoor environment in full-scale test
buildings which are under similar climatic condition. Subsequently, the performance of the
systems is compared using different performance indicators such as thermal energy, thermal
comfort (general and local), and indoor environmental elements (temperature, relative humidity,

air velocity, and CO2) distribution.

Consequently, by using this method three parts of indoor air conditioning systems such as heating
systems, ventilation strategies, and ventilation flow rates are studied in this project. The space
heating systems are RFHS, HP, EBH, and PRH, which represents the surface heat source, forced
air heating system, line heat source, and a unit heat source respectively. These systems are already
in place prior to the test. The ventilation strategies available in the test buildings are the two most

common arrangements: ceiling mounted mixed ventilation and underfloor ventilation strategy.
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Whereas, the ventilation flow rates are 15 c¢fm, 7.5 cfim, and S5cfm. Moreover, the measurement
pattern and set up were identical, and all aspects of the buildings are carefully monitored to make

sure similar test condition.

Thus, Figure 5 presents the task taken to carry out this study. The first task is converting the
experimental design and preparing test buildings for the experiments. The work includes preparing
system both heating as well as ventilation systems. The following task is sensor commissioning
which deals with sensor preparation such as sensor calibration and sensor installation. Running
experiments and data collection is the next task while monitoring the experiments is also another
duty that covers all the measurement period. The following task deals with filtering and clearing
the data collected by going through it, explicitly selecting a period to represent the experiment.
Based on the data obtained the next task is analyzing for different indicators. The final task is

discussing results which are explaining the observed behaviours and trends.
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Experimental test buildings systems installation

Sensor commissioning

Running experiment and data collection

Filtering and cleaning data

Data Analysis (Thermal comfort, Ventilation, and
Energy performance analysis)

Result and discussion

Figure 5: Research approach flow Chart.

5 EXPERIMENTAL SETUP

5.1 Overview of the test buildings

5.1.1 General Description

This study is conducted using two identical full-scale test buildings. They are located at BCIT,
Burnaby campus, (Latitude: 49.24°N, Longitude: 123.00°W), British Colombia, Canada. The
climatic zone of this location categorizes in a mild climate category with warmer summer and cold
winter. In addition, both buildings have test room and mechanical room separated by an insulated
wall. The test buildings have a similar floor area, orientation, and dimension. Moreover, every
component of the buildings is constructed identically as discussed by Pedram et., al 2014, and

Nghana et al., 2016.
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B) NTB

A) STB
Figure 6: Whole Building Performance Research Laboratory (WBPRL)

Figure 6 shows the test buildings which are used for this research. The overall dimension of these
buildings is 16 ft x 12 ft floor area and 10 ft height. Whereas, they are constructed using 2 ft x 6 ft
wood frame standard wall with R 20 fibreglass bat insulation between stud cavities. These
buildings have a hollow structural section (HSS) steel superstructure with an insulated slab as
shown in Figure 7, on top of the grade foundation as well as insulated engineered truss roof
construction with R 40 insulation. Besides, both test buildings have air tight envelope with 0.43
cm?2 /m2 and 0.49 cm2 /m2 air leakage area for NTB and STB respectively as discussed by Tariku
et al., 2013. The buildings also have two double glazed air filled windows on the northern and
southern walls of the buildings. Moreover, they have independent test rooms and mechanical

rooms which are isolated by an insulated wall. In addition, the test buildings have two doors in the
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mechanical rooms: one gives access to the test room from the mechanical room, the other provide

exit.
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Figure 7: Section view of a foundation.

Since both buildings are identical, one of the buildings can be used as a control or both could be
engaged in comparative research. Each building has independent mechanical systems to provide
heating, cooling, ventilation, humidification, and dehumidification. Furthermore, these test
buildings help to investigate various building systems, which includes selecting design parameters
that could reduce the energy consumption while maintaining the indoor environment at the

optimum level for occupant comfort, health, and sustainability of the building.

Both test buildings have mechanical systems (heating systems and ventilation strategies) before
this study. The systems include mixed ventilation, radiant floor, heat pump, and portable radiator

heater. Underfloor ventilation units and electric baseboard heater, then install once the experiment
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starts running. Those systems are needed because the test combines ventilation and space heating
system operating together to provide fresh air for breathing and thermal comfort for the occupants

of these test buildings.

The mechanical room accommodates different systems as shown in Figure 8, which condition the
supply air; then deliver the conditioned air from the mechanical room to the test space. Therefore,
for this purpose, the mechanical room houses most of the systems (bath, Chiller, blower, and data
acquisition systems). The air conditioning unit, which treats the incoming air is also part of the
mechanical room; it is insulated to reduce the influence of mechanical room conditions such as
temperature on the supply air. The mechanical room also has an independent air condition unit to
maintain similar condition like the test room to minimize its impact. Overall, having independent
adjacent mechanical room creates an opportunity to control and make changes without affecting

the experiments.
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Figure 8: Mechanical Room

In addition, both of these test buildings are equipped with green roof except for the portion of the
mechanical room. These green roof samples are running experimental measurement. The southern
test roof holds four test samples without the plant. Two of the experimental samples are different;
one fully covers and the other open and empty. The remaining two samples are filled with soil.
Whereas on the north building all four samples have green plants and like the south one the

surrounding of the samples is filled with soil.
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5.1.2 Systems Descriptions

The overall system set up have separate heating and ventilation systems running simultaneously
to create comfortable living space. For instance, the ventilation system involves variable speed
blower, air-conditioning (AC) unit, flow rate control, a supply terminal (MV or UV), exhaust, flow
control and control actuator as shown in Figure 8. The control actuator helps to set the proportion
air, which is supplied to the test room. Therefore, it's possible to use either 100% outdoor air or a

mix of external air and return air.

Flow control AC unit & Chiller Control Control actuator

Figure 9: Ventilation system components.

In this study, 100% outdoor air is used for ventilation. As a result, the blower draws fresh air from
outdoors based on the set point flow rate (15 cfm, 7.5 cfm, or 5 cfm) as shown in Figure 10. The
air conditioning unit then heats the incoming air to 18°C. It is done by using a chiller in heating
mode. Moreover, two temperature probes measure the air temperature before the air touch the
heating coil and after it leaves the coil in the air conditioning unit. The temperature probes are used
to set the chiller water temperature that goes to the air conditioning unit to heat the incoming air.
Subsequently, the flow rate control measures how much air is supplied into the test room either
from ceiling mounted mixed ventilation terminal (MV) or underfloor ventilation strategy terminals

as shown in Figure 11.
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Figure 10: Ventilation system schematic diagram.
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Figure 11: Ventilation strategies.
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The heating system is the second component of the test buildings, mainly responsible for providing
heat to the test space. Four common types of heating systems are selected for this test. Besides, all
the heating systems in the test building use a similar source of power, which is electric power. The
systems are RFHS, HP, EBH, and PRH: Furthermore, their corresponding capacity was 3.9 kW,

2.3 kW, 1.5 kW, and 1 kW respectively. The following section discusses each one.

The radiant floor heating system uses the bath to heat the recirculating water. The bath and the
accessories that are used for radiant floor heating system are shown in Figure 12. The numbers 1,
2 and 3 in Figure 12 represent three solenoid valves on the corresponding supply tube (5), return
tube (6) and recirculation loop (4) respectively. The bath heats the water, then circulate through
the loops in the floor and come back to the bath reservoir. The three-solenoid valves help to avoid
overheating the test room by recirculating the hot water in the mechanical room once the room
setpoint temperature attains. The recirculation is possible by closing the supply as well as return
solenoid valve and opening the solenoid valve in the recirculating loop. Whereas, once the room
temperature gets below the set point, the opposite process happens, and the water starts to

recirculate in the floor again.
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Figure 12: Bath and accessories for RFHS.

Whereas, both electrical baseboard heater and Portable radiator heater are placed immediately
below the south window as shown in Figure 13. The EBH (A) has an external control (B), which
is placed close to the centre to operate according to the test room temperature profile because L3P3
represent the test room. Whereas the PRH (C) has the control inside itself that control the unit
temperature as well as room temperature. Since the unit has the internal control that monitors its
temperature, as a result, the unit will not overheat itself (T > 24°C) and cause a fire. The fact that
the thermostat is inside the unit causes the control to be affected by its heat. The thermostat is
taken out for an additional testing experiment which demonstrates the same behaviour, therefore,
this approach abandons. Moreover, the heat pump (HP) indoor unit installed on the wall adjacent
to the mechanical room. The HP has an indoor unit (D) consist of the condenser tubes, fan, and
louvre, which temper as well as recirculate air in the test room. The temperature entering and
leaving the unit is recorded with two thermocouples. The remote-control (E) for the HP gave access

to set the control.
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A) EBH heating unit B) Control

C) PRH heating unit
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D) HP indoor unit E) Control
Figure 13 Space heating systems.

5.1.3 Occupant Simulators

The test buildings are equipped with occupant simulator that simulates a single person from 10
PM to 6 AM assuming a night time where most individuals stay in the dwelling room. Two of the
common elements that every individual produce (CO2 and RH) are simulated in this project.
Consequently, extra CO2 and moisture are supplied into the test rooms for 8 hours to simulate
occupant. For this reason, these two systems (Humidifier and CO2 system) are prepared, tested,
and installed in the test buildings as shown Figure 14. Moreover, these systems are installed at the

corner of the test room to minimize the impact of the setup on the indoor environment.
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Figure 14: Occupant simulator.

These systems have different components and accessories to carry out the desired task. The CO2
system has a container and accessories which are prepared to deliver consistent CO2 supply (0.25
litre per minute) to the test room as shown in Figure 15. The pressure regulating valve and solenoid
valve control the CO2 supply; besides, the pressure gauges indicate the remaining CO2 in the
container. Moreover, the laminar flow element measures the actual CO2 supply using the pressure
difference across the component. On the other hand, moisture produced by a single individual is
simulated using a humidifier which operates from 10:00 PM to 6:00 AM like the CO2 system.

Furthermore, assuming that average person exhales 100 grams per hour overnight the same amount
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is supplied in the test room as depicted in Figure 15. It is possible to do that by using a water

container, a control and humidifier working together.
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Figure 15: CO2 and RH supply by the human simulator.
5.2 Experimental Design
The experimental design is to run two different systems simultaneously and compare the outcome.
For example, the first six pairs of experiments, two heating systems with similar ventilation
strategy run to provide similar indoor temperature. Since the two test buildings are identical and
the measurement is conducted in the same climatic condition, the thermal energy supply and the
indoor environment produced by the heating systems can be compared. Overall, six pairs of

experiments are needed to compare four heating systems as shown in Table 1.

Table 1: List of Experiments

Systems Ventilation flow
Heating Ventilation rate (cfm)
Groups | Experiments | NTB [ STB | NTB | STB NTB | STB
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I EBH HP
Heating 2t PRH | EBH
System 3t PRH | HP urv
Comparison 4th RFHS | HP 15¢fm
5t RFHS | EBH
o RFHS | PRH
Ventilation 7th EBH
strategy g HP MV uv
comparison gth RFHS
1ot RFHS MV
11t RFHS uv
12t EBH uv
1 3th EBH MV 15 7.5
Ventilation 14% HpP MV
flow rate 1 Sst HP Uv
comparison 16M HP Uy
174 HP MV 7.5 5
18t EBH uv
19t EBH MV

A similar method is adapted to compare two ventilation strategies: mixed ventilation (MV) and
underfloor ventilation (UV). The 7", 8" and 9™ pair of experiments compare the performance of
these ventilation strategies as shown in Table 1. The experimental design is to use north test
building (NTB) with MV and south test building (STB) with UV in all three cases while running
the same heating system in both test buildings for each experiment. The corresponding heating
systems are EBH, HP, and RFHS respectively. Since the heating system in both test buildings is
similar and the only difference is the ventilation strategy, the performance of the ventilation

strategies is possible for comparison.

The last experimental design in this study compares low ventilation flow rates. The low ventilation
flow rates contrast in this study are 15 cfm, 7.5 cfim, and 5 cfm. The last ten pair of experiments
focuses on carrying out these comparisons. The design is to run both test buildings with the same
heating system as well as ventilation strategy while providing different ventilation flow rate for
each one. For instance, during 12™ Experiment, the NTB is at 15 cfm and STB is at 7.5 cfm: In
this experiment, both test buildings are running EBH with UV. For the following experiment (13™)
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it is only switching the ventilation strategy from UV to MV. Therefore, by doing so, it is possible

to compare the impact of ventilation flow rates on the indoor environment.

The experimental design also involves conducting measurement throughout the test room, both
vertically and horizontally. The measurement variables are temperature, RH, air velocity, and CO2
concentration. The temperature measurement points range from the floor vertically at different
level up to the ceiling as well as on wall surfaces and windows. The air velocity and Co2
distributions within the indoor space are determined using 16 point measurements in each building
as discussed in the following section. Overall, a comprehensive experimental measurement design

is used to conduct these experiments.
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5.2.1 Sensors and Sensor Layouts

Sensors are distributed throughout the test room based on the criticalness of the location. For
instance, sensors are installed close to windows which represent the weakest section of the
envelope thermally. They are also located close to both supply and return terminals which are part
of the boundary conditions. Moreover, as a representative to the test room, sensors are located at
the geometrical centre. Besides, sensors are placed all over the surface enclosing the conditioned
space including floor and ceiling. Additional sensors are also placed on the exterior to collect data
from the outdoor environment. Overall, more than 170 sensors are used to gather data in both test

buildings as shown in Table 2.

Table 2 Type of sensor and estimated number of sensors

Number of sensors Wiring length (ft)
Sensor types Measurement STB | NTB | Total | STB NTB Total
Thermocouple Temperature 38 38 76 | 705.25 | 705.25 | 1410.5
RHT Relative humidity 18 18 36 258 258 516
Air Velocity Air velocity 16 16 32 163 163 326
CO; sensor CO; sensor 12 12 24 80 80 160
Glob Thermometer | Mean radiant temperature 1 1 2 15 15 30
Total 85 85 170 | 1269.25 | 1269.25 | 2538.5

The test rooms are equipped with sensors measuring air temperature, air velocity, globe
temperature, relative humidity, and CO2 concentration throughout the test rooms. Therefore, the
corresponding sensors such as thermocouples, anemometers, globe thermometer, RH chips and
CO2 sensors are used to collect data (Table 2). These sensors are collected five-minute average

data and stored it in database system, which then can be accessed from a remote location.

The sensor location initially designed is revised halfway through the test based on observation of
the first six experiments. In the first sensor layout, five locations are selected to position vertical
stands: two in front of windows, two in the proximity of supply and return terminals, and one at

the centre as shown in Figure 16 A. Moreover, five vertical positions are chosen to install the
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sensors. Starting on the floor surface, 1 ft above the floor, 5 ft above the floor, 1 ft below the
ceiling, and on the ceiling as shown in Figure 16 B. Besides, similar positions are selected to place
wall surface temperature at the middle section of the wall at three vertical positions (one foot above
the floor, mid-height, one foot below the ceiling). At the corners, thermocouples are positioned at

mid-height and on both windows surface midpoint.
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Figure 16: Sensor layout, Horizontal and vertical.

The temperature measurement is conducted at various levels ranging from floor to ceiling. The
temperature data collection is undertaken using thermocouples, anemometers as well as globe
thermometer. At four locations (L1, L2, L4, L5) and five vertical positions (PO, P2, P3, P4, PC),
the air temperature is measured with thermocouples as shown in Figure 17. However, at the centre,
thermocouples are only used to carry out temperature measurement on the floor and ceiling. Except
for those surfaces (floor and ceiling), at the centre, the air temperature is recorded by the same
sensor that measured air velocity. Also, globe thermometer measures the temperature at L3P3

which is the central location for the test building.
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Figure 17: Vertical sensor distribution (L3P3).

The air velocity is measured using anemometer at different vertical levels as well as locations in
the test room (Figure 18). During the first 12 pair of experiments, each room has only four sets of
anemometers at the centre. On location two and four (L2 and L4), air velocity sensors are
positioned above the floor at one foot and below the ceiling. Since the wiring has the limitation of
2 feet between two anemometers, that is why four sets of anemometers put at the centre (L3).
Accordingly, at the central vertical stand (L3) have four anemometers which are mounted at one,

three, five, and seven feet above the floor.
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Figure 18: Anemometer.

The relative humidity is measured using relative humidity transducer for the first six pairs of
experiments. They are installed at all locations (L1, L2, L3, L4, and L5) and three positions (P2,
P3, and P4) as shown in Figure 19. Also, at the beginning of the experiments, there are six CO2
sensors in each test building. Moreover, they are installed at three locations (L1, L3, and L4) and

two vertical positions (P3, P4).
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Figure 19: RH transducer and CO2 Sensor.

After finishing the first six pairs of experiments and going through all the data, the sensor
layout is revised to meet the objectives of the following experiments which is investigating
ventilation strategies and ventilation flow rates. As a result, the vertical stand reduces from
five to four, by eliminating L1 and bringing L2 more to the centre. Moreover, the central
stand (L3) moves to mid-distance between the south wall and mechanical room, which is
a central point specifically for the test room. Whereas, the vertical sensor layout adds a

new position at P1 (1’6’ above the floor) and CO2 sensor at P1, P3, and P4 in all locations
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except L3. The central stand at L3 as shown in Figure 20 (B) have one more CO2 and RH
sensor at P2. Furthermore, every stand is equipped with a set of four anemometers, relative
humidity, and CO2 sensors. For the rest of the experiments, the new sensors are used
which, coupled both CO2 and RH measurement. These sensors measure both CO2 and RH
together, which reduce the power cable requirements for the sensors. Moreover, the
elimination of L1 provides more RH sensors so that all the four-vertical stands have
additional one RH sensors. Since the preceding experiments (from 7" and 19'") focus on
ventilation strategies, additional CO2 sensors are installed in the outdoor to determine the
incoming CO2 concentration. Furthermore, RH sensors are added at the supply and exhaust
terminal to measure the RH value of the incoming and exhaust air. Besides, the outdoor

climatic conditions are obtained from the locally available weather station at the test site.
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Figure 20: Revised Sensor layout.
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5.2.2 Sensor specification, Calibration, Data acquisition, and Measurement

5.2.2.1 Energy Measurement

Heating system's energy performance is the primary focus of this study. As a result, the energy
consumption of the systems is recorded using Power Scout 24 (Figure 21), based on the amount
of electric power draw by each system. The power scout reading is verified using an independent
power meter. Furthermore, verification is performed by running similar systems and check the
Power Scout 24 readings in both test buildings. Besides, since the energy monitoring system
(Power Scout 24) is already integrated into the test room’s circuits, it makes it easier to change

systems without affecting energy data collection.
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Figure 21: * Meter (Power Scout 24).
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5.2.2.2 Sensor Specification

Four different types of sensors are used in this study as summarized in Table 3. The temperature
measurement in the test rooms is conducted using a thermocouple with the deviation of -0.5°F at
212°F. Whereas, the anemometers that measure air temperature has a measurement range of -10°C
to 50°C and accuracy of 0.2°C. Besides, the CO2 sensor that is used in the experiments are two
types, first one (VAISAL GMW90) have a measurement range 0 to 5000 PPM and the second one
(C7262C02) has a measurement range 0 to 2000 PPM. Both of these CO2 sensors have around 30
PPM accuracy. Moreover, the RH chip install in the test rooms has an accuracy of 3.5% at 25°C.
In addition, the air velocity sensors have 0.02 m/s and 0.03 m/s accuracy as shown in Table 3.

Table 3: Sensors and specifications.

Measurement Sensor type Model Measurement Accuracy Deviation

parameter range

Temperature Thermocouple | TT-T-24-3LF(ROH3) -0.5F at 212°F
Anemometer -10 to 50°C 0.2°C

CcO2 CO?2 sensor VAISAL GMW90 0 to 5000PPM | +(30 PPM +2%)
CO?2 sensor C7262C0O2 0 to 2000PPM | +(30 PPM +3%)

Relative humidity | RH chip HIH-4021-003 0to 100 %RH | 3.5% RH at 25°C

Air velocity Anemometer AirDistSys5000 0.05-5m/s +0.02 m/s +2.5% above 2m/s
Air velocity 8475-03 0-—2.5m/s 0.03 m/s
transducer

50



5.2.2.3 Sensor Calibration

All sensors in this project are either calibrated in the lab, or the manufacturers provide the
calibration information. For instance, the anemometers, CO2, RH chip, and CO2 sensors are
calibrated, and their calibration documents are provided by the manufacturers. Whereas,
thermocouples are calibrated in the lab by using a thermometer. The calibration is done by
immersing the thermostat and the thermocouple into the water inside the cup and measure the
temperature reading from both meters. The temperature reading after the reading stabilize is
selected for comparison between those sensors as shown in Figure 22. Then the thermocouple is
calibrated using the thermometer reading. Similar thermocouple calibration for NTB is presented

in Appendix I section 6.

23
22.5
22
215

21

20.5 ,/-~~——_—_____‘-/‘§-_
-
-

i J

19.5

19

Temp(°C)

STL1P2 STL1P3 STL2P2 STL2P3 STL4P2 STL4P3 STL5P2 STL5P3

Sensor location and position

e Thermocouple = == = Thermometer

Figure 22: Thermocouple calibration: STB.

The calibration of moisture generators is different because this unit is a system (have different
component and accessories): not a single sensor. The moisture generator is calibrated using a

balance scale. A balance scale is placed under the water container and runs the humidifier for 20
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minutes several times repeatedly. Simultaneously measuring the mass of water container because
the moisture supply to the test room is from the container. After that, the humidifier is recalibrated
to meet the specified target (100 grams per hours) by using a ratio of time. It is done by calculating
the number of minutes in a single hour required to run the humidifier to supply the desire moisture
amount based on the hourly balance scale reading. As a result, 75% of the minutes in one hour

provides 100 g/h which is the goal of the humidifier.
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Figure 23: CO2 supply into the test rooms (NTB and STB).

The CO2 system is calibrated using a similar approach like moisture generator, but a bit different.
It is calibrated using the pressure reading from the CO2 container. The CO2 supply in 10 seconds
1s measured using laminar flow element which then used to calibrate the CO2 supply to meet the
desired supply amount (0.25 litre per minute). A solenoid valve is used to open and close the CO2
supply for the specific period. Therefore, a repetitive measurement is carried out, and the CO2
supply is recorded. As the result, of opening the CO2 supply for just 3 seconds out of 60 seconds,

it is possible to deliver 0.25 lpm into the test room as shown in Figure 23.
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5.2.2.4 Data Collection System
The collected data immediately send to a data logging instrument called 34980A Keysight (Figure

24). The data then sent to a computer server to store it for further analysis and discussion. The
sequence of measurement is a five-minute interval for the entire sensors except for air velocity
sensors where the data is one-minute average to get more detail change in the reading. The data
from anemometers do not go to the data logger instead go to the computer where the data is stored.
This data collection system is so flexible and allowed to treat each data collection system

independently without affecting one another.

Figure 24: Data Acquisition system.
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6 DATA ANALYSIS

The experimental data undergoes through the data analysis process. The data analysis process
involves methodically applying scientific and statistical techniques to illustrate and interpret the
collected experimental data. Two groups of data analysis are conducted to evaluate the indoor
environment produced by the heating and ventilation systems. The first data analysis includes
calculation of the thermal energy, thermal comfort, local thermal discomfort assessment,
temperature distribution, and relative humidity distributions for six pairs of experiments in the test
buildings as the result of the different combinations of the heating and ventilation systems. The
second data analysis examines data collected from the last eight pairs of experiments which focus
on ventilation performance effectiveness assessment. In this study, average hourly data is used for

all experiments except for heat pump COP analyses in which one-minute data are used.
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6.1 Thermal Energy

The thermal energy analysis focuses on determining the amount of heat energy supply to the indoor
space to maintain the building at a specific set point temperature (21°C). As a result, the thermal
energy analysis assesses the heat supply by four space-heating systems to produce the specified
indoor temperature. The assessment covers the data collected from 6-pair of experiments
comparing those four heating systems in parallel using the two side by side test buildings. Each
pair of experiment runs for four days. For comparison purpose, a 24-hour data when the indoor
temperature difference between the two buildings is less than 0.5°C is used. For instance, Figure
25 represents the room temperatures where PRH and HP are compared, the thermal energy
analysis, therefore, selects the data after the first two days where the temperature difference
between the rooms stay below 0.5°C. As shown in Figure 25 the room temperature difference stays

below 0.5°C mostly, except at the beginning of the experiment.
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Figure 25: Room temperature profile of test rooms with: PRH vs HP.
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6.1.1 Thermal Energy from Baseboard and Radiator Heating System

The thermal energy analysis of EBH and PRH is straightforward. The analysis assumes both
heater's efficiency is 100%, meaning all the electrical energy consumed, turn into thermal energy
(heat). Thus, energy measurement from the Power Scout is regarded thermal energy provided to

the building to maintain the indoor air temperature.

6.1.2 Thermal Energy Calculation from Heat Pump

The thermal energy supply by the heat pump is not straightforward because it requires further
calculation and analysis. Consequently, the heat pump thermal energy is calculated by multiplying
the measured electrical energy from power scout with the heat pump coefficient of performance
(COP). Although, as part of the equipment specification, the maximum and the minimum COPs
of the heat pump are given, these values are based on laboratory tests at specific indoor and outdoor
temperature conditions and may not be applied in real building operation with random
combinations of indoor and outdoor conditions. Thus, in this thesis, the actual COP of the system
for the test conditions is determined by conducting a separate experimental test. In the experiment,
the heat pump in the south test building and the baseboard heater in north test building is run, and
the measured energy consumption of the two buildings is used to determine the COP of the Heat
pump. Since, both the indoor and outdoor conditions are the same, similar thermal energy is
required to maintain both test rooms at the same temperature set point as shown in Figure 27. The
COP of the heat pump is found by dividing the energy consumption of baseboard heater by the

energy consumption of heat pump.

The COP value is verified by calculating the thermal energy supplied by the heat pump indoor unit
and the from the energy consumption measurement of the heat pump. It is done by measuring the

inlet and outlet air temperatures of the indoor heat pump unit using thermocouples as shown in
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Figure 27, and the manufacturer specified air flow rate to calculate the thermal energy using
Equation (12). Similarly, the COP of the heat pump is determined by dividing the calculated
thermal energy and the measured heat pump energy consumption, 2.1. Estimation of the thermal
energy of the building using the twin building or from the indoor unit inlet and outlet air

temperature measurements lead to comparable COP value determinations as shown in Figure 26.
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Figure 26: Thermal energy supply by EBH and HP (with COP).
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Outlet thermoéoﬁpl

Figure 27: Heat pump with inlet and outlet thermocouples.

Q = mC,AT (12)

Where,

Q = Thermal energy (Watts)

m = mass flow rate (kg/s)

C, = Specific heat capacity (Kj/K, K)

AT = Temperature difference between in let and out let air (K).
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6.1.3 Thermal Energy Calculation from Radiant Floor

The radiant floor heating system thermal energy calculation requires combining convective heat
transfer and radiation heat transfer between the floor and the entire surrounding surfaces as
illustrated in Equation 13. The radiant heat exchange between the floor and interacting surfaces is
calculated using ASHRAE Systems 2016 (Chapter 5) Equation 14 and the convection heat transfer

between the floor and indoor air is determined using Equation 15.

Qrotat = 4r *+ qc (13)
_ 4 _ ma4 (14)
qr = Ageo [Ty — T]
(Tr = T Ty — To|*3? 15
gc = 0.39 o (13)
e

Where,

q, = Radiation heat exchange, Kw.
q. = Convective heat exchange, Kw.
Ay = floor area, m?.

& = emissivity.

o = Stefan-Boltzmann constant (5.67 * 1078 W /m?K*).
T¢ = floor temperature, ocC.

T, = Mean radiant temperature of the surfaces, °C.

T, = Air temperature at 1.5m above the floor, °C.

D, = perimeter of the floor, m.

The radiative energy is dependent on the orientation (view factor) of the surfaces. The shape of the

test room in this study is not simple like a rectangle instead it is L shaped. Also, the asymmetric

59



position of the two windows concerning the walls, they are mounted on making the radiation heat
transfer calculation is complex. These two geometrical problems create a challenge to adopt
ASHRAE calculation method for determination of view factors readily. In this work, the view
factors between the non-rectangular floor and the enclosures are computed by dividing the test
space with imaginary wall into two rooms of the square and rectangular floor areas as shown in
Figure 28. Applying, the basic fundamental constraints in view factor determination such as the

sum of view factors from a surface, is unity and using the superposition and reciprocity rules.
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Figure 28: Section of test room for RFHS thermal energy analysis.

Table 4 presents the calculated view factors of radiation from the floor. The calculation procedure
is documented in Appendix I, Section 1. As can be seen from the table, the summation of the view

factors between the floor and the surrounding surfaces is one.
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Table 4: View factor summery between the floor and surrounding wall.

Part of the Area Radiation exchanging
test room Symbol Surface (ft"2) surfaces View factor
S.wall South Wall 80 F_S.floor -S.wall 0.192261527
Lwall Imaginery wall 80 F_S.floor -L.wall 0.213408418
W.wall west wall 80 F_S.floor -W.wall 0.213408418
North_mech.room
N m.wall adjacent wall 80 F S.floor -N m.wall 0.213408418
Square Floor | S.ceiling Square Ceiling 64 F S.floor - S.ceilling 0.14636633
S.Win South Window F S.Floor-S.Win 0.02114689
S.Floor Square Floor 64 Sum 1
S.Wall South wall 80 F R.floor — S.wall View factor
N.Wall North wall 80 F R.floor - S.wall 0.161336191
E.wall East wall 120 F R.floor - N.wall 0.145018569
Rectangular Wes‘F_mech.room
floor W _m.wall adjacent wall 120 F R.floor - E.wall 0.243061987
Lwall Imaginary wall 80 F R.floor - W m.wall | 0.076531104
R.Ceiling West mech.wall 40 F R.floor - I m.wall 0.166530883
N.Win North Window 80 F R.floor - Ceilling 0.191203644
R.Floor Rectangular floor 96 F S.Floor-N.Win 0.016317622

Total

1

These view factors are used to calculate equivalent mean radiant temperature or the equivalent

temperature of the surrounding surfaces using Equation 17. The radiation that is intercepted by the

imaginary wall needs to be distributed to the adjacent room based on the view factor of the

imaginary wall and the surrounding surfaces. Since radiation emitted from the floor in the

rectangular section will not pass through the imaginary wall and come back to the floor again in

the square section and vice versa, the view factors of the imaginary wall are calculated accordingly.

Table 5 presents the calculated view factors. Equation 17 is used to calculate equivalent mean

radiant temperature of the surrounding surfaces, where the view factor of a surface is determined

by superposing the view factor values of the surface given in Table 4, 5 and the measured surface

temperature.

= (Z}-

1Fp-j
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Where,

T, = Mean radiant temperature surrounding surfaces (K)
Fr_; = View factor between floor and a surface J
T; = Temperature of surfaces (j)
N = Number of surfaces

Table 5: View factor of the Imaginary wall without a floor.

Rectangular Radiation Area

Floor exchanging surfaces | View Factor | Symbol Surfaces. (Ft"2)
F L.wall-S.Ceiling 0.205875121 | S.Ceiling Square ceiling 64
F Lwall-S.wall 0.232342195 | S.wall South wall 80
F Lwall-N.wall 0.258943868 | N m.wall | North wall 80
F Lwall-E.wall 0.276237143 | E.wall Eest wall 80
F Lwall-S.Win 0.026601673 | S.Win South window 80
Sum 1 Lwall Imaginary wall

Square Radiation Area

Floor exchanging surfaces | View Factor | Symbol Surfaces. (ft*2)

Rectangular

F Lwall-R.Ceiling 0.249745457 | S.Wall ceiling 80
F Lwall-S.wall 0.268364375 | N.Wall South wall 80
F Lwall-N.wall 0.08845032 | E.wall North wall 120
F Lwall-E.wall 0.373277836 | W.wall Eest wall 120
F Lwall-R.Win 0.020162011 | W _m.Wall | North window 40
Sum 1 [.Wall Imaginary wall 80
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6.2 Thermal Comfort

6.2.1 General Thermal Comfort

The thermal energy supply of the heating system is responsible for creating a thermally
comfortable environment. Thus, this study simulates small study rooms heated by four different
heating systems and inspect the thermal environment created by the systems. Accordingly, the two
groups of thermal comfort analysis: general thermal comfort and local thermal comfort assessment
are conducted in this study. Overall, the analysis examines the environment produced by heating

systems regarding comfortableness of space for a dweller thermally.

The general thermal comfort is calculated at the centre of the test area (L3) and two vertical
positions for a seated person 0.6 m (24 in) and standing person 1.1 m (43 in) assuming waist level
in both cases as specified in ASHRAE 55, 2013. Moreover, the general thermal comfort analysis
requires four environmental inputs: air temperature, air velocity, Relative humidity, and mean
radiant temperature as well as two personal inputs: clothing and metabolic rate to carry out the
calculation. Mean radiant temperature (MRT) is determined using walls, floor, ceiling, and
windows surface temperatures and the corresponding view factors between the point of interests
(seating and standing positions) and the surrounding surfaces as illustrated in Equation 18. The
temperatures of the surrounding surfaces are obtained from the experiments, whereas the view
factors are calculated based on the geometrical relationship between the position where thermal

comfort is calculated and the surrounding surfaces.

t = 0 Fpi+ e+t ey (18)

Where,

t, = mean radiant temperature, K.
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Fp_,, = view factor between a surface and surface N.

t, = surface temperature of surface N, K.

ASHRAE Fundamentals (2017) provide Equations for determining the view factors for both
seating person and standing person. However, the formulas assume a person face rectangular
surfaces of uniform temperature, which cannot be readily applied due to the presence of windows
in the middle of the rectangular surfaces that creates different surface temperatures. In addition,
the actual geometry of the test room in this study has different geometry to that of the provided by

ASHRAE, which produce a challenge to calculate the view factor precisely.

As aresult, the view factor of a differential area to a rectangular surface area like a wall, floor and
ceiling are determined using Hamilton and Morgan (1965) (Figure 29 (a) and Equation 19). The
view factors between differential area and small rectangular surface like window are determined
using Nusselt Analogy Form Factor (Tobler et al. 1998) (Figure 29 (b) and Equation 20). Section
By applying this two Equations the view factor is calculated at the location where seating and
standing person is simulated. Table 7 lists the view factors for both seating and standing position
relative to each surface. A can be seen in the table, the view factor summations for both seating
and standing position are one. Since both test buildings had a similar orientation, the view factor
remains the same for both test rooms. Finally, the measured surface temperatures and the
corresponding view factors from Table 7 are used to calculate the mean radiant temperature, which

is one of the inputs for general thermal comfort calculation.
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Table 6: View factor from different surfaces for two positions.

Surface Symbol Seating standing
West wall FPW 0.064887 0.068763
Est wall FPE 0.092977 0.098428
South wall FPS 0.145642 0.15653
North wall FPN 0.070023 0.075467
North mech. R wall FPNm 0.157728 0.170419
South Window FPSw 0.005597 0.005596
North Window FPNw 0.005597 0.005596
Floor FPF 0.339235 0.280438
Ceiling FPC 0.118316 0.138762
sum sum 1.000 1.000
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For verification purpose, results of the presented mean radiant temperature (MRT) calculation

method is compared with the results that are driven from a globe temperature sensor that is installed

at the centre of the test room (L3P3). At the same location, anemometers and thermocouple are

installed to measure the local air velocity and air temperature, which are essential for the

determination of MRT. The MRT calculation using the globe thermometer reading is conducted

by Equation 21. Figure 30 shows a typical result of MRT calculated based on surface temperature

measurements and view factors, and globe thermometer. The results of the two MRT determination

methods are nearly identical. Consequently, in this thesis, the first method will be used as it allows

to calculate MRT at any point of interest in the test room.

1.10 * 108V, %

&= [(ty—273)" + ——55

Where,

ty = globe temperature, °C.
V, = air velocity, m/s.

t, = air temperature, °C.

D = globe diameter, m.

€ = emissivity (0.95 for black globe).
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Figure 30: Mean radiant and globe temperature trend at the same position and location.

The other inputs for general thermal comfort calculation are air temperature, relative humidity,
external-work (assume 0), air velocity, metabolic-rate and clothing. The air temperature, air
velocity, and RH used in the analysis are measured values. The assumed metabolic rates are 1 and
1.2 met for a seating person and standing person respectively, based on ASHRAE 55 (2013), Table

5.2.1.2. Also, the supposed clothing values are typical winter clothing (1 CLO).

Finally, for general thermal comfort computation, a Matlab code based on the ASHRAE computer
program script (Appendix I, Section 2) is adapted to calculate PMV and PPD. Furthermore, for
validation purpose, the Matlab code results are compared to the results from ISO 7730 (2005)
standard (Table 7). The closeness between the two lines in Figure 31 depicts that the Matlab code

adapted from ASHRAE 55 (2013) produce a similar result as ISO 7730 (2005) standard.
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Table 7: Thermal comfort verifying with ISO 7730 (2005) standard values

Cases | Air Temp | MRT Va RH Meta | Clo ISO 7730 Mat-lab

1 22 22 0.1 60 1.2 0.5 -0.75 -0.76

2 27 27 0.1 60 1.2 0.5 0.77 0.76

3 27 27 0.3 60 1.2 0.5 0.44 0.43

4 23.5 25.5 0.1 60 1.2 0.5 -0.01 -0.02

5 23.5 25.5 0.3 60 1.2 0.5 -0.55 -0.56

6 19 19 0.1 40 1.2 1 -0.6 -0.6

7 23.5 23.5 0.1 40 1.2 1 0.5 0.36

8 23.5 23.5 0.3 40 1.2 1 0.12 0.12

9 23 21 0.1 40 1.2 1 0.05 0.05

10 23 21 0.3 40 1.2 1 -0.16 -0.17

11 22 22 0.1 60 1.6 0.5 0.05 0.05

12 27 27 0.1 60 1.6 0.5 1.17 1.17

13 27 27 0.3 60 1.6 0.5 0.95 0.95
3.00
2.00
1.00

)
>

E 0.00
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Figure 31: PMV comparison between Mat-lab and ISO 7730 (2005) using Table 7.
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6.2.2 Local Thermal Comfort Analysis

Three local thermal comfort analyses are conducted using the data collected from the first six pairs
of experiments, which compares the performance of four heating systems. These are local thermal
discomfort as the result of radiant asymmetry, vertical temperature difference, and floor surface
temperature. The approach suggested by ISO 7730 (2005) and ASHRAE 55 (2013) standards are
implemented to assess potential local discomforts created in the test rooms heated by four different

heating systems.

The radiant temperature asymmetry analysis has two components, radiant temperature asymmetry
as the result of the floor to ceiling temperature difference and radiant symmetry due to the cold
window using Equation 22 to 25 and Figure 32. The average of floor surface temperature and
average ceiling surface temperature are used to determine floor to ceiling radiant asymmetry.
Whereas, the radiant temperature asymmetry as the result of the cold window is analyzed for a

position in front of both south and north windows.

Warm ceiling

PD = 100 —55; AT<23°C (22)
14+exp(2.84—0.174+AT)
Cool wall
PD = 199 : AT<15°C (23)
1+exp(9.93—0.5*AT)
Cool ceiling
PD = 100 : AT<15°C (29)
14+exp(6.61—0.345+AT)
Warm wall
PD = 100 3.5; AT<35°C (25)

1+exp(3.72—0.052+AT) -
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Figure 32: Local thermal discomfort as the result of radiant asymmetry (ASHRAE 55, 2013).

The temperature difference between the ankle and neck level is used to determine local thermal
discomfort because of vertical temperature difference for both seatings as well as standing position
at the centre of the test room (L3) using Equation 26 or Figure 33. Local thermal discomfort due
to vertical temperature difference for both seating and standing person is calculated using
temperature measurements at the ankle (0.1 m) and neck positions (1.1 m for seating and 1.7 m for
standing person). Air temperature at 0.1 m from the floor level is determined by interpolating the
temperature measurement results of the floor and the air at 0.3 m foot above the floor. In addition,
similar interpolation is applied between L3P2 and L3P3 as well as between L3P3 and L3P4 to
determine the air temperature at 1.1 m and 1.7 m which are the corresponding neck levels for the

seating and standing person, respectively.
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2013).

100 .
1+exp(6.61—0.856*AT)’

PD = AT<8°C (26)

The average of five-floor surface temperature reading is used in Equation 27 and Figure 34 (ISO
7730, 2005) to analyze the percentage of dissatisfied as the result of floor surface temperature.
This analysis is applied to the data collected from the first six pairs of experiments where four

heating systems are compared.

PD = 100 — 94 * exp(—1.387 + 0.118 — 0.0025 * T?) (27)
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Figure 34: Local thermal discomfort caused by floor surface temperature (ASHRAE 55, 2013).
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6.3 Indoor Air Assessment

6.3.1 Indoor Air

The indoor air temperature and relative humidity distributions are analyzed for the six pairs of
experiments where the thermal energy comparisons are carried out. Whereas, for the last 13 pair
of experiments where ventilation strategies and ventilation flow rates are compared, additional two
indoor environmental parameters are added. They are CO2 distribution and air velocity
distribution. The distribution of these parameters in the test room at a given time snapshot is
mapped using the gradient of colours. The time that is selected for analysis is 6 AM, which is

intended to avoid the interference of solar radiation in the analysis.
6.3.2 Ventilation Effectiveness

The data collected from the last eight pairs of experiments are used to analyze the performance of
ventilation strategies as well as ventilation rates. The 7" to the 9th pair of experiments are intended
to investigate the relative performance of mixed ventilation and underfloor ventilation strategies.
The remaining analysis of 10 pairs of experiments is used to analyze the effect of ventilation flow

rates in the indoor environment.

The ventilation performance analyzes is conducted by determining the ability of ventilation
strategies or ventilation flow rates in removing pollutants from a given space. When examined for
a specific point in the test area, it is called contaminant removal effectiveness (CRE), but when it
is used to calculate for entire test room, it became global contaminant removal effectiveness
(GCRE) (Sandberg et al., 1981). CRE at specific locations are calculated using Equation 28
(Krajcik et al. 2012) and measured CO2 and relative humidity at the location of interest. GCRE

(Equation 29) determination, average contaminant concentration from all points are used.
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CRE = Co — G (28)

;C(;" %+ 100% (29)

Equation 30 is adapted from Fanger et al. (1972) in which the percentage of dissatisfied (PD)
expressed regarding ventilation flow rate (v). The last analysis looks at the indoor air quality
number (IAQN) where CRE and PD are related as given in Equation 31. Color plots of contaminant
distributions at a time snapshot of 6 AM are used to interpret and analyze the impacts of ventilation

strategies and ventilation flow rates in the indoor contaminant distribution.

PD = 395 * exp(—1.83 * #025) (30)
JAQN = —
ON= 75
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6.4 The Weather Condition during the Experimental Period

Figure 35 presents the outdoor weather condition during the experimental measurement period
(Jan 1 to Jun 30). The average RH value is 75% with 18% standard deviation. Whereas, the outdoor
air temperature and horizontal solar radiation gradually increase as the experimental period
progresses from winter to summer season. The outdoor air temperature when the heating system
comparisons are carried out varies between 0°C to 15°C, and 15°C to 20°C during the rest of the

experimental period.
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Figure 35: Outdoor weather condition over all the measurement period.
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7 RESULT AND DISCUSSION

7.1 Heating Systems Comparison

7.1.1 Thermal Energy

Thermal energy is vital to keep dwelling space warm enough for occupants during the winter
season. Therefore, the thermal energy supply by four heating systems (EBH, HP, PRH, and RFHS)
over the four-day period is evaluated using the result from six pairs of experiments. As presented
in the Data Analysis (Section 6), both EBH and PRH are assumed to be 100% efficient that is all
the electrical energy used by these devices convert to the thermal energy which is equal to the
power scout reading. The thermal energy of the HP is calculated using a COP of 2.1 as determined

in the previous section.

Figure 36 presents hourly average thermal energy provide by EBH and HP, which depicts similar
trend over a four-day period. The indoor temperatures of the two test buildings, outdoor
temperature, and horizontal solar radiation are superimposed; whereas, the hourly average thermal
energy of EBH and HP are represented separately using solid blue and black lines respectively. As
illustrated in Figure 36, the thermal energy supply to the test rooms varies with outdoor weather
conditions to maintain similar set point temperature. For example, during the night time, due to
lack of solar radiation, and low outdoor temperature, the thermal energy supply of the systems
increases to maintain the setpoint temperature. Whereas, in the daytime, solar heat gain increases
and outdoor temperature increases thereby reducing the thermal energy required to reach the
setpoint temperature. Similar thermal energy profile plots of the five remaining experiments are

reported in Appendix II section 1.
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Figure 36 Thermal Energy profile of EBH and HP with indoor and outdoor conditions.

A pairwise comparison of the thermal energy supply by four heating systems over the course of
24-hours of the four-day period in which the maximum room temperature difference is less than
0.5°C. Figure 37 shows both the indoor and outdoor conditions as well as maximum room
temperature differences which is the baseline for the comparison. Figure 37 shows the maximum
temperature difference for all experiments in which the temperature difference remains between

0.3°C and 0.45°C. Whereas, the outdoor temperature stays less than 8°C in all comparisons.
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Figure 37: Average outdoor weather condition and interior temperature difference during when

thermal energy is compared.

HP and EBH demonstrate a smooth trend (as shown Figure 38 A and B) whereas PRH shows
fluctuating thermal energy profile as shown in Figure 38 B and C. Overall, 0.3 kWh to 0.6 kWh
of thermal energy is supplied by all heating systems depending on the outdoor temperature and
solar radiation. Additionally, Figure 38 A, C and E show that the thermal energy supply of all the
heating systems responds to outdoor conditions change. Decreasing during the daytime where the
outdoor temperature and solar radiation are high and increasing overnight where the outdoor
temperature is low. For example, the effect of outdoor conditions is apparent in Figure 38 A where
both EBH and HP provides slightly over 0.2 kWh during the daytime when the outdoor
temperature is close to 10.5°C. While, when the outdoor temperature is close to -2°C around 6:00

AM, both heating systems deliver around 0.5kWh.
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79




Table 8 presents a summary of the total daily thermal energy consumptions of the four heating
systems in the six pairs of experiments: that is RFHS vs HP, RFHS vs EBH, EBH vs PRH, EBH
vs HP, PRH vs HP, and PRH vs RFHS. The RFHS supplies 3.4% and 1.8% more thermal energy
than HP and EBH, respectively. The EBH, in contrast, supplies 7.8% more than PRH and 4.0%
more than HP. Whereas, PRH provides 13.1 % more thermal energy than HP and 6.3% more than
RFHS. The reason why PRH outputs more thermal energy in comparison to HP and RFHS can be
attributed to the fact that the thermostat resides inside the unit, which is positioned close to the
window. Overall, all heating systems are able to maintain a similar set point by providing similar
(small difference) thermal energy. As shown in Table 8 and Figure 39, depending on the outdoor
weather conditions, 10 kWh to 14 kWh total daily thermal energy is required to heat the rooms

during the experimental period.

Table 8: Summary of total thermal energy and outdoor/indoor conditions over 24 hours.

Energy(kwh)
Ave O/A | Max Room Total
Temp Temp Diff HSR
Experiments (°C) (°C) (W/m2) HP | EBH | PRH | RFHS | Diff %
(HP vs EBH) 4.2 0.29 20.92 10.1 10.6 0.4 4.0
(EBH vs PRH) 7.1 0.44 18.23 10.5 9.7 0.8 7.8
(HP vs PRH) 4.0 0.41 22.9 9.9 11.4 1.5 13.1
(HP vs RFHS) 2.9 0.40 25.28 11.5 11.9 0.4 34
(EBH vs RFHS) 1.4 0.30 15.30 13.4 13.6 0.2 1.8
(PRH vs RFHS) 7.2 0.40 9.61 12.4 11.6 0.8 6.3
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Figure 39: One-day total thermal energy supply at the same outdoor and indoor environmental

conditions.

The radiant floor heating system provides thermal energy by two methods of heat transfer:
convective and radiative heat transfer mechanisms. Of the total thermal energy in the test room
and supply by radiant floor heating system, the contribution from convective energy (qc) is found
to be less than 30% while the remaining amount, an excess of 70% supply by radiative energy (qr)
as shown in Figure 40. This result is in agreement with Xiaozhou et al. (2013) finding, which
suggests that the thermal energy supply of the radiant floor heating system is not evenly distributed
(50% convective, 50% radiative). But instead, the radiative heat transfer has the upper hand in

delivering the required thermal energy to the test space.
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Figure 40: Components of thermal energy delivered by RFHS.

The thermal energy supply by the RFHS is determined using a fundamental heat transfer equation
of both convective and radiation heat exchange using the corresponding view factors of the
surrounding surfaces relative to the floor. Use of heat transfer coefficient (convective plus
radiation heat transfer coefficient) like ASHRAE Fundamentals (2017) h = 9.26 W/m? K (for
horizontal surface heat transfer upward) underestimate the actual thermal energy supply as shown
in Figure 41. A better agreement, within = 10%, depending on the temperature difference between
the floor and the mid-height of the test room, is obtained when usingh =11 W/m? K from EN15377
(2005). When the floor temperature reaches around 22°C, the temperature difference gets smaller,
as a result; it underestimates the thermal energy up to 10%. Whereas, when the floor temperature

increases the estimation gets much closer to the actual thermal energy supply to the test room.

82



0.7 28

0.6 27
[€)
<3
0.5 26 o
>
- :
Q
3 0.4 25 &
< :
& P
503 24 g
i g
3
0.2 23 o
o]
\ o
[N

0.1 22

0 21
Mar 30, 03:00 PM Mar 31, 03:00 PM Apr 01, 03:00 PM Apr 02, 03:00 PM Apr 03, 03:00 PM

Time

=== RFHS RFHS(h=9.26) RFHS(h=11)  «ee<s«< R.Floor Temp

Figure 41: Thermal energy estimation using three film coefficients and actual thermal energy.
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7.1.2 Indoor Air Temperature and Relative Humidity Distributions

This section discusses the indoor air temperature, relative humidity and the surface temperature
distributions in the test buildings while using different heating systems. Figure 42 shows the
horizontal and vertical sensor layouts which are used to collect data. The temperature
measurements at five horizontal locations (L1, L2, L3, L4, L5) and five vertical positions (PO, P1,
P2, P3, P4, PC) are discussed. In addition, relative humidity measurements from those five
horizontal locations and three vertical positions (P2, P3, and P4) are presented. Similarly, the
surface temperature distribution of the corresponding vertical positions on the surrounding wall
surfaces is discussed. With the intention of avoiding solar radiation interference, the temperature
and RH distributions in the test buildings at 6 AM are presented. Four heating systems in of the 6
pairs of experimental tests conducted for heating systems comparison, four representative test
cases are presented here, and the indoor and surface temperature profiles of the rest of the test

cases are documented in Appendix II section 4, 5, and 6.
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Figure 42: Sensor layout, Horizontal and vertical.
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7.1.2.1 Indoor Air Temperature Distribution: Heating System Comparison

The temperature distribution from 1ft above the floor up to 1 ft below the ceiling are presented
using a colour gradient as shown in Figure 43. Two colour gradient plots are presented in this
section: the first one is a plot that shows the temperature gradient from floor to the ceiling in the
test room, and the second one is a plot that shows a gradient of temperature difference from a
reference point, centre of the test room (L3P3). The centre point (L3P3) is monitored to keep
within 21£1°C for all cases.

The highest temperature is measured when using HP, EBH and PRH is close to the ceiling: 21°C.
Whereas, the coldest temperature measured is 1 ft above the floor (across P2) for all heating
systems except RFHS. In addition, the temperature difference between P4 and P2 remain around
3°C for those three heating systems, but in the case of RFHS, the vertical temperature difference
is less than 0.4°C. As illustrated in Figure 43 the temperature distribution when using RFHS is

more uniform (21£0.5°C) relative to a room with HP, EBH, or PRH.

RFHS HP
P4 209 20.8 21.2 20.7 20.3 P4 208 20.8 213 21.0 20.1
P3 21.1 20.7 213 20.7 20.6 P3 204 19.7 20.8 199 193
P2 21.0 20.7 213 20.7 20.7 P2 193 18.8 19.8 194 18.0
4h L5 14 13 12 L1 3th LS 14 L3 L2 LI
EBH PRH
P4 214 209 214 213 21.0 P4 21.0 209 212 214 209
P3 207 199 21.0 20.2 19.6 P3 205 20.0 20.8 20.0 19.6
P2 189 185 19.5 18.6 18.0 P2 192 188 199 193 185
2th LS L[4 L3 L2 LI 5th L5 14 13 L2 Ll

Color Legend
Ave of Min Ave Ave of Max
15 20 25

Figure 43: Indoor temperature distribution using four heating system within the period where

thermal energy is compared.

85



Figure 44 illustrates the temperature difference between the centre point and the other
measurement point in the test rooms. Above the floor, the HP creates a temperature distribution
ranging less than 2°C close to the floor and over 1.4°C at L2PC, which is in front of the unit. In
the case of both EBH and PRH, the temperature distribution below P3 (5ft or half way between
ceiling and floor) is -3°C to 0°C relative to the centre. However, above P3 the temperature profile
shows warm trend even over 1°C (relative to the centre) for instance at L2P4, which is straight
above the heating units. Also, RFHS creates more uniform temperature distribution relative to the
centre. For example, above the floor, the temperature difference relative to the centre remains

between -1°C and 0°C throughout the measurement points.

RFHS
P4 -04 -05 -0.1 -0.6 P4
P3 -02 06 0 -06 -0.7 P3
P2 -03 06 0 -06 -0.6 P2
4h L5 L[4 13 L2 LI 3th
PRH EBH
P4 02 02 04 07 0.1 P4
P3 -02 08 0 -08 P3
P2 NG -0.9 ‘ P2
2th LS 14 L3 L2 LI 2th
Color Legend
Min Ave Max
-1 0 1

Figure 44: Normalized interior temperature using four heating system within the period where

thermal energy is compared.
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7.1.2.2  Indoor Humidity Distribution: Heating System Comparison

The objective of this section is to discuss Relative humidity (RH) distribution in the test room
using the same experimental data which is used to compare four heating systems. The RH
distribution for all heating systems is between 40% and 50% with an average of 45% throughout
the room as illustrated in Figure 45. The RH distribution in the test room demonstrates acceptable
RH value for a dwelling space. The RH Distribution in the case of RFHS shows 45 + 1% in all
locations except L2 (above 46%) which is in front of the south window. While for the other heating
systems the RH distributions in the test room inversely relate to the temperature distributions
presented in Figure 43. High RH measurements are across P2, which are close to the cold floor
surface. Low RH values are obtained across P4 the warmest region of the test room since it is close
to the ceiling.

In the case of HP, the RH distribution is below the average RH (45%) except close to the floor.
Whereas, across the centre (P3) it is between 45% and 48%. Close to the floor (across P2) it is
slightly more compare to the midsection which is 45+1%. The reverse is true in the upper section
(P4). Overall, the RH distribution in all cases is within the range of acceptable value according to
ASHRAE Fundamentals (2017), which recommend 30% to 60% for a living space. The RH
distribution in the test room with RFHS is uniform compared to the other heating systems.
Whereas, the RH distribution of the test rooms using EBH and HP are similar having the lowest
concentration at L5P4, L4P4, and L3P4 which are close to the ceiling. While using PRH the highest
RH measurement is across P2 (around 50%), and the lowest data is measured across P4 (about 43

%).
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RFHS EBH
P4 453 453 448 467 455 P4 [39.0 403 39.7 429 421
P3 450 454 450 462 445 P3 450 448 433 468 473
P2 443 454 453 464 443 P2 454 451 46.1 483 465
7th L5 14 13 12 LI 8h L5 14 L3 L2 LI
HP PRH
P4 419 412 419 435 435 P4 432 428 425 455 462
P3 446 448 427 458 469 P3 474 475 465 484 475
P2 468 455 47.0 473 459 P2 48.0 47.5 482 [51.1 482

6th L5 14 L3 L2 L1 5th L5 L4 L3 L2 L1
Color Legend
Ave of Min Ave Ave of Max
35 45 55

Figure 45: Interior RH distribution using four heating system within the period where thermal

energy is compared.
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7.1.2.3 Surface Temperature Distribution. Heating System Comparison

This section discusses the surface temperature distribution in the test rooms as the result of using
different heating systems. Surface temperature has an effect on envelope durability due to
condensation and mould growth, and also occupant’s thermal comfort as it is involved in radiation

heat transfer exchange with occupants.

As shown in Figure 46, when using RFHS, the surface temperature on the south and west walls
are close to 21 + 0.5°C (in line with room temperature) whereas the east wall is 20 + 0.5°C which
is 1°C below the room set point temperature. While using HP, EBH, and PRH, the surrounding
walls (East, South, and West) are around 20 + 1°C in most measurement points. Besides, the
coldest surface is a north window, which is far from the heat source. Whereas, the East wall in
case of PRH is a little bit cold (-1°C) at P3 and P4 relative to EBH, which is far from the heating
units in both cases. The wall temperature also follows the room temperature profile getting warmer
going up from the floor for both EBH and PRH with a small difference. Overall, the surrounding
wall surface temperature is relatively cold compared to the room temperature setpoint while using

all heating systems except RFHS.

The surface temperature with EBH and PRH shows that the South and West wall is slightly warmer
in comparison to East wall. It is because the East wall is relatively far from the heat source. The
warmest surface temperature measured is the floor when using RFHS as shown in Figure 46.
Whereas, when using EBH, PRH and HP, the floor is relatively cold to the other surfaces. L2P3
and L2P4 measurement points are relatively warm (21°C) compared to room temperature (20°C)
when using EBH and PRH. Overall, the RFHS creates a relatively more uniform surface

temperature compared to EBH, HP and PRH.
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Figure 46: Surface temperature distribution using four heating systems within the period where

thermal energy is compared.
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7.1.3 Thermal Comfort

In this section, the general and local thermal comforts results for cases with four heating systems
are presented. For the analysis, the test buildings are assumed to simulate small study rooms with
occupant’s metabolic activity of Met = 1 for seating and reading, and Met = 1.2 for relax standing
position, and a typical winter clothing value of 1 CLO.

7.1.3.1 General Thermal Comfort

The graphs in Figure 47 to 52 present the transient thermal comfort at the centre of the test rooms.
Two cases are presented here, general thermal comfort for seating and standing position with four
heating systems using the experimental data that are used for thermal energy comparison. In this
analysis, the measured indoor air temperature, surface temperatures, relative humidity and air
velocity are used to calculate thermal comfort. A time period between 6:00 AM to 10:00 PM are
selected to discuss these results by excluding the sleeping period where the closing value and the

metabolic rate is different.

As it is discussed in the Section 7.1.2.1, the floor surface temperature in the test room is found low
with HP, PRH, and EBH which leads to relatively small mean radiant temperature, which
consequently creates slightly cold thermal indoor environment. The room setpoint temperature is
21°C Although the thermostat maintains the air temperature at set point, the surrounding wall
temperatures are relatively cold compared to the indoor air temperature as discussed in section
7.1.2.3. It is known that thermal comfort does not merely depend on the air temperature but also

on mean radiant as well, which includes the temperature of the surrounding surfaces.

Figure 47 shows the thermal comfort (PPD) with EBH and HP where the room temperature is
similar for a single day from 6:00 AM to 10:00 PM. The PPD profile shows a higher value for

seating person for both heating systems between 25% and 32.5%. It is because the seating position
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(0.6 m above the floor) is relatively close to the floor in contrast to standing person (1.1 m above
the floor). The floor is relatively cold compared to the other surfaces which affect the PPD of
seating in addition to lesser metabolic rate (1 met) compared to standing person (1.2 met).

Whereas, for the seating person PPD remain between 7.5% to 10%.

solar radiation does not reach to the central points where thermal comfort is calculated, but
incoming solar radiation hit the floor which heats the room. It is evident that the impact of solar
radiation is seen in multiple cases (Figure 47 and 48). For an instant, in the case of 1% Experiment
(EBH vs HP) during the daytime, the solar radiation and exterior temperature increases, as a result,
the room temperature gets a little bit high, causing PPD to fall. However, early in the morning,
there is no solar radiation, and the outdoor temperature is low, which lead to higher PPD. In this
particular experiment, the higher PPD is after 6:00 AM, and it is around 32.5% for EBH as well
as between 25% and 27.5% for HP. Whereas, the PPD fell to 22.5% for EBH and close to 20% for
HP during the daytime in which the solar radiation and exterior temperature are high. These values

show higher response by EBH compares to HP.
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Figure 47: Thermal comfort (PPD) for a seating & standing person: EBH vs HP.
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Figure 48: Thermal comfort (PPD) for a seating & standing person: EBH vs PRH.
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The thermal comfort profile in Figure 49 present PPD in a room with HP and PRH. The HP repeats
similar behaviour like the previous experiments, which is a relatively smooth trend in both thermal
comfort and room temperature profile. Whereas, the room with PRH reflects similar outline like
EBH, which is more reaction to the outdoor condition. When the solar radiation and exterior air
temperature is high, PPD is low. Overall, both heaters, the PPD for seating person stay 25% + 5%
over the measurement period for this experiment depending on outdoor weather condition.
However, throughout this experiment, the PPD is mostly within 7.5% to 10% for standing person

using both heaters.
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Figure 49: Thermal comfort (PPD) for a seating & standing person: PRH vs HP.

The thermal comfort when using RFHS shows PPD about 5% for standing person, which is the
maximum to achieve. Moreover, in the case of seating person, RFHS again provide an acceptable

thermal environment PPD = 10% + 2.5% (Figure 50, 51, and 52) in all three experiments. It is
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evident that high floor temperature radiates the heat energy and create a warm surface temperature

leading to higher MRT unlike the rest of heating systems. In general, RFHS provides an acceptable

thermal environment for both sitting and standing positions.
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Figure 50: Thermal comfort (PPD) for a seating & standing person: RFHS vs EBH.
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Figure 52: Thermal comfort (PPD) for a seating & standing person: RFHS vs PRH.

96



Table 9 shows the thermal comfort (PPD) of four heating systems and outdoor air temperature at
6:00 AM. As shown in the table, the thermal dissatisfaction (PPD) decreases as the outdoor
temperature increase. For instance, in the case of RFHS, when the outdoor temperature is 5.3°C,
the corresponding PPD is 9.5%, and the PPD is 8.6% when the outdoor temperature is 5.8. In case
of PRH, PPD is 27.4%, 22.6%, and 12.0% for the corresponding outdoor temperatures 1°C, 5.4°C,
and 5.8°C respectively.

Table 9: Thermal comfort (PPD) using four heating systems and outdoor air temperature at 6:00
AM.

O/A Thermal comfort (PPD)
Experiments Temp(°C) HP EBH PRH RFHS
(EBH vs HP) 13 24.5 29.8
(PRH vs HP) 1.0 275 274
(RFHS vs EBH) 3.0 15.0 9.5
(RFHS vs HP) 53 15.0 9.5
(PRH vs EBH) 5.4 218 2.6
(RFHS vs PRH) 5.8 12.0 8.6

Overall, all heating systems provide acceptable thermal comfort (PPD < 20%) for standing person,
but the occupant might feel slightly cool for a seating case depending on outdoor weather
conditions. It is because a typical winter clothing value is assumed (1 CLO), the dweller might
need to adjust clothing to avoid the slightly cold thermal sensation for a seating scenario.
Otherwise, the occupant would feel thermally comfortable in a standing position with all heating

systems.

97



7.1.3.2  Local Thermal Comfort

Three local thermal indicators apply to assess the local thermal comfort associated with the four
heating systems. The indicators include local thermal discomfort as the result of radiant
asymmetry, vertical temperature difference, and floor surface temperature. The radiant asymmetry
has two parts: radiant asymmetry from floor to ceiling and radiant asymmetry due to a cold
window. The summary of local thermal comfort using each heating system is discusses below.
The single experimental result for each heating systems depict in the following section, and

additional similar graphs are reported in the Appendix II section 7 to 10.
7.1.3.2.1 Local Thermal Discomfort as the Result of Vertical Temperature Difference

The local thermal discomfort due to vertical temperature difference is calculated at L3, which
represent the centre of the test room. As stated on ASHRAE 55 (2013), thermal discomfort because
of the vertical temperature difference should be less than 5%. As shown in Figure 53, the
percentage of dissatisfied due to vertical temperature difference is between 0.75% and 2.25% for
both seating and standing person when using both HP and PRH. While using EBH, the percentage
dissatisfy stay between 1.25% and 2.75% for both seating and standing person as depicted in
Figure 54. Whereas, while using RFHS, the PD is close to 0% for both seating and standing
person. Also, the difference between the seating and standing is minimal. The difference between
the seating and standing in the case of HP and PRH is close to 0.25% and over 0.25% for PRH. In
general, the percentage of dissatisfied is less than 3% for all heating systems. As a result, all heating
system creates acceptable local thermal discomfort as the result of vertical temperature difference

for both seating and standing person.
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Figure 53: Local thermal discomfort due to vertical temperature difference: PRH vs HP.
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Figure 54: Local thermal discomfort due to vertical temperature difference: RFHS vs EBH.
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7.1.3.2.2 Local Thermal Comfort as the Result of Floor Surface Temperature

According to ASHRAE 55 (2013), the percentage of acceptable dissatisfaction of local thermal
discomfort due to floor surface temperature is 10%. The average floor temperature reading from
five thermocouples is used to calculate PD due to floor temperature. The percentage of dissatisfied
while using RFHS is within 6 = 1%. While running HP, PRH, and EBH, the PD is between 12%
and 15% as illustrated in Figure 55 and Figure 56. Overall, out of the four heating systems, only
RFHS provides thermally acceptable floor surface temperature. Whereas for the remaining three

heating systems it is beyond the acceptable range.
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Figure 55: Local thermal discomfort due to surface temperature: PRH vs HP.
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Figure 56.: Local thermal discomfort due to surface temperature: RFHS vs EBH.
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7.1.3.2.3 Local Thermal Discomfort as the Result of Radiant Asymmetry

7.1.3.2.3.1 Local Thermal Discomfort as the Result of Cold Window Radiant Asymmetry

Thermally, the windows are the weakest part of the envelope. As a result, it is the coldest surface
as illustrate in section 7.1.2.3, which can cause thermal discomfort nearby. ASHRAE 55 (2013)
specifies the maximum acceptable local thermal discomfort due to radiant asymmetry to 5%.
While using HP, EBH, PRH, and RFHS, the average PD are mostly below 1.5% for both windows
as illustrated in Figure 57 and 58. During the daytime when the sun hits the window, the
temperature rises, and the radiant asymmetry then turns from cold window to warm for a brief
moment. As a result, the PD goes up but still stay within the acceptable limit. This behaviour
exhibits more in the south-facing window rather than north facing, which do not have the same
temperature fluctuation and solar exposure as the south-facing window. Overall, the radiant

asymmetry due to the cold window for all heating systems is within the acceptable range.

PD (%) due to cold window radiant assymetry

0
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Time
=== PRH PD(S_Window) e====PRH PD(N_Window) e===HP PD(S_Window) e===HP PD(N_Window)

Figure 57: Local thermal discomfort due to cold window radiant asymmetry: PRH and HP.
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Figure 58: Local thermal discomfort due to cold window radiant asymmetry: RFHS and EBH.
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7.1.3.2.3.2 Local Thermal Discomfort Due to the Floor to Ceiling Radiant Asymmetry

The radiant asymmetry can also be due to cool ceiling or warm floor. The RFHS creates a warm
floor compared to the ceiling; the corresponding asymmetry then is cool ceiling radiant
asymmetry. The other three systems (EBH, PH and HP) create a warm ceiling in contrast to the
floor; the asymmetry becomes warm ceiling radiant asymmetry. According to ASHRAE 55
(2013), the allowable thermal discomfort due to radiant asymmetry is less than 5 %. The results in
Figure 60 indicate that RFHS provides close to 0% PD due to the floor to radiant ceiling
asymmetry, and the other heating systems (EBH, HP, and PRH) also create an acceptable floor to
ceiling radiant asymmetry. The percentage of dissatisfied while using these heating systems are
around 5 + 1% as depicted in Figure 59 and Figure 60. Overall, all heating systems create

acceptable local thermal discomfort due to the floor to ceiling radiant asymmetry.
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Figure 59: Local thermal discomfort due to ceiling to floor radiant asymmetry: PRH and HP.
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Figure 60: Local thermal discomfort due to ceiling to floor radiant asymmetry: RFHS and EBH.
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7.2 Ventilation Strategies Comparison

7.2.1 Comparison of Mixed and Underfloor Ventilation Strategies

Mixed and underfloor ventilation strategies coupled with EBH, HP, and RFHS are compared in
7t 8™ and 9™ experiments, respectively. Temperature, RH, CO2 and air velocity distributions in
the test room, as well as ventilation effectiveness, are used to evaluate the relative performance of
the two ventilation strategies in combinations with three different heating systems. In addition, the

impact of the heating systems on the ventilation strategies is also discussed in this section.
7.2.1.1 Indoor Air Temperature Distribution: Comparison of MV and UV

The influence of ventilation strategies in the interior temperature distribution is discussed based
on the data collected from parallel experiments running with the same heating system but different
ventilation strategies, namely, MV and UV. Figure 61 depicts the interior temperature distribution
of the test rooms at 6 AM. In the case of the experiment where EBH is used in both test rooms, the
lowest temperature reading is around 19.5°C at L5P3 with MV and around 20.5°C at L5P1 with
UV. The location where the lowest temperature is recorded, L5P3 for MV and L5P1 for UV, is
closely situated to the supply terminals where the incoming air has a temperature of approximately
18°C. Whereas, when using HP, the coldest region in the room is across P1 (1 ft above floor)
around 22 + 0.3°C for both MV and UV. The warmest region is above P3 (5ft above the floor),
where the temperature reaches 23°C for both UV and MV. Whereas, when using RFHS, the room
temperature distribution remains within 22 = 0.5°C and the coldest region is at L4P3 (21.3°C)
which is close to the north window for both UV and MV. Overall, when using RFHS and HP,
similar interior temperature distribution (temperature difference of less than 0.5°C) is observed in
most measurement points for both MV and UV. However, when using EBH with UV, the result

indicates relatively uniform temperature distribution compare to MV. In General, Figure 61 shows
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that ventilation strategies have some effect on the indoor temperature distribution in a room with

EBH but has an insignificant impact on temperature distribution when HP and RFHS heating

systems are used due to air mixing and dominance of radiative heat transfer, respectively.

Heating Ventilation Strategy
systems Mixed Ventilation (MV) Underfloor Ventilation (UV) | Temperature Difference
Eclectic P4 208 21.6 22.1 21.6 P4 226 227 229 224 P4 0.8 0.8
baseboard | P3 JIOSN 22.6 212 202 | P3 225 222 222 220 | P3 . 0.4 1.0 B8N
Heather P2 21.0 222 223 20.7 P2 219 216 213 21.7 P2 09 06 1.0 1.0
(EBH) | Pl 220 228 225 227 | P1[205 220 220 208 | Pl BIS) 0.8 0.5 SN
L5 L4 L3 L2 L5 L4 L3 L2 L5 14 L3 L2
Heat P4 226 220 23.0 229 P4 227 215 228 23.1 P4 0.1 05 02 02
Pump P3 227 226 22.6 226 P3 225 223 224 224 P3 02 03 02 02
(HP) P2 225 224 224 225 P2 22.0 22.0 22.1 22.1 P2 05 05 03 05
Pl 222 222 221 223 P1 21.7 21.7 21.8 21.7 Pl 06 05 03 07
L5 L[4 L3 L2 LS 14 L3 L2 L5 L4 13 12
Radiant P4 221 214 224 224 P4 222 212 222 222 P4 00 02 02 02
Floor P3 224 221 224 223 P3 223 22.0 223 22.1 P3 01 01 0.1 02
Heating P2 224 221 223 225 P2 221 218 222 222 P2 03 03 02 02
system Pl 223 223 224 226 P1 222 221 223 223 Pl 01 02 01 03
(RFHS) L5 L4 L3 L2 L5 L4 L3 L2 L5 14 L3 L2
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
20 22 24 0 2
I N s

Figure 61: Temperature distribution in a room with similar heating bud different ventilation
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7.2.1.2 CO2 Distribution: Comparison of MV and UV

Figure 62 shows the CO2 readings at L3P3, which represents the test room. The solid lines
represent the CO2 concentration in the rooms, whereas, a dashed line represents the CO2 supply
(simulating CO2 generation by a single person) and the dotted line represents the ambient CO2
concentration in the incoming air. The CO2 concentration in the test room starts increasing once
the CO2 began injecting into the test rooms at 10:00 PM and peaks at 800 — 900 PPM after 8 hours
of constant CO2 supply at a rate of 0.25 lpm. During the daytime, the CO2 concentration decreases
and remains low at a concentration that is equivalent to the ambient concentration (between 400
PPM and 500 PPM). A little change of the CO2 reading during mid-day in the room with UV is
due to solar radiation impinging on the sensor. As can be seen in Figure 62, the CO2 concentration

profiles at the centre of the test rooms, which use different ventilation strategies are nearly

identical.
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Figure 62: Transient CO2 profile at LIP3 in a room with the similar heating system (EBH) and

different ventilation strategy (MV and UV).
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The CO2 distributions normalized using outdoor CO2 in the test rooms with mixed and underfloor

ventilation strategies are provided with colour plots in Figure 63. The CO2 concentration at 6 AM,

which is the maximum concentration in the test rooms, is used to assess the CO2 distribution in

the test rooms relative to the ventilation strategy in place. In both MV and UV, the maximum CO2

concentration (around 400 PPM at L3P4) is measured in the case where EBH is running in both

rooms. In the case of experiments where HP and RFHS are used in both rooms, the maximum

concentration is found at L3P3 and L3P4, which is in front of the CO2 supply unit. Irrespective of

the heating system types and ventilation strategies used, the lowest concentration in the test rooms

is observed close to the exhaust at L2 and L3. Relatively, the CO2 concentration demonstrates the

UV strategy remove and create less CO2 concentration close to the floor and exhaust. This

behaviour is more apparent when using EBH and HP than RFHS.

Heating Ventilation Strategy
systems Mixed Ventilation (MV) Underfloor Ventilation (UV) Difference
Eclectic | P4 396 399 405 | P4 [481 BB0AN 403 418 | r4 [Eol 6 3 13
baseboard | P3 | 358 404 395 | P3 385 453 393 415 | P3 27 11
Heather | p2 433 413 384 | P2 |461 374 350 - P2 _
(EBH) 5 L4 13 L2 LS L3 L5 L4 L3 L2
Heat P4 388 . 423 437 | P4 [ 459 - 389 408 | P4 33 29
Pump P3 420 416 432 | P3 364 455 373 391 | P3 44 41
(HP) P2 404 444 439 427 | P2 463 394 385 358 | P2
5 14 13 12 5 L4 13 L2 L5 L4 L3 L2
Radiant | P4 326 474 374 382 | P4 449.392 412 | P4 30 18 30
Floor P3 374 456 365 380 | P3 350 377 39 25 12 14
Heating | p2 [350 399 383 377 | P2 383 422 388 372 | P2 33 23 5 5
system 5 4 13 12 5 14 13 12 L5 L4 L3 L2
(RFHS)
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
750 850 950 0 100

Figure 63: CO?2 distribution in a room with similar heating system, but different ventilation

strategy (MV and UV).
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7.2.1.3 Relative Humidity Distribution: Comparison of MV and UV

This section discusses the impact of ventilation strategies on the relative humidity profile in the
test rooms. As illustrated in Figure 64, the RH profile in the test room gradually decreases to the
ambient RH level (42%) during the daytime where there is no moisture supply. Once the indoor
moisture generation starts supplying the RH level in the test room increases until it peaks (around
50%) at 6 AM after 8 hours of continuous moisture supply at a rate of 100 g/h. As shown in Figure
64, the RH profiles of the test rooms with MV and UV are similar. Overall, throughout the
measurement period, the RH reading stays within the acceptable limit (30% to 60 %) as

recommended by ASHRAE 55, 2013.
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Figure 64: The relative humidity profile at L3P3 in a room with the similar heating system

(RFHS) but different ventilation strategy (MV and UV).
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In Figure 65, relative humidity distributions (at 6 AM) in the test rooms with different ventilation

strategies and similar heating system is presented. In the experiment where EBH and RFHS are

used, both MV and UV yield slightly high RH value (above 50%) in contrast to the experiment

with HP cases (about 45%). The highest difference is 2% to 7.5% at L5P2, L5P3, and L5P4, which

is during the experiment with EBH. The RH distribution while using EBH and RFHS, both MV

and UV strategies provide uniform distribution. Whereas, The RH distribution is slightly less

uniform when using HP. Besides, the most common difference occurs at L4P3 and L4P4, which

are close to the moisture source. However, in most measurement points, the RH difference between

the room with MV and UV remain less than 2%. Hence, the MV remove relatively more moisture

compared to UV. Overall, The RH distribution indicates with all heating systems, the MV show

relatively less RH value in contrast to UV.

Heating Ventilation Strategy
systems Mixed Ventilation (MV) Underfloor Ventilation (UV) RH Difference (MV -UV)
Eclectic |[ P4 [49.6 [57:6" 49.6 48.6]|[P4 50.1 .50.4 498 | | [ P4 0.5 0.8 12
baseboard | | P3 1495 538 514 51.1 P3 514 53.5|||P3 23 00 23
Heather P2 489 52 514 519 P2 512 52 525 528 P2 123 00 10 09
(EBH) || p1 /505 [543 53 51.8|||P1 552 545 529 524|||pi B 02 01 06
L5 L4 L3 L2 L5 L4 L3 L2 LS L4 L3 L2
Heat P4 45 514 45 448 ||| P4 46 [55.1 46 455||| P4 1.0. 1.0 06
Pump P3 463 473 46 459 ||| P3 50.1 50.8 459 47.7|||P3 0.1 1.8
(HP) P2 465 479 467 467 ||| P2 456 479 47 476|||P2 09 0.0 04 09
Pl 47 48.1 47 468 ||| Pl 492 498 486 486||| Pl 23 1.8 1.6 18
L5 L4 L3 L2 L5 L4 L3 L2 L5 14 L3 L2
Radiant || P4 50.5 [57.8 513 513 ||| P4 52.2.52.4 524 ||| P4 16 11 1.1
Floor P3 516 53 512 513 P3 | 544 512 529 ||| P3 0.1 1.6
Heating || p2 517 52 507 51.7|||P2 488 52 499 516 ||| P2 00 08 0.1
system Pl 505 51.7 50 50.6|||P1 519 53 52 514|||Pl 14 13 20 038
(RFHS) L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2

Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
30 45 60 0 5
IS

Figure 65: Relative humidity distribution in a room with MV and UV but the similar heating

system.
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7.2.1.4  Air Velocity Distribution: Comparison of MV and UV

The air velocity profiles in the test rooms with the similar heating system, but different ventilation

strategy (MV and UV) are presented here. As shown in Figure 66, the air velocity throughout the

test rooms is less than 0.2 m/s except at L4P4, where the humidifier fun is near. When using EBH,

the air velocity remains less than 0.05m/s throughout the test room with both ventilation strategies.

In case of RFHS, the velocity distribution is similar either using UV or MV (between 0 to 0.1 m/s).

HP with MV shows relatively high air velocity (between 0.07 and 0.1 m/s) in contrast to UV in

most measurement points. Overall, both MV and UV demonstrate low air velocity and uniform

distribution throughout the test room. The air velocity magnitude is relatively high for both

ventilation strategies in the HP and RFHS cases. The HP has a blower and louvre, which induce

air movement in the test room. The air velocity in RFHS is mainly due to buoyancy flow created

by warm floor.

Heating Ventilation Strategy
systems Mixed Ventilation (MV) Underfloor Ventilation (UV) | Air Velocity Difference
Eclectic || P4 [0.03 0.12 0.05 P4 [ 0.02 0.00 0.01
baseboard | | p3 P3 0.02 0.01 0.01 0.00
Heather || py 0,04 P2 0.01 0.00 0.00
(EBH) || p1 0.04 Pl 0.00 0.01 0.00
L5 L4 13 L2 L5 L4 L3 L2 L5 L4 13 L2
Heat P4 [ 0.11 [0.18 0.08 0.13]|[P4 0.07 [0117 0.04 0.14]|| P4 0.01 0.01
Pump P3 0.09 006 0.06 0.12|||P3 004 0.06 005 0.10|||P3 0.00 0.01 0.01
(HP) P2 008 0.05 0.08 0.10|||P20.03 003 005 008]||P2 0.02 0.02
Pl 0.07 0.05 0.09 0.11|||PI [0.02 004 006 0.05]]|Pl 0.01
L5 L4 13 L2 L5 L4 13 L2 L5 L[4 13 L2
Radiant || P4 0.10 (019" 0.07 0.07 | || P4 0.04 0.14 0.07 0.08 ||| P4 JONSEN004 0.00 0.01
Floor P3 0.04 0.06 0.05 0.08|||P3 003 0.05 003 0.08 || P3 001 001 0.0 0.00
Heating || p2 [0.03 0.05 0.09 0.08||| P2 0.03 0.04 004 0.07 ||| P2 001 001 . 0.01
system || p1 0,04 0.04 0.09 0.07||| Pl 0.03 0.03 005 0.05|||Pl 0.00 0.00 0.02
(RFHS) L5 14 13 L2 L5 14 13 L2 L5 L4 L3 L2
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
0 0.05 0.15 0 0.05
|

Figure 66: Air velocity distribution in a room with MV and UV but the similar heating system.
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7.2.1.5 Global Contaminant Removal Effectiveness (GCRE): Comparison of MV and UV

The global contaminant removal effectiveness expresses the contaminant removal capability of the
ventilation system in a room. Since CO2 is assumed as a contaminant; GCRE is calculated by
using the average CO2 concentration in the test room, the CO2 level in the incoming air and
exhaust air as illustrated in section 6.4.2. MV and UV strategies in the three heating systems (HP,
EBH, and RFHS) are compared using GCRE. Figure 67 shows a plot of two-day hourly GCRE

data: a red line for mixed ventilation and blue for underfloor ventilation.

In all three heating systems, MV provides high GCRE than UV. The GCRE is only significant
during the nighttime in which internal CO2 generation is active and added into the test room.
Whereas during the daytime the CO2 concentration remains as low as the incoming air CO2 that
leads low GCRE (0%). As illustrated in Figure 65, MV produces around 100 + 10% GCRE, and
UV creates 80 + 10%. Consequently, MV shows approximately 20% more GCRE than UV.
Overall, MV depicts better global contaminant removal effectiveness in contrast to UV. Similar

behaviour is found when using HP and RFHS and reported in Appendix II section 12.
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Figure 67: GVE in a test room with MV and UV both heated by EBH.
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7.2.1.6 Contaminant (CO2) Removal Effectiveness:

Similar behaviour is found when it comes to contaminant removal effectiveness (CRE). As can be

seen in Figure 68, in all cases MV provides higher CRE number in most of the measurement spots

relative to UV. The only identical CRE measurement is found at L2P2 (100%) in every case; this

is because this point is close to the exhaust, which represents the room air average CO2

concentration. Low CRE value is measured while using EBH with UV during the 7" experiment

(70 + 10%). High CRE is recorded at LS5 in all three experiments in a room with MV, and it is

100% to 120%. Since high CRE means the good pollutant removal rate, MV removes more CO2

than UV.
Heating Ventilation Strategy
systems Mixed Ventilation (MV) Underfloor Ventilation (UV) | CRE Difference
Eclectic | P4 | 97.0 963 94.8 77.8 13.3
baseboard | P3 81.8 952 974 79.7 12.6
Heather | p 88.8 93.0 100.0 83.7 89.5 100.0 51 35 00
(EBH) L5 14 13 L2 L5 14 L3 L2 L5 14 L3 L2
Heat P4 11000 79.6 101.1 97.7 || 78.0 735 919 87.7 SN 6.1 92 100
Pump P3 101.6 829 1026 989 | 984 786 960 915 32 42 66 74
(HP) P2-962 974 100.0 | 773 908 92.8 100.0 -54 46 00
L4 L3 L2 L5 L4 13 L2 L4 L3 L2
Radiant P4-797 100.9 98.7 82.8 .94.9 90.2 - 57 6.0 85
Floor P3 100.8 82.8 1034 99.3 98.6 94.5 111 48 49
Heating | pp [107.8° 945 985 100.0 | 972 882 96.0 100.0 10.6 63 26 0.0
system L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
(RFHS)
Color Legend
Ave of Min Ave Ave of Max Ave Ave of Max
60 90 120 0 100
L I I e

Figure 68: Contaminant removal effectiveness (CRE) in a room with MV and UV but the similar

heating system.
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7.2.1.7 Indoor Air Quality Number Comparing MV and UV:

The indoor air quality number couples contaminant removal effectiveness with the percentage of

dissatisfaction due to ventilation flow rate. However, since the ventilation flow rate is equal (15

cfm) for both ventilation strategies, PD is constant and the same for both. Therefore, the only

changing variable, in this case, is contaminant removal effectiveness. In addition, high indoor air

quality number imply better contaminant removal subsequently good indoor air quality.

Comparing MV with UV, MV reflect high IAQN than UV. The highest IAQN find at L5, which

is close to the supply especially with MV. In the case of UV, high IAQN is across P2 (1 ft 6 in

above the floor). It is because underfloor ventilation supplies fresh air close to the floor and create

high contaminant removal effectiveness near the floor. In all three experiments, MV produce

around 5 TAQN whereas UV creates around 4 IAQN in most measurement points except (L4P3

and L4P4). Overall, MV show 20% more IAQN than UV as depicted in Figure 69.

Heating Ventilation Strategy
systems Mixed Ventilation (MV) Underfloor Ventilation IAQN Difference
(UV)
Eclectic | P4 49 [38] 48 48 | P4 P4 0.7 0.9 '
baseboard | P3 54 41 48 49 | P3 P3 0.6 08
Heather | py 159 44 47 50 | P2 42 45 5.0 P2 03 02 0.0
(EBH) L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
P4 55 40 51 49 | p4 46 44 | r4a 6 03 05 05
Heat P3 5142 51 50 | P3 49 48 4.6 P3 02 02 03 04
Pump P2 53 48 49 50 | P2 45 46 50 | p2 & 03 02 00
(HP) L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Radiant | P4 5.8 (40 5.1 49 | P4 |4l .4.8 45 | p4 6N 03 03 04
Floor P3 5041 52 50 | P3 53 49 4.7 P3 03 0.6 02 0.2
Heating | p2 54 47 49 50 | P2 49 44 48 50 P2 05 03 0.1 0.0
system L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
(RFHS)
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
3 5 7 0 2

Figure 69: Indoor air quality number (IAQN) in a room with MV and UV but the similar heating

system.

115



7.3 Ventilation Rate Comparison

The comparison of low ventilation flow rate is discussed in this section, mainly 15 cfm vs 7.5 cfm
and 7.5 cfm vs Scfm. The indoor conditions such as temperature, RH, CO2, and air velocity
distribution are used to conduct the ventilation flow rate performance comparison. In addition,
ventilation performance assessment (CRE, GCRE, and IAQN) is used to examine the effect of
ventilation flow rate on indoor air quality. Moreover, the impact of ventilation flow rate difference
in the energy consumption briefly present at last. In all the comparisons both the heating systems
and ventilation strategies maintain similar in both buildings, the only difference is the supply
ventilation flow rate, which is the subject of the study in these experiments. The pair of
experiments is (15 cfm vs 7.5 ¢fm) MV RFHS, (15 cfm vs 7.5¢fm and 7.5 cfm vs 5 cfm) MV EBH,
(15 cfm vs 7.5 cfm and 7.5 cfm vs 5 cfm) MV HP and the all the above with UV. Colour plots for
a single time instant at 6 AM with MV present here, similar colour plot with a UV report in

Appendix II section 13.
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7.3.1 Temperature Distribution: Ventilation Flow Rate Comparison.

In this section, the experimental result from two rooms with similar heating systems and ventilation
strategy, but with different ventilation flow rate is discussed. Since both heating systems and
ventilation strategies are the same, it is possible to see the impact of ventilation flow rate on indoor
temperature distributions. The temperature distribution present in Figure 70 shows a similar
temperature trend with a small difference. Except for the East wall, all the temperature difference
stays below 0.5°C throughout the test rooms. It is mainly because the ventilation air is treated
separately and independently: Moreover, the heating and ventilation strategy is the same in both
buildings that lead the creation of a similar thermal environment despite the ventilation flow rate
difference. The thermocouple reading at L4P3 and L4P4 show slightly less because the sensors
are close to humidifiers and north window which is the coldest region in the test room. Therefore,
the reduction of the ventilation flow rate from 15 c¢fm to 7.5 cfim, then to 5 cm do affect the
temperature distribution in the test room. Similar behaviour is observed when the MV switch by

UV (Appendix II section 6.1).
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Heating Ventilation flow rate Difference
systems 15¢fm 7.5cfm Abs (15¢fm — 7.5¢fm)
Radiant || p4 [22.0 JO2NON 23.1 23.1]||p4 22.9.23.1 23.1||[P4 01 02 00 0.0
Floor P3 23.1 228 23.1 23.1||[P3 23.0 232 230(||P3 01 01 01 0.1
Heating || p2 231 22.8 23.1 232 |||P2 228 229 231 230(||P2/03 00 00 02
system || py 1929 230 23.1 233 |||Pl1/23.0 228 23.1 23.1|[|P1 00 02 00 02
(RFHS) L5 L4 13 12 L5 L4 13 12 L5 L4 L3 L2
Eclectic || P4 243 23.1 1244 B2 | | P4 22.8 P4 01 03 02 02
baseboard | | p3 | 24.0 23.8 240 240 |||P3 238 237 238 239 |[|P3 02 0.1 02 0.1
Heather || py 1939 238 239 240 || P2 237 235 23.6 238||[P2 03 03 03 02
(EBH) || p; 238 237 237 239 || Pl 236 235 236 236||| Pl 02 02 0.0 03
L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Heat P4.23.3 P4 03 00 02 03
pump P3 23.9 P3 0.1 02 02 0.1
(HP) P2 239 239 239 240 239 238 P2 0.1 0.1 0.0 0.0
Pl 23.6 238 236 Pl 237 238 237 Pl 01 00 0.1 00
L5 L4 L3 L5 14 L3 L5 L4 L3 L2
7.5¢cfm Scfm Abs (7.5¢fm — Scfm)
Heat P4 23.6 P4 P4 0.1 0.0 0.1
pump P3 P3 P3 0.1 02 00 0.1
(HP) P2 | 24.1 P2 240 238 239 P2 0.1 03 02 0.1
Pl 237 239 239 241 |||P1 237 238 238 240 |||Pl 00 0.1 0.1 0.1
L5 L4 L3 L2 L5 L[4 L3 L2 L5 L4 L3 L2
Eclectic | [ P4 24N 23.1 1 P4 23.1 P4 02 00 03 03
baseboard | | pP3 1240 239 24.0 P3 238 237 238 240 ||[P3 02 02 03 0.1
Heather || py (240 238 239 241 ||P2 237 235 236 239|||P2 02 03 03 02
(EBH) ||p1 235 236 237 238 |||Pl 235 234 236 235|||Pl 01 0.1 0.1 03
L5 L4 L3 L2 L5 L[4 L3 L2 L5 L4 L3 L2
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
22 23.5 25 1
| I e

Figure 70: Interior temperature distribution comparison of 15cfm, 7.5cfm, and 5cfm with MV.
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7.3.2 Air Velocity Distribution: Ventilation Flow Rate Comparison.

The air velocity distribution present in Figure 71 shows instant air velocity measurement in the
test rooms at 6 AM and the difference between the two rooms, which is running similar heating
system with mixed ventilation strategy. The velocity difference between the rooms is explained
relative to the ventilation flow rate. The air velocity in the experiments where EBH is the heating
system is very low, close to Om/s in most measurement points with all three-ventilation flow rates.
Whereas, in those experiments where RFHS and HP are the heating systems, the air velocity in the
rooms stays above 0.5 m/s in most of the measurement points with all three ventilation flow rates.
The air velocity reading at L4P4 is relatively very high; it is because the sensors are picking up the
air movement generated by the humidifier fan which is nearby. The difference between the rooms
is less than 0.03m/s in most of the measurement points regardless of the ventilation flow rate
difference in the rooms. This behaviour is true for both 15¢fm vs 7.5 cfm as well as 7.5 cfm vs 5
cfm. Therefore, low ventilation flow rate shows not to affect the air movement in the room. The

same result is found using UV and the report in the Appendix II section 6.2.
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Heating Ventilation flow rate Difference
systems 15cfm 7.5¢fm Abs (15¢fm — 7.5cfm)
Radiant | [ P4 [0.09 JJBON 0.08 0.08] |[ P4 0.06 JOMBN 0.06 0.08 || P4 f0:03" 0.02 0.01 0.00
Floor |1 p3 004 007 0.05 0.08 P3 0.05 0.06 0.03 0.08 || P3 001 001 0.02 0.01
Heating || p2 1 0.03 0.06 0.09 0.08 P2 0.07 [0.02 0.03 0.08 ||| P2 NOWAN0:03 HONEN 0.00
system || pj 0,04 0.04 0.09 0.07 Pl 0.05 0.05 0.08 0.07[||Pl 0.01 000 001 0.00
(RFHS) L5 14 13 L2 L5 14 13 L2 L5 14 13 L2
Eclectic || P4 0.03] ||p4 0.03 | || 4 BN 0.01 [0:03" 0.00
baseboard | | p3 P3 P3 0.00 0.01 0.00 0.00
Heather || pp P2 0.04 P2 0.01 000 0.00 0.00
(EBH) || p; Pl Pl -001 000 000
L5 14 L3 L2 L5 14 L3 L2 L4
Heat P4 0.07 P4 0.03 JOMBN 0.04 P4 - 0.00 -W
pump || P3 0.9 0.06 0.06 0.11 P3 0.07 0.05 0.04 0.11|||P3 0.02 0.00 001 0.00
(HP) P2 0.07 0.06 0.08 0.11 P2 0.06 0.04 0.07 P2 0.01 002 001 0.00
Pl 0.06 0.06 0.1 0.08 Pl 0.06 0.04 0.08 0.08 ||| Pl 0.00 0.01 0.03 0.00
L5 14 L3 L2 L5 14 L3 L2 L5 L4 L3 L2
7.5¢fm Scfm Abs (7.5¢fm — 5cfm)
Heat pa 0.09 BB 0.07 [0.12] | [ P4 0.08 JONBN 0.04 P4 0.01 0.02 F0:03" 0.00
pump || P3 0.08 0.06 0.06 0.11 P3 0.07 0.05 0.04 P3 0.01 001 0.02 0.01
(HP) P2 0.06 0.04 0.08 0.10 P2 0.06 0.04 0.07 0.11|||P2 001 000 0.01 0.01
Pl 0.04 0.04 0.10 0.09 Pl 0.04 0.04 0.8 0.8 || Pl 0.00 000 0.02 0.01
L5 14 13 L2 L5 14 L3 L2 L5 14 L3 L2
Eclectic | [ P4 [OIOINNONSN 0.05 0.03 P4 0.00 0.01
baseboard | | P3  0.04 0.04 0.03 P3 0.00 0.00 0.01 0.00
Heather || p> 10,03 0.03 P2 0.02 0.00 0.00
(EBH) || pj Pl 0.00 0.00 0.00
L5 L4 L3 L2 L5 14 L3 L2 L5 L4 L3 L2
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
0 0.05 0.15 0 0.05
I — I e

Figure 71: Interior distribution comparison of 15cfm air velocity, 7.5cfm, and 5cfm with MV.
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7.3.3 RH Distribution: Ventilation Flow Rate Comparison

Figure 72 and 73 presents the RH profile at the centre of the test rooms (L3P3) which represent
the room air condition. The RH concentration in the test rooms with different ventilation flow rate
is compared in this section using these two graphs. The RH concentration in a room with the higher
ventilation flow rate is represented by red lines and the RH in a room with a lower flow rate in the
comparison represent with a blue line. A broken green line represents the outdoor RH. Whereas,
in the background, the ventilation flow rate is plotted by a dashed line with the colour match
corresponding RH in the test rooms. The RH concentration in the test rooms stays low during the
daytime. Once the external moisture starts supplying at 10 PM the RH start rising till reaching the
maximum after 8 hours consistence 100 g/h supply. At the pick, the maximum RH in the test rooms
reached around 50% with all three ventilation flow rates. The room with 15 c¢fm shows higher RH
(2.5%) in contrast to a room with 7.5 cfm as shown in Figure 72. Whereas, the RH comparison in
a room with 7.5 ¢fm and 5 cfm is small as illustrated in Figure 73. Overall, the room with lower
ventilation rate demonstrates slightly higher RH relative to higher ventilation flow rate. The impact

of ventilation flow rate in RH profile decreases as the ventilation flow rates decrease.
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Figure 72: The relative humidity profile at L3P3 comparing 15cfm, 7.5cfm using RFHS with MV.
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Figure 73: The relative humidity profile at L3P3 comparing 7.5cfm, Scfm using EBH with MV.

122



The effect of ventilation flow rate on temperature and air velocity distribution, provide the same
heating system and ventilation strategy, found to have a small impact as presenters in section 7.3.2.
Unlike that, the flow rate has more to do with moisture and contaminant removal from the space.
This section discusses RH distribution as the result of the ventilation flow rate difference. Like the
previous sections, only the result with MV presents here, the remaining (with UV) report in
appendix section 6.2. The RH concentration in throughout the test rooms with different ventilation
flow rate is shown in Figure 74. The RH reading from all sensors is between 40 and 55% in most
measurement points with all ventilation flow rates. The highest reading finds at L4P4 and L4P3 in
all cases because the sensors are in front of the humidifiers. The RH distribution also shows the
room with 7.5 has 2% to 5% more RH in comparison to the other room with 15 cfm. It is because
the higher the flow rate (15 cfm), the higher moisture is removed from the space, which leads low
RH in the space, comparable to low ventilation flow rate (7.5 cfm). However, the RH difference
in the test rooms becomes small when comparing 7.5 cfm and 5 cfm, for instance, look at 19t
experiment on Figure 74 where EBH is used to heat both of the test rooms. Overall, the higher the
flow rate, the higher moisture is removed from the space, however, this effect decrease when the

ventilation flow rate became small.
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Heating Ventilation flow rate Difference

systems 15¢fm 7.5¢fm Abs (15¢fm — 7.5¢fm)
Radiant || P4 47.4 544 477 477 ||| P4 51.7 60.9 515 514 ||| P4
Floor P3 48.0 49.6 477 47.7|||P3 53.8 554 50.5 52.0|||P3
Heating | | pp 486 51.1 472 484 |||P2 484 51.1 492 513 ||| P2
system || p1 469 482 464 468 ||| Pl 51.0 522 512 502 ||| Pl
(RFHS) L5 L4 L3 L2 L5 L4 L3 L2
Eclectic || P4 534 585 524 51.0|||P4 547 64.1 556 546 ||| P4
baseboard | | P3 533 56.0 539 52.8|||P3 580 60.0 555 57.2|||P3
Heather || py 528 558 533 53.5|||P2 521 558 557 562|||P2
(EBH) ||p1 53.0 559 535 533|||P1 566 583 57.6 568 |||P1

0.2 0.0 2.0

L5 14 L3 12

0.7 0.0 23

L5 14 L3 12 L5 14 L3 12 L5 L4 L3 L2
Heat P4 49.1 552 484 479 P4 50.1 58.2 50.6 50.5 P4 1.0
pump P3 497 51.0 492 49.0 P3 542 538 494 519 P3

(HP) P2 499 51.0 498 495 ||| P2 488 510 51.1 51.1|||P2 1.0 0.0
Pl 50.7 513 50.0 49.7|||P1 524 533 525 512|||Pl 16 2.0-1.5
L5 14 13 L2 L5 L4 L3 L2 L5 L4 L3 L2
7.5¢fm Scfm Abs (7.5¢fm — Scfm)
Heat P4 51.1 56.6 50.7 50.4]|[P4 474 555 512 512 P4. 1.1 05 08
pump || P3 51.8 527 51.5 514 ||| P3 550 51.1 468 52.6 1.6 46N 1.2
(HP) P2 519 51.8 523 51.7|||P2 497 518 519 519|||P2 22 00 04 02
Pl 53.7 53.6 52.7 523 ||| Pl 494 50.1 498 484 |||P1
Ls 14 13 L2 Ls 14 L3 L2 L5 L4 L3 L2
Eclectic |[P4 52.6 602 52.5 51.6]|||P4 525 595 53.0 524 ||[P4 01 07 04 08
baseboard | | P3 528 563 542 53.7|||P3 564 573 534 549|||P3 BN 1.0 08 1.2
Heather || py 523 535 549 540|||P2 513 535 532 53.7||[P2 1.0 00 1.7 03
(EBH) ||p1 561 568 552 539|||P1 553 567 557 544|||P1 07 0.1 05 05

L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
30 55 80 0 5

. N 90 S0 ——

Figure 74: Interior RH distribution comparison of 15cfm, 7.5cfm, and Scfm with MV.
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7.3.4 CO2 Distribution: Ventilation Flow Rate Comparison.

The CO2 profile in the test rooms demonstrates the CO2 concentration change over two-day
period, comparing two ventilation flow rates at a time such as 15 cfm vs 7.5 ¢fm and 7.5 cfm vs
Scfm as shown in Figure 75 and 76. In the figures, the CO2 concentration in a room with higher
ventilation flow rate represented by a red line and the lower with the blue line; in addition, the
outdoor CO2 concentration is plotted with a black dot-line. Whereas, in the background, the extra
CO2 supply (0.25 Ipm) is represented by a broken line in the corresponding colour to the room
CO2 profile. In comparing 15 cfm to 7.5 cfm, the room with 7.5 ¢fm shows 100 PPM more CO2
at the peak in contrast to 15 cfm as illustrated in Figure 75. Whereas comparing 7.5 cfm with 5
cfm, both rooms show a close CO2 profile as presents in Figure 76. Similar graphs are presented
in Appendix II, section 6.2. Overall, the CO2 pattern in the room with higher ventilation flow rate
is small in comparison to lower flow rate. However, the relative CO2 difference gets smaller when

the flow rate decreases.
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Figure 75: CO2 profile comparing 15cfm and 7.5cfm with RFHS and MV.
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Figure 76: CO2 profile correlating 7.5cfm and Scfm with EBH and MV.

Furthermore, close-up look at the CO2 concentration at a single time instance (6 AM) from each
measurement point normalized by the incoming air CO2 concentration is illustrated in Figure 77.
The CO2 concentration colour plot shows similar behaviour to that of RH distribution. The result
depicts that during comparison of 15 cfm and 7.5 cfim, the CO2 concentration in a room with 7.5
cfm is high (close 1000 PPM). In the second case, 7.5 cfm vs 5 cfm, the CO2 level in 5 cfm is
again higher than 7.5 cfm, but the difference is less than the first comparison. The higher value at
L4 is due to the CO2 supply position is close to those sensors, that is why the sensors pick up high
CO2 concentration. Overall, the comparison of 15 cfm and 7.5 cfm, the 15 cfm removes more CO2
than 7.5 cfm (over 100 PPM), as depicted on the colour plot. Whereas contrasting 7.5 c¢fm and 5
cfm, the 7.5 cfm removes more CO2 than 5 cfm. However, the difference is small in most of the
measurement spots less than 20 PPM. As a result, the high ventilation flow rate removes more

contaminant than lower flow rate.
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Heating Ventilation flow rate Difference
systems 15¢fm 7.5¢fm Abs (15ctm — 7.5ctfm)
Radiant | P4 473 ?1 506 525 | P4
Floor P3 P3 464 484 499 P3
Heating | p2 P2 500 521 498 482 P2
system L5 L4 13 L2 L2 L4 L3 L2
(RFHS)
Eclectic | P4 421 496 418 424 P4 521 . 533 554 P4
baseboard | P3 . 489 428 421 P3 443 520 538 P3 54
Heather | p2 443 421 418 P2 507 547 537 514 P2
(EBH) 15 W L3 L2 L2 L4 L3 L2
Heat P4 433 534 432 441 P4 545 . 544 562 P4
pump P3 437 483 428 437 P3 505 524 541 P3
(HP) P2 427 441 439 434 P2 538 557 538 513 P2
5 L4 13 L2 5 L4 L3 L2 L5 L4 L3 L2
7.5¢fm Scfm Abs (7.5¢fm — S5cfm)
Heat T4- P4 29 30 8 18
pump P3 P3 27 1 7 0
(HP) P2 P2 18 18 20
5 L4 13 L2 L5 L4 L3 L2
Eclectic P4 P4 21
baseboard P3 514 P3 5
Heather 1 P2 146 l
(EBH) L5 L4 L3 L2

Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
700 950 1200 0 200

Figure 77: Interior CO2 distribution comparison of 15cfm, 7.5cfm, and Scfm with MV.
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7.3.5 Contaminant Removal Effectiveness (CRE): Ventilation Flow Rate Comparison

The contaminant removal effectiveness expresses how the contaminant particle is removed from
a given space based on the relative contaminant concentration difference between a measurement
point and the contaminant concentration between supply and exhaust air. Therefore, in this section,
the CRE is discussed with having a higher ventilation flow rate in comparison to the lower one.
Figure 78 presents colour plots of CRE at a single time instance for (15 cfm vs 7.5 cfm) as well as
(7.5 cfm vs 5 cfm) all with MV; similar trend also is found when using UV and report in Appendix
II'section 6.3. The CRE in the rooms indicates that CRE is found mostly similar. In all cases, either
using RFHS or HP or EBH, the room with 15 cfm show relatively less CRE in comparison to 7.5
cfm. Furthermore, the difference is less than 7.5% in most measurement points. Similar trend finds
when comparing 7.5 cfm and 5 c¢fm, in which a room with 7.5 cfm show high CRE relative to a
room with 5 cfim. In this case, the difference is less than 6% in most of the measurement points.
Overall, high CRE discovers close to the air supply (L5), and 100% is determined by the proximity
of the exhaust (L2P2). In general, 15 cfm provides better CRE than 7.5 cfm, and it is also true
comparing 7.5 cfim to Scfm because of the higher the ventilation flow rates, the more contaminant

removal, which leads higher CRE in comparison to lower ventilation flow rate.
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Heating Ventilation flow rate Difference
systems 15¢fm 7.5¢fm Abs (15¢fm — 7.5¢fm)
Radiant | P4 | 110.0 B@48N 101.8 988 | P4 | 843 '81.0 953 918 | P4 62 65 7.0
Floor P3 1005 86.8 102.8 994 | P3 104.0 83.5 99.5 96.7 P3 35 33 33 27
Heating | p2 1056 93.8 975 1000 | P2 964 925 969 1000 | P2 /92 12 06 00
system L5 L4 L3 L2 LS L4 L3 L2 L5 L4 L3 L2

(RFHS)
Eclectic | P4 993 843 1002 985 P4 986 965 929 | P4 0.7 23 37 5.7
baseboard | P3 | 107.5 85.6 97.7 99.3 P3 98.8 95.6 P3 85 26 1.1 3.7
Heather | py [116.6 944 994 1000 | P2 1013 940 958 100.0 | P2 B8N 04 3.6 0.0
(EBH) L5 14 L3 L2 Ls 14 13 L2 L5 14 L3 L2
Heat P4 100.1 100.5 984 | P4 940 .94.2 91.3 P4 61 28 62 72
pump P3 993 89.0 1014 992 P3 101.5 97.9 94.9 P3 22 117 35 44
(HP) P2 101.6 982 989 100.0 | P2 953 920 953 1000 | P2 63 62 3.6 0.0
L5 L4 L3 L2 L5 L4 L3 L2 L5 14 L3 L2
7.5¢fm Scfm Abs (7.5¢fm — Scfm)
Heat P4 104.1 872 101.8 989 P4 959 | 80.8 970 92.8 P4 82 64 47 6.0
pump P3 101.1 872 101.8 994 | P3 1023 843 99.7 962 P3 12 28 21 33
(HP) P2 101.1 99.0 97.5 100.0 | P2 948 934 97.1 1000 | P2 62 56 04 0.0
L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Eclectic | P4 103 86 104 101 P4 98 99 101 96 P4 54 .2.4 4.4
baseboard | P3 (117 93 104 100 P3 105 101 P3 1.0 1.2 07
Heather | p2 104 100 96 100 P2 94 8 91 100 P2 5.1 0.0
(EBH) L5 L4 L3 12 L5 14 L3 L2 L5 14 L3 L2
Color Legend

Ave of Min Ave Ave of Max Min Ave of Max

700 950 1200 0 200

Figure 78: Interior CRE distribution comparison of 15cfm, 7.5cfm, and 5cfm with MV.
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7.3.6 Indoor Air Quality Number: Ventilation Flow Rate Comparison

Indoor air quality number (IAQN) is the ratio of contaminant removal effectiveness and PD based
on ventilation flow rate. Since, in this section, lower ventilation flow rates are compared using
TAQN, it is possible to assess the effect of ventilation flow rate difference on [AQN. Consequently,
IAQN in the room with 15 cfm, 7.5 cfm, and 5 cfm are illustrated in Figure 79. In the first
comparison (15 cfm vs 7.5 cfm), the IAQN is around 5 in a room with 15 cfm and around 3 for
the 7.5 cfm. In the second comparison, it is around 3 in the room with 7.5 cfm and about 2.4 cfm
in a room with 5 cfm. The indoor air quality number (IAQN) present in the Figure 79 indicates
that the higher ventilation flow rate produces higher IAQN in comparison to lower ventilation flow
rate. It is because the higher ventilation flow rate creates higher contaminant removal rate as
illustrated in section 7.3.6 which lead higher IAQN. The higher the number represents better indoor
air quality, whereas the low number depicts the opposite. Overall, the higher the ventilation flow
rate the highest IAQN in contrast to the lower flow rate. The different, however, decrease when
the flow rate gets smaller as demonstrated in the comparison of 7.5 cfm and 5 cfm. The same
behaviour is found in the rest of experiments in which the ventilation strategy switches from MV

to UV as illustrated in Appendix II section 6.4.
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Heating Ventilation flow rate Difference
systems 15¢fm 7.5¢fm Abs (15ctfm — 7.5cfm)
Radiant || p4 3.7 P4 26 25 30 29|||P4 1.2
Floor P3 43 P3 32 26 31 3.0|||P3
Heating | | pp 4.7 P2 3.0 29 3.0 3.1|||P2
system L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
(RFHS)
Eclectic 4.2 P4 3.1 26 3.0 29|||P4
baseboard 43 P3 3.6 26 3.1 3.0/||P3
Heather 4.7 P2 32 29 30 3.1]|||p2
(EBH) L4 L3 L5 L4 L3 L2 L5 L4 L3 L2
Heat 4.1 P4 29 24 29 28|||P4
pump 4.5 P3 32 24 30 3.0|||P3
(HP) P2 3.0 29 3.0 3.1|||P2
L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
7.5¢fm Scfm Abs (7.5¢fm — 5cfm)
Heat P4 32 27 32 3.1]||P4 23 20 24 23]|[P4 09 07 08 08
pump P3 3.1 27 32 31|||P3 25 21 24 24||[|P3 06 07 07 07
(HP) P2 31 3.1 30 3.1|||P2 23 23 24 24|||P2 08 08 0.7 07
HP L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Eclectic |[P4 32 2.7 32 3. P4 24 24 25 24|||P4 08 03 08 0.8
baseboard || P3 36 29 32 3.1|||P3 2.8 14 26 25|[|P3 08 15 07 07
Heather |1py 32 31 30 3.1 P2 23 21 22 24|[|P2 09 1.0 08 07
(EBH) L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
0 3 6 0 4

Figure 79: Interior IAQN distribution comparison of 15cfm, 7.5cfm, and 5cfim with MV.
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7.3.7 Global Contaminant Removal Effectiveness (GCRE) and Indoor Air Quality

Number (IAQN)

The GCRE and the TAQN in the test room present in Figure78 and 79 show two-day plots for the
experiments comparing the influence of ventilation flow rate on indoor air quality. The plots use
the room average CO2 concentration to calculate GCRE and then use it to determine IAQN in the
test rooms. Therefore, the result represents the entire room contaminant distribution produce while
providing different ventilation flow rate. In both cases (GCRE and IAQN), significant reading is
measured only once the extra CO2 start supplying at 10 PM in both rooms. Furthermore, both
rooms exhibit similar trend despite the difference in magnitude. The room with 15 cfm shows
higher GCRE in contrast to a room with 7.5 cfm as shown in Figure 80. Whereas in the case of the
second comparison 7.5 cfm provide slightly more GCRE to 5 cfm as shown in Figure 81.
Moreover, the IAQN in the room with 15 cfm is close to 40% more than a room with 7.5 cfm,
which is similar to the behaviour observed in the colour plot discussed in the previous section
(section 7.3.5). In addition, in the case of 7.5 cfm vs 5 cfm, the room with 7.5 cfm create 25%
more IAQN in comparison to a room with 5 c¢fm, which is again in line with the colour plot in
section 7.3.5. The GCRE in the test rooms is high in all cases, and it is between 80% - 100%. The
same trend is found when repeating these experiments with UV and the result present in Appendix

II section 6.8.
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7.3.8 Energy Penalty: Ventilation Flow Rate Comparison

The ventilation air supply into the test room gets heat while mixing inside and discharged. These
exhaust air costs energy. Therefore, this section compares the energy penalty due to ventilation
flow rate difference between 15 cfm, 7.5 cfm and 5 cfim in a test room with the same heating
system and ventilation strategies. The room with 15¢fm shows higher energy consumption relative
to a room with 7.5 cfm as illustrated in Figure 82. The peak energy consumption with 15 c¢fm is
0.25 kWh and 0.2 kWh in a room with 7.5 cfm. Similarly, a room with 7.5 c¢fm consumes more
energy relative to a room with 5 cfm as depicted in Figure 83. The energy usage difference in the
first comparison (15 cfm vs 7.5 cfm) is higher than the second comparison (7.5 cfm vs 5 cfm).
Overall, the higher ventilation flow rate consumes more energy relative to less flow rate. However,
the corresponding energy penalty due to ventilation gets lower when the ventilation flow rates get

lower. Similar plots present in Appendix II, section 6.9.

0.35 - 35
0.3 308
‘ o
£
0.25 25 @
= =
S 02 S 203
= e
@ 0.15 - 15 %
C ~
w £
8
0.1 - 10 —
~
=
0.05 -5 &
T
0 L0
May 28, 06:00 PM May 29, 06:00 AM May 29, 06:00 PM
Time
—=— EBH 15cfm EBH 7.5¢fm - = ROOM_TEMP_15cfm
= = ROOM_TEMP_7.5cfm == =-Ext Temp = « HSR

Figure 82: Energy profile of EBH with [5cfm and 7.5cfm.
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8 CONCLUSION

To sum up, this study conducts 19 pairs of field experiments comparing four heating systems, two

ventilation strategies, and three ventilation flow rates. The first comparison involves analyzing the

relative thermal energy performance and general/local thermal comfort of the heating systems as

well as investigate various aspects of the indoor environment condition by the systems such as

temperature distribution and RH distribution to understand how the system performs. The second

comparison studies the two ventilation strategies and compare the relative performance and in pact

on the indoor environment. The last section in this study deal with the comparative analysis of

three-ventilation flow rates. Therefore, after going through all the data analysis and results in the

following conclusion find outstanding.

1))

2)

In this study, four heating systems are compared based on the thermal energy they provide
to the test rooms. All heating systems supply similar thermal energy into the test room
between 10 kWh and 14 kWh depending on outdoor weather condition. The RFHS provide
3.4% and 1.79% more thermal energy than HP and EBH respectively. The EBH, in
contrast, supply 7.79% more than PRH and 3.96% more than HP. Whereas, PRH produces
13.10 % more thermal energy than HP and 6.3% more than RFHS. The difference is due
to the difference in heat transfer mode, type of control system and the relative location of
the control system to the heating systems.

The thermal energy supply by radiant floor surface has two components: Convective and
Radiative. The convective thermal energy contributes around 30%, and the 70% is
provided by radiative thermal energy to provide the total thermal energy. Moreover, these
two thermal energy components combined can be estimated using film coefficient

(convective plus radiative thermal conductivity). The film coefficient h=11 W/m? K (from

136



3)

4)

5)

EN15377) estimates the thermal energy within + 10 %. Whereas, the film coefficient h =
9.26 W/m? K (ASHRAE) might under or overestimate based on the temperature difference
between the floor and 1.5 m above the floor.

The indoor environment produces by different heating systems is investigated using
temperature and RH distribution. The temperature distribution shows that EBH, HP, and
PRH provide cold floor temperature. Whereas, RFHS produce warm floor temperature
(over 24°C). Above the floor, the RFHS also create more uniform temperature distribution
in contrast to the rest of heating systems. The temperature distribution with those three
remaining heating systems depicts a less uniform temperature profile. In addition, the
coldest wall is East wall, and the coldest spot in the measurement is a north window since
it is far from the heat source for all heating systems. The RH distribution for all heating
systems mostly is between 40% and 50% with an average of 45% throughout the
measurement with an addition 100 gram per hour moisture supply after 8 consecutive
hours.

The indoor environment produces by the heating systems is assessed for thermal comfort
for a single person either standing or seating person. All heating systems provide
acceptable thermal comfort (PPD <20%) for standing position, but the occupant might feel
slightly cold for seating position (PPD < 40%) except using RFHS which provides
acceptable thermal comfort for seating person as well.

The local thermal comfort is investigated while running four heating systems using local
thermal discomfort due to radiant asymmetry, vertical temperature difference, and floor
temperature. All heating systems create acceptable local thermal discomfort (PD < 5%)

due to vertical temperature difference for both sitting and standing person. Out of the four
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6)

7)

heating systems, only RFHS deliver thermally acceptable floor surface temperature (PD =
6+1%). Whereas for the remaining three heating systems it is beyond the acceptable range,
which is higher than 10%. The radiant asymmetry due to the cold window (south and north)
or floor to ceiling for all heating systems is within the acceptable range (PD < 5%).

The second major part of this study investigates the performance of two ventilation
strategies (MV and UV). The temperature and air velocity distribution are found less
affected by the ventilation strategy in use (MV or UV). Whereas, the RH and CO2
distribution indicate that MV show slightly less value and slightly uniform distribution in
contrast to UV. In addition, comparing MV and UV, MV depict around 20% more GCRE
than UV. The same result reflects while using JAQN for comparison where MV show 20%
more IAQN compare to UV. Overall, MV show relatively better performance in contrast
to UV.

The third major part of this study compares three ventilation flow rates (15 cfm, 7.5 cfm,
and 5 cfm). Various aspects of the indoor environment are studied relative to the ventilation
flow rates. The reduction of the ventilation flow rate from 15 cfm to 7.5 cfm even to 5 cfm
is found to have no significant effect on the temperature distribution and air movement.
Whereas, the RH distribution shows that the higher ventilation flow rate demonstrates
slightly lesser RH compare to lower ventilation flow rate. Moreover, the high ventilation
flow rate comparatively removes more contaminant than low ventilation flow rate. As a
result, the CO2 concentration in a room with 15 cfm is relatively less than in a room with
7.5 cfm, and it is the same when comparing 7.5 cfim to 5 cfim. But the difference gets lesser

when the flow rate becomes small.
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8) In General, the CRE in the test rooms is high in all cases (15 cfm, 7.5 cfm, and 5 cfm) and
it is 80% to 100%. Moreover, 15 cfm provides relatively high CRE than 7.5 cfm, and it is
also true comparing 7.5 cfm to 5 cfm because of the higher the ventilation flow rates, the
more contaminant removal, which led higher CRE in comparison to lower ventilation flow
rate. In addition, the room with 15 cfm crate 40% higher IAQN than 7.5 cfm. Whereas, the
room with 7.5 cfm crates 25% more IAQN in contrast to a room with 5 cfm. It is because
the higher the ventilation flow rate creates the highest IAQN relative to the lower flow rate.
Overall, the higher the ventilation flow rate better indoor air quality relative to the lesser
flow rate.

Further study

Since this study focus to maintain similar set point in the test room, a recirculating bypass
mechanism is used to avoid overheating as explained in section 5.1.2. In this system, in addition
to energy loss during the recirculation period, some energy will be lost into the ground. Thus, for
instance, the thermal energy supply by RFHS as shown in Table 9 is 25 + 2% of the total electric
energy consumption by the RFHS; the rest dissipates to the ground and in the mechanical room.
Therefore, further study is recommended to investigate RFHS energy consumption relative to the

thermal energy supply.
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9 Appendix I

Section 1: View factor calculation for the radiant floor.

Summary of Square Floor (S.Floor) between floor and Radiation exchanging surfaces in square floor.

Radiation exchanging
surfaces

View factor

Floor to

Ceiling
8

F_S.floor -S.wall

0.192261527

F_S.floor -Lwall 0.213408418 f
F S.floor -W.wall 0.213408418 10
F S.floor -N m.wall 0.213408418 g |
F _S.floor - S.ceilling 0.14636633 P
F_S.Floor-S.Win 0.02114689
Sum 1
S.Floor To S.Window Floor To wall
8 8
(0,4,8) (0,7,8)
(0,6,6) 10
10 Wall
(0,4,4) (0,7,4)
S.wall
(0,0,0) (0,8,0)
(4,4,0) S.Floor
8 8
(8,0,0)
S.Floor (8,8,0)

Figure 84: View factor between the square floor and surrounding surfaces.

View factor of Rectangular Floor (R.Floor) with radiation exchanging surfaces - a common arrangement

for Rectangular section(R.)

(0,0,0) )

(8,0,0)

Radiation exchanging View
surfaces factor R.Floor to E-Wall & W.Wall
F R.floor - S.wall 0.1613362
F_R.floor - N.wall 0.1450186 /
F R.floor - E.wall 0.243062 10
F_R.floor - W_m.wall 0.0765311 E. Floor W. Wall
F R.floor -1 m.wall 0.1665309 R
F_R.floor - Ceilling 0.1912036 Rfloor -
F S.Floor-R.Win 0.0163176
Total 1
| R.Floor toR.Ceiling |
RFloor ~ To  RWindow 3
NWall :
(4,0,8) ERACeiIing
R.Floor (8,12,0) 510

R.floor E
i

12

Figure 85 View factor between the rectangular floor and surrounding surfaces.
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Section 2
%Thermal comfort calculation PMV and PPD
cle
close all
a=1:1:119;
b=1:1:4;
TA(a,b)=xlIsread('Tcomf input.xlsx', 'Tair', 'B2:E120");
RH(a,b)=xlsread('"Tcomf input.xlsx', 'RH', 'B2:E120");
VEL(a,b)=xlsread('Tcomf input.xIsx', 'Va', 'B2:E120");
TR(a,b)=xlsread('Tcomf input.xlsx', 'MRT', 'B2:E120");
CLO(a,b)=xlsread('Tcomf input.xlsx', 'Iclo’, 'B2:E120");
MET(a,b)=xlsread('Tcomf input.xlsx', ' MET", 'B2:E120");
WME(a,b)=zeros(119,4);
for a=1:1:119
for b=1:1:4
FNPS(a,b)=exp(16.6536-4030.183/(TA(a,b)+235));
PA(a,b)=RH(a,b)*10*FNPS(a,b);
ICL(a,b)=0.155*CLO(a,b);
M(a,b)=MET(a,b)*58.15;
W(a,b)=WME(a,b)*58.15;
MW(a,b)=M(a,b)-W(a,b);
if(ICL(a,b)<0.078)
FCL(a,b)=1+1.3*ICL(a,b);
else
FCL(a,b)=1.05+0.645*ICL(a,b);
end
HCF(a,b)=12.1*sqrt(VEL(a,b));
TAA(a,b)=TA(a,b)+273;
TRA(a,b)=TR(a,b)+273;
TCLA(a,b)=TAA(a,b)+(35.5-TA(a,b))/(3.5%(6.45*ICL(a,b)+0.1));
P1(a,b)=ICL(a,b)*FCL(a,b);
P2(a,b)=P1(a,b)*3.96;
P3(a,b)=P1(a,b)*100;
P4(a,b)=P1(a,b)*TAA(a,b);
P5(a,b)=308.7-0.028*MW (a,b)+P2(a,b)*(TRA(a,b)/100)"4;
XN(a,b)=TCLA(a,b)/100;
XF(a,b)=XN(a,b);
EPS=0.00015;
XF(a,b)=(XF(a,b)+XN(a,b))/2;
HCN(a,b)=2.38*abs(100*XF(a,b)-TAA(a,b))"0.25;
if(HCF(a,b)>HCN(a,b))
HC(a,b)=HCF(a,b);
else
HC(a,b)=HCN(a,b);
end
XN(a,b)=(P5(a,b)+P4(a,b)*HC(a,b)-P2(a,b)*(XF(a,b))"4)/(100+P3(a,b)*HC(a,b));
N=1;
while abs(XN(a,b)-XF(a,b))>EPS
XF(a,b)=(XF(a,b)+XN(a,b))/2;
HCN(a,b)=2.38*abs(100*XF(a,b)-TAA(a,b))"0.25;
if(HCF(a,b)>HCN(a,b))
HC(a,b)=HCF(a,b);
else
HC(a,b)=HCN(a,b);
end
XN(a,b)=(P5(a,b)+P4(a,b)*HC(a,b)-P2(a,b)*(XF(a,b))"4)/(100+P3(a,b)*HC(a,b));
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N=N+1;
end
TCL(a,b)=100*XN(a,b)-273;
HL1(a,b)=3.05*0.001*(5733-6.99*MW(a,b)-PA(a,b));
if(MW(a,b)>58.15)
HL2(a,b)=0.42*(MW(a,b)-58.15);
else
HL2(a,b)=0;
end
HL3(a,b)=1.7*0.00001*M(a,b)*(5867-PA(a,b));
HL4(a,b)=0.0014*M(a,b)*(34-TA(a,b));
HL5(a,b)=3.96*FCL(a,b)*((XN(a,b))"4-(TRA(a,b)/100)"4);
HL6(a,b)=FCL(a,b)*HC(a,b)*(TCL(a,b)-TA(a,b));
TS(a,b)=0.303*exp(-0.036*M(a,b))+0.028;
PMV(a,b)=TS(a,b)*(MW(a,b)-HL1(a,b)-HL2(a,b)-HL3(a,b)-HL4(a,b)-HL5(a,b)-HL6(a,b));
PPD(a,b)=100-95*exp(-(0.03353*(PMV(a,b))*4+0.2179*(PMV(a,b))"2));
end

end

% xlIswrite('Tcomf.xIsx',PMV,PMV");

% xlIswrite('Tcomf.xIsx',PPD,'PPD");
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Section 3
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Figure 86: Thermocouple calibration: NTB.
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10 Appendix II

Section 1
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Figure 87: Thermal Energy profile of PRH and HP with indoor and outdoor conditions.
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Figure 88: Thermal Energy profile of PRH and EBH with indoor and outdoor conditions.
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Figure 89: Thermal Energy profile of RFHS and HP with indoor and outdoor conditions.

1 23

~
0.8 18 £
S
S
i
~
=
—_ o
.g 0.6 13 9
=3 o3
g —
= 3
2 a
S 0.4 8 2
(]
'_
<
0.2 : 3 og

SR _..,/ e

0 -2
Mar 06, 11:00 AM Mar 07, 11:00 AM Mar 08, 11:00 AM Mar 09, 11:00 AM Mar 10, 11:00 AM
Time
s RFHS s £ BH Ext RH eececcs Ext Temp
e« Ext Horiz SR e «= NTBRoom T Tem(OC) = == STBRoom Tem(OC)

Figure 90: Thermal Energy profile of RFHS and EBH with indoor and outdoor conditions.
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Figure 91: Thermal Energy profile of EBH and HP with indoor and outdoor conditions.
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Section 2

4th Exp (RFHS vs HP) Components of Thermal Energy
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Figure 92 Components of thermal energy delivered by RFHS.
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Figure 93: Components of thermal energy delivered by RFHS.
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7 Exp(RFHS vs EBH) MV:Components Thermal Energy comparison
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Figure 94: Components of thermal energy delivered by RFHS.
9th Exp (RFHS vs HP) UV: Components Thermal Energy
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Figure 95: Components of thermal energy delivered by RFHS.
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Section 3

7th Exp (RFHS vs HP) UV: Film coefficient comparison
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Figure 96: Film coefficient comparisons during 7th Experiment.

8th Exp(RFHS vs EBH) UV: Film coefficient comparison
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Figure 97: Film coefficient comparisons during Sth Experiment.
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9th Exp (RFHS vs PRH) UV: Film coefficient comparison
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Figure 98: Film coefficient comparisons during 9th Experiment.
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Section 4: Temperature Distribution

Indoor temperature distribution
Heating systems
Radiant floor heating system (RFHS) Heat pump (HP)
P4 209 208 212 20.7 203 P4 217 216 222 221 214
P3  21.1 207 213 20.7 206 P3 214 20.7 21.8 209 204
P2 21.0 20.7 21.3 20.7 20.7 P2 207 19.8 209 204 19.0
4th L5 L4 L3 L2 L1 4th LS5 L4 L3 L2 L1
P4 208 20.8 21.2 20.6 20.2 P4 208 208 21.3 21.0 20.1
P3 21.1 206 213 206 204 P3 204 19.7 20.8 199 193
P2 21.0 20.7 213 206 20.5 P2 193 18.8 19.8 194 18.0
5th L5 L4 L3 L2 L1 3rd L5 L4 L3 L2 L1
P4 209 209 212 20.7 20.2 P4 215 212 215 215 21.0
P3 21.1 206 213 206 204 P3 208 20.1 21.1 203 19.7
P2 21.0 20.7 213 206 20.5 P2 189 184 195 18.6 17.8
6th L5 L4 L3 L2 L1 Ist LS L4 L3 L2 L1
Electrical baseboard heater (EBH) Portable radiator heater (PRH)
P4 204 20.1 209 20.7 199 P4 21.1 21.1 213 214 212
P3 200 194 204 19.7 19.1 P3 206 20.0 20.8 20.1 19.7
P2 189 188 195 193 179 P2 19.1 188 19.7 19.7 184
Ith L5 L4 L3 L2 L1 3rd LS L4 L3 L2 L1
P4 214 209 214 213 21.0 P4 21.0 209 212 214 209
P3 207 199 21.0 202 19.6 P3 205 20.0 20.8 20.0 19.6
P2 189 185 195 18.6 18.0 P2 192 188 199 193 185
2nd L5 L4 L3 L2 L1 2nd L5 L4 L3 L2 L1
P4 P4 222 222 228 228 219
P3 219 213 21.7 21.0 P3 214 21.0 22.0 209 20.6
P2 209 19.6 208 199 189 P2 207 199 209 208 19.2
5th L5 L4 L3 L2 L1 6th L5 L4 L3 L2 L1
Color Legend
Ave of Min Ave Ave of Max
15 20 25
1 I

Figure 99: Temperature distribution with four heating systems and UV.
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Section 5: Surface temperature distribution.

Surface temperature distribution
Heating systems

Radiant floor heating system (RFHS) Heat pump (HP)
PC | 209 213 P07 7.7 PC | 209 B2 20.1 216
P4 200 20.8 209 P4 20.1 21.1 217
P3 194 178 212 193 209 184 P3 199 197 199 196 205 194
P2 204 21.6 214 P2 | 177 18.9 19.0
ro IESEE 219 SN 0 EEN || ro DiSED 176 180 -
Win 1822 17.4 Win 221
ES- SW- NE- ES- SW- NE-
sth E/LS C3 SAL2 C2 WAL Cl NL4|||uv4e EL5S €3 SL2 C2 WLI Cl N/L4
PC | 210 214 213 213 PC | 216 20.3 214
P4 195 21.1 209 P4 208 218
P3 196 184 214 200 212 190 P3 205 203 213 210 199

P2 204 21.5 P2 18.7 20.8 19.9

ro [EERH . B B o s 19.0 18.5 17.9

Win 19.1 18.3 Win B3 18.0

ES- SW- NE- ES- SW- NE-
6th E/LS C3 SA2 C2 WHLI Cl N/4 UV7 ELS C3 SA2 C2 WHL1 Cl1 N/I14
Electrical baseboard heater (EBH) Portable radiator heater (PRH)
PC 199 20.7 20.1 19.7 PC | 208 [222] 211
P4 18.1 20.7 20.4 P4 19.4 214
P3 175 194 21.0 18.8 19.6 - P3 190 204 21.0 202 210 189
P2 17.2 19.5 18.6 P2 18.3 20.4 20.3
po 1601 17.3 RN - po [ie6| 170 18.1 168 |
Win 18.5 Win 19.4 18.1
ES- SW- NE- ES- SW- NE-

Ist E/L5 C3 SL2 C2 W/l Cl N/I14 UV5 E/LS C3 S/AL2 C2 W/L1 Cl N/L4

| pc 228N 2 BN || rc 22— 220
P4 | 216 P4 | 214
20.5

P3 213 210 210 208 20.6 P3 210 207 212 214

P2 188 20.1 20.2 P2 19.1 20.6 20.9

PO | 171 19.0 19.0 178 PO | 175 20.5 19.4 18.0

Win 239 1169 | || Win 19.5 17.9
ES- SW- NE- ES- SW- NE-

5th  E/LS C3 SA2 C2 WLl Cl  N/I14 UV9 E/LS C3 SA2 C2 W/LI Cl NIL4

Color Legend
Ave of Min Ave Ave of Max
14 20 24

Figure 100: Surface temperature distribution using four heating systems with UV.
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Section 6: RH distribution.

Relative humidity distribution

Heating systems

Radiant floor heating system (RFHS)

P4
P3
P2
5th

46.0 462 457 47.6 464
457 463 459 47.1
453 462 462 469 453

LS L4 L3

L2

P4
P3
P2
st

45.5

L1

L5

Heat pump (HP)

42.5
4 L3 L2 LI

P4 P4 41.9 419 435 435
P3 48.0 P3 44.6 448 427 458 46.9
P2 479 48.0 P2 46.8 455 47.0 473 459
6th L5 L4 13 12 LI 3rd LS 14 L3 L2 Ll
Electrical baseboard heater (EBH) Portable radiator heater (PRH)
P4 P4 42.2
P3 P3 428 425 422 442 432
P2 P2 449 [41.1 452 47.0 43.0
Ist LS 14 13 12 LI 3rd L5 1[4 L3 L2 LI
P4 444 453 44.6 P4 42.6 41.7 43.6 453 449
P3 P3  47.0 47.7 46.1
P2 P2 44.2
2nd L5 1[4 13 L2 L1 6th L[5 T[4 L3 L2 L1
Color Legend
Ave of Min Ave Ave of Max
15 20 25
e

Figure 101: RH distribution with four heating systems and UV.
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Section 6

Local thermal discomfort due to vertical temp diff (EBH and HP)
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PD(%) due to vertical temp difference

0 -0
Feb 10, 12:00 AM  Feb 11, 12:00AM Feb 12,12:00 AM Feb 13,12:00 AM Feb 14, 12:00 AM  Feb 15, 12:00 AM
Time

——EBH_VTDL3Seat  ==—EBH_VTDL3Stand  ====HP_VTDL3Seat  ==—HP_VTD L3 Stand
Figure 102: Local thermal discomfort due to a vertical temperature difference using EBH and

HP.

Local thermal discomfort due to vertical temp diff (PRH and EBH)

2.5

1.5

0.5

PD(%) due to vertical temp difference
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Figure 103: Local thermal discomfort due to a vertical temperature difference using PRH and

EBH.
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Local thermal discomfort due to vertical temp diff (RFHS and HP)
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Figure 104: Local thermal discomfort due to a vertical temperature difference using RFHS and

HP.
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Figure 105: Local thermal discomfort due to a vertical temperature difference using RFHS and
PRH.
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Section 7

Local thermal discomfort due to surface temperature (EBH and HP)

BR R BN
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PD(%) Due to surface temperature
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Time
EBH_PD-FST HP_PD-FST

Figure 106: Local thermal discomfort due to surface temperature using EBH and HP.

Local thermal discomfort due to surface temperature (PRH and EBH)
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Figure 107: Local thermal discomfort due to surface temperature using PRH and EBH.
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Local thermal discomfort due to surface temperature (RFHS and HP)
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Figure 108: Local thermal discomfort due to surface temperature using RFHS and HP.
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Figure 109: Local thermal discomfort due to surface temperature using RFHS and PRH.
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Section &

Local thermal discomfort due to cold window (EBH and HP)

PD (%) due to cold window radiant assymetry

Feb 10, 12:00 AM  Feb 11, 12:00AM Feb 12,12:00 AM Feb 13,12:00 AM Feb 14, 12:00 AM  Feb 15, 12:00 AM
Time

== EBH PD(S_Window) e=====EBH PD(N_Window) e====HP PD(S_Window) e===HP PD(N_Window)

Figure 110: Local thermal discomfort due to cold window radiant asymmetry using EBH and
HP.

Local thermal discomfort due to cold window (PRH and EBH)
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Figure 111: Local thermal discomfort due to cold window radiant asymmetry using PRH and
HP.
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Local thermal discomfort due to cold window (RFHS and HP)
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Figure 112: Local thermal discomfort due to cold window radiant asymmetry using RFHS and

HP.
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Figure 113: Local thermal discomfort due to cold window radiant asymmetry using RFHS and
PRH.

159



Section 9

Local thermal discomfort due to Ceiling to Floor radiant assymetry (EBH
and HP)

PD (%) due to cold window radiant assymetry
o
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Feb 10, 12:00 AM Feb 11, 12:00 AM Feb 12, 12:00 AM Feb 13, 12:00 AM Feb 14, 12:00 AM Feb 15, 12:00 AM

Time
=== EBH PD(Ceiling-Floor) = ====HP PD(Ceiling-Floor)

Figure 114: Local thermal discomfort due to the ceiling to floor radiant asymmetry using EBH
and HP.

Local thermal discomfort due to Ceiling to Floor radiant assymetry (PRH
and EBH)
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Time
=== PRH PD(Ceiling-Floor) = ===EBH PD(Ceiling-Floor)

Figure 115: Local thermal discomfort due to the ceiling to floor radiant asymmetry using PRH
and EBH.

160



Local thermal discomfort due to Ceiling to Floor radiant assymetry (RFHS

3 and HP)
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Figure 116: Local thermal discomfort due to the ceiling to floor radiant asymmetry using RFHS
and HP.
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Figure 117: Local thermal discomfort due to the ceiling to floor radiant asymmetry using RFHS
and PRH.
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Section 10
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Figure 118: Transient CO2 profile at L3P3 in a room with the similar heating system (HP) and

different ventilation strategy (MV and UV).
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Figure 119: Transient CO2 profile at L3P3 in a room with the similar heating system (RFHS)

and different ventilation strategy (MV and UV).
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Section 11
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Figure 120: The relative humidity profile at L3P3 in a room with the similar heating system

(EBH) but different ventilation strategy (MV and UV).
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Figure 121: The relative humidity profile at L3P3 in a room with the similar heating system

(HP) but different ventilation strategy (MV and UV).
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Section 12,
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Figure 122: GVE in a test room with MV and UV both heated by HP.
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Figure 123: GVE in a test room with MV and UV both heated by RFHS.
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Section 11: Temperature distribution UV

Heating Ventilation flow rate Difference
systems 15cfm 7.5¢cfm Abs(15cfm — 7.5¢fm)
Radiant P4 23.1 P4 02 0.1 0.1 0.1

Floor P3 23.9

P3 02 0.0 0.1 0.

Heating | pp 24.0 P2 238 23.6 P2 - 03 0.1 0.1
system | pj Pl 241 239 Pl 02 0.0 0.1
(RFHS) Ls L4 L3 L2 L5 L[4 L3 L2 L5 L4 L3 L2
Eclectic | P4 [JBEIGN 23.1 P4 02 03 02 02

baseboard | P3 [24.0 23.8 P3 239 237 237 24.0 P3 01 0.1 02 02
Heather P2 238 2377 238 24.0 P2 237 235 23.6 238 P2 01 02 02 02
(EBH) P1 232 232 233 234 P1 234 233 235 234 P1 102 0.1 0.1 0.0

| P4 [2447 22.8 (243 1246
24.0

L5 14 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Heat P4 P4 P4 00 02 0.1 02
pump P3 P3 P3 0.1 00 0.1 0.1
(HP) P2 P2 P2 01 01 01 0.1

Pl 238 239 239 P1 Pl 02 0.1 0.1 0.

L5 1[4 L3 L2 L5 14 L3 12
7.5cfm Scfm Abs(7.5¢fm — Scfm)
P4 P4 0.1 03 00 0.1
P3 P3 0.0 0.1 0.1 0.0
P2 P2 00 02 0.1 0.1

Heat P4
pump P3
(HP) P2

239 24.0

Pl 239 239 239 Pl 239 239 239 Pl 00 00 0.0 0.0

L5 L4 L3 L2 L5 L4 L3 12 L5 14 13 L2

Eclectic | P4 . 23.4 P4 23.0 P4 02 04 03 02
baseboard | P3 24.0 P3 240 237 239 240 | P3 0.1 03 03 02
Heather | p2 [24.0 239 23.9 P2 238 235 236 238 | P2 02 04 03 03
(EBH) | p1 237 236 236 238 | Pl 236 235 236 236 | Pl 0.1 0.1 00 02
L5 L4 L3 12 L5 L4 L3 12 L5 14 13 L2

Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
22 235 25 0 1

I s

Figure 124: Interior temperature distribution comparison of 15 cfm, 7.5 cfm, and 5 cfm with UV.
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Heating Ventilation flow rate Difference

systems 15¢fm 7.5cfm Abs (15cfm — 7.5¢fm)

Radiant | P4 0.03 0.07 0.07 | P4 0.09 B0 0.06 0.09 | P4 0.01 0.02
Floor 0.07 0.05 0.08 | P3 0.08 006 0.04 0.09 | P3 0.01 0.00 0.01
Heating 0.06 0.08 0.09 | P2 0.0 006 0.04 008 | P2 0.01 0.01
system | p1 19,03 0.07 [0.10 0.08 | PI 0.7 0.05 007 006 | Pl 0.02

(RFHS) L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Eclectic | P4 0.04 0.04 | P4 0.05 | P4 0.0 0.01 0.01
baseboard | p3 P3 P3 0.00 0.01 001 0.00
Heather | pp 0.03 P2 P2 0.0 0.02 0.00 0.00
(EBH) | pi 0.04 Pl Pl 0.01 [0.03] 0.00 0.01
L5 L4 L3 L2 L5 L[4 L3 L2 L5 L4 L3 L2
Heat P4 0.05 JOBDN 0.05 0.11 | P4 0.05 JOMGN 0.03 0.10 | P4 0.01  0.02 0.02 0.0l
pump | P3 0.06 0.6 0.5 0.09 | P3 006 0.05 0.04 008 | P3 000 00l 0.01 0.0l
(HP) P2 0.05 0.04 006 007 | P2 0.05 0.03 006 008 | P2 0.01 0.01 0.00 0.01
Pl 0.06 0.04 0.08 006 | Pl 003 003 006 006 | P1 003" 0.02 0.02 0.00

L5 L[4 13 L2 L5 L[4 13 L2 L5 L[4 13 L2

7.5¢cfm Scfm Abs (7.5¢fm — S5cfm)

Heat P4 0.06 [OAN 0.06 [0.12 | P4 0.07 0.04 0.1 | P4 0.02 003 0.02 0.0l
pump | P3 0.07 0.06 005 0.0 | P3 0.07 005 004 0.0 | P3 000 0.0 0.01 0.00
(HP) P2 0.06 0.04 007 009 | P2 0.06 0.04 006 0.10 | P2 0.00 0.01 0.01 0.01

0.04 0.03

Pl 0.05 0.04 0.10 0.08 Pl 0.04 0.04 0.07 0.08 P1 0.01 0.00 0.00

L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2

Eclectic P4 0.00 0.00 0.01
baseboard P3 0.00 0.01 0.00 0.00
Heather P2 0.00 0.01 0.00 0.00
(EBH) P1 [0.02 0.02 0.00 0.00

L5 14 L3 L2 L5 14 L3 12 L5 14 L3 L2

Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
0 0.05 0.15 0 0.05

| DN 90 R

Figure 125: Interior air velocity distribution comparison of 15 cfm, 7.5 cfm, and 5 cfm with UV.
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Section 6.3: RH distribution UV

Heating Ventilation flow rate Difference
systems 15¢fm 7.5¢fm Abs (15¢fm — 7.5¢fm)
Radiant | P4 48.6 54.5 487 488 | P4 518 60.7 51.7 516 | P4
Floor | P3 490 50.5 486 488 | P3 538 554 507 522 | P3 2.1
Heating | p2 49.1 513 482 494 | P2 486 513 495 515 | P2 05 00 13 2.1
system | py 479 488 47.7 479 | Pl 509 521 513 502 | P1 [290838035 23
(RFHS) L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Eclectic | P4 49.8 555 492 479 | P4 512 603 513 504 | P4 1.4.2.1
baseboard | P3 523 529 512 507 | P3 57.1 565 522 53.6 | P3 1.0
Heather | py 528 517 512 501 | P2 512 517 519 528 | P2 17 00 0.6
(EBH) | p1 52,6 533 507 493 | Pl 547 555 54.1 524 | Pl |21 22
L5 14 L3 L2 L5 14 L3 L2 L5 L4 L3 L2
Heat P4 496 549 493 487 | P4 511 593 513 51.1 | P4 1.5.2.0.
pump | P3 50.8 514 50.0 49.7 | P3 549 549 505 525 | P3 0.5
(HP) P2 50.8 51.7 50.7 503 | P2 496 51.7 517 51.8 | P2 12 00 1.0 15
Pl 512 522 509 504 | Pl 53.1 539 532 519 | Pl 19 18 24 15
L5 14 L3 L2 L5 14 L3 L2 L5 L4 L3 L2
7.5¢cfm Scfm Abs (7.5¢fm — S5cfm)
Heat P4 568 627 564 560 | P4 554 641 566 565 | P4 14 14 0.1 05
pump | P3 581 589 573 57.1 | P3 60.7 592 546 57.9 P3.0.2-0.8
(HP) P2 572 563 581 567 | P2 544 563 571 565 | P2 00 1.0 0.2
Pl 585 59.9 585 580 | Pl 57.7 586 581 563 | Pl 08 13 04 1.8
L5 14 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Eclectic | P4 64.1 70.6 63.7 62.6 | P4 646 746 647 639 | P4 05 09 12
baseboard | P3 669 674 653 647 | P3 711 69.9 656 66.8 | P3 03 2.1
Heather | p2> 656 64.0 660 63.8 | P2 62.1 640 648 64.1 | P2 00 12 03
(EBH) | p1 66.7 68.0 651 642 | Pl 679 693 683 653 | P1 12 12182 1.1
L5 14 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
30 55 80 0 5

Figure 126: Interior RH distribution comparison of 15 cfm, 7.5 cfm, and 5 cfm with UV.
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RH profile
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Figure 127: The relative humidity profile at L3P3 comparing 15 cfm 7.5 cfm using EBH and UV.
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Figure 128: The relative humidity profile at L3P3 comparing 15 cfm 7.5 cfm using EBH and UV.
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RH profile
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Figure 129: The relative humidity profile at L3P3 comparing 15 cfim 7.5 cfm using HP and UV.
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Figure 130: The relative humidity profile at L3P3 comparing 15 cfm 7.5 cfm using EBH and UV.
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Section 6.4: CO2 distribution UV

Heating Ventilation flow rate Difference
systems 15¢fm 7.5¢fm Abs (15ctfm — 7.5ctfm)
Radiant | P4 434 506 432 442 P4 P4
Floor P3 435 426 442 P3 P3
Heating | p2 458 462 441 P2 P2
system L5 L4 13 L2 L5 L4 L3 L2
(RFHS)
Eclectic | P4 416 495 411 418 P4 516 . 522 535 P4
baseboard | P3 429 466 425 . P3 504 511 517 P3
Heather | p2 402 422 419 P2 (540 535 499 459 | P2
(EBH) 5 L 13 L2 5 L4 13 L2 L5 L4 L3 L2
Heat P4 421 496 418 424 P4 521 533 554 P4
pump P3 . 489 428 421 P3 443 520 538 | P3
(HP) P2 443 421 418 P2 507 547 537 514 P2
15 W1 13 L2 15 W1 13 L2 L5 L4 L3 L2
7.5¢fm Scfm Abs (7.5¢fm — Scfm)
Heat P4 21 40 18 28
pump P3 29 43 4 16
(HP) P2 62 22 4 9
L5 L4 L3 L2
Eclectic P4 30 7 20 27
baseboard P3 28 7 0 30
Heather 9 21
(EBH) 15 W1 13 L2 L5 L4 L3 L2
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
350 500 650 0 200

Figure 131: Interior CO2 distribution comparison of 15 cfm, 7.5 cfm, and 5 cfm with MV.
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Figure 132: CO2 profile comparing 15 cfm and 7.5 cfm with RFHS and UV.
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Figure 133: CO2 profile comparing 7.5 cfm and 5 cfm with EBH and UV.
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Section 6.5: Absolute ventilation efficiency distribution UV

Heating Ventilation flow rate Difference
systems 15ctm 7.5¢fm Abs (15ctfm — 7.5cfm)
Radiant | P4 101.7 871 102.0 99.7 | P4 955 .95.7 922 | P4 62 55 63 15
Floor P3 101.4 768N 1036 99.9 | P3 1042 993 959 | P3 2.8 42 42 40
Heating | pp [1125 964 955 1000 | P2 99.8 90.8 96.1 1000 | P2 B2¥ 55 0.6 0.0
system L5 L4 L3 L2 L5 14 L3 L2 L5 L4 L3 L2
(RFHS)
Eclectic | P4 87.4. 883 87.0 P4 88.9.87.8 85.7 P4 05 1.3
baseboard | P3 | 84.7 85.5 93.0 P3 91.1 89.7 88.8 P3 3.0
Heather | p2 903 86.1 86.8 100.0 P2 (849 858 92.0 100.0 P2 0.3 0.0
(EBH) Ls 14 L3 L2 L5 L4 13 12 L5 L4 L3 L2
Heat P4 949 .95.6 93.5 P4 93.0.93.6 90.0 P4 19 04 20 35
pump P3 928 96.5 96.6 P3 986 97.4 943 P3 58 22 09 24
(HP) P2 101.0 91.1 92.9 100.0 P2 93.8 91.7 944 100.0 P2 72 06 1.6 0.0
L5 L4 13 L2 L5 L4 L3 12 L5 L4 L3 L2
7.5cfm Scfm Abs (7.5¢fm — S5cfm)
Heat P4 978 850 999 97.1 P4 93.1 793 955 91.5 P45 6 4 6
pump P3 967 90.5 993 985 P3 999 836 985 946 P32 3 7 1 4
(HP) P2 1049 972 96.5 100.0 P2 93.1 924 957 100.0 P2 5 1 0
Ls L4 13 L2 Ls L4 13 12 L5 L4 L3 L2
Eclectic | P4 92.6 Mih2) 937 91.5 P4 [ 85.1 .87.5 84.5 P4 75 20 62 7.0
baseboard | P3 = 889 84.0 94.0 956 P3  89.6 90.6 87.7 P3 0.7 39 34 78
Heather | p2 103.0 90.0 958 100.0 P2 864 844 90.9 100.0 P2 il 56 49 0.0
(EBH) Ls 14 L3 L2 Ls 14 13 12 L5 L4 L3 L2
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
700 950 1200 0 200
R I

Figure 134: Interior CRE distribution comparison of 15 cfm, 7.5 cfim, and 5 cfm with UV.
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Section 6.7: Indoor air quality number UV

Heating Ventilation flow rate Difference
systems 15cfm 7.5¢fm Abs (15¢fm — 7.5¢fm)
Radiant | P4 (5.1 44 51 50 P4 3.0 25 3.0 29 P4
Floor P3 51 38 52 5.0 P3 32 25 3.1 3.0 P3
Heating | py [56 48 48 5.0 P2 3.1 28 3.0 3.1 P2
system L5 L4 L3 L2 L5 L4 L3 L2 L5 L4 L3 L2
(RFHS)
Eclectic | P4 |44 37 44 44 P4 28 24 27 27 P4 116 13 17 17
baseboard | P3 42 39 43 47 P3 28 25 2.8 28 P3 14 14 15
Heather | py 45 43 43 5.0 P2 26 27 29 3.1 P2 |19 1.6 1.5.
(EBH) L5 L4 L3 L2 L5 L4 L3 L2 L5 14 L3 L2
Heat P4 48 39 48 47 P4 29 24 29 28 P4 [19 15
pump P3 46 4.1 48 438 P3 3.1 25 3.0 29 P3 1.6 1.6
(HP) P2 51 46 47 50 P2 29 29 29 3.1 P2 20 1.7 1.7
L5 L4 L3 12 L5 L4 L3 L2 L5 L4 L3 12
7.5cfm Scfm Abs (7.5¢fm — 5cfm)
Heat P4 3.0 26 3.1 3.0 P4 23 19 23 22 P4 08 0.7 08 08
pump P3 3.0 28 3.1 3.1 P3 24 20 24 23 P3 06 08 07 08
(HP) P2 33 3.0 3.0 3.1 P2 23 23 23 24 P2 1.0 08 07 0.7
L5 L4 L3 L2 L5 14 L3 L2 L5 14 L3 L2
Eclectic | P4 29 24 29 29 P4 21 18 2.1 2.1 P4 08 06 08 08
baseboard | P3 28 2.6 2.9 3.0 P3 22 20 22 2.1 P3 06 0.7 07 08
Heather | py 32 28 3.0 3.1 P2 21 21 22 24 P2 1.1 07 08 0.7
(EBH) L5 L4 L3 12 L5 L4 L3 L2 L5 L4 L3 12
Color Legend
Ave of Min Ave Ave of Max Min Ave of Max
0 3 6 0 4
I I s

Figure 135: Interior IAQN distribution comparison of 15 cfm, 7.5 cfm, and 5 cfm with UV.
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Section 6.8: Relative ventilation efficiency and indoor air quality number: Low ventilation flow
rate comparison
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Figure 136: IAQN and GCRE room with RFHS (15 cfm vs 7.5 c¢fm) UV.
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Figure 137: IAON and GCRE room with RFHS and UV.
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Figure 138: IAQN and GCRE room with EBH (15 cfm vs 7.5 c¢fim) UV.
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Figure 139: IAQN and RVE room with EBH (15 cfm vs 7.5 cfm) MV.
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Figure 140: IAQN and RVE room with HP (15 cfm vs 7.5 c¢fm) UV.
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Figure 141: IAQN and RVE room with EBH (7.5 cfm vs 5 cfm) UV.
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Section 6.9: Energy penalty
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Figure 143: Energy profile of EBH and UV with 15 cfm and 7.5 cfm.
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Figure 144: Energy profile of EBH and UV with 7.5 cfm and 5 cfm.
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