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Abstract—Renewable energy resources, which can supplement
space and water heating for residential buildings, can have a
noticeable impact on natural gas consumption and air pollution. This
study considers a technical analysis of a combined solar water
heating system with evacuated tube solar collectors for different solar
coverage, ranging from 20% to 100% of the total roof area of a
typical residential building located in Edmonton, Alberta, Canada.
The alternative heating systems were conventional (non-condensing)
and condensing tankless water heaters and condensing boilers that
were coupled to solar water heating systems. The performance of the
alternative heating systems was compared to a traditional heating
system, consisting of a conventional boiler, applied to houses of
various gross floor areas. A comparison among the annual natural gas
consumption, carbon dioxide (CO2) mitigation, and emissions for the
various house sizes indicated that the combined solar heating system
can reduce the natural gas consumption and CO: emissions, and
increase CO2 mitigation for all the systems that were studied. The
results suggest that solar water heating systems are potentially
beneficial for residential heating system applications in terms of
energy savings and CO2 mitigation.

Keywords—CO; emissions, CO; mitigation, natural gas
consumption, solar water heating system, tankless water heater.

1. INTRODUCTION

N recent years, solar energy has become a valuable source

of renewable energy. It is renewable, clean, and widely
available in comparison to traditional energy including fossil
fuel and nuclear fuel [1]. Also, availability of large-scale solar
energy resources can reduce the building energy consumptions
[2], [3].- Moreover, the use of solar energy in the residential
sector has the potential to reduce harmful emissions and fossil
fuel consumption [3]. Thus, it is worthwhile to study the
possibility of applying different solar energy systems in
residential buildings and their impact on energy savings and
reduction in air pollution.

Solar water heating systems (SWHS) usage is increasing,
owing to the fact that they decrease fossil fuel consumption
and greenhouse gas emissions of residential buildings [4].
Generally, two types of liquid collectors can be used in
SWHS, including flat plate and evacuated tube solar collectors
[5]. Many researchers have shown that the evacuated tube
solar collectors (ETSCs) have greater efficiencies than flat
plate solar collectors (FPCs), notably at low temperatures [6],
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[7].

In the current study, a technical analysis of alternative
heating systems, including condensing boilers and
conventional (non-condensing boiler) and condensing tankless
water heaters that are combined to solar water heating systems
with evacuated tube solar collectors for different roof areas,
ranging from 700 to 2500 ft* in Edmonton, Alberta, Canada
was studied.

II. MODEL HOUSES

A set of model houses was considered to examine how
increasing only the space heating load affects the annual
natural gas consumption, CO2 emissions, and CO2 mitigation
in all the heating systems that were explored. The houses have
a square floor geometry, with areas of 700, 1000, 1500, 2000,
and 2500 ft>.

III. ASSUMPTIONS

It was assumed that the houses were located in Edmonton,
AB, Canada. The construction characteristics were assumed to
be in accord with the minimum requirements of ASHRAE
Standard 90.1 for Zone 7 [8]. It was further assumed that the
indoor comfort conditions were 21.2°C (70 °F)/30% RH [9]
with Ti = 21.2 °C as the design dry bulb temperature. The
outdoor design temperature of To = -29.6 °C (-21.3 °F) was
chosen for Edmonton [10].

The heat load was calculated based on the average
temperature of the indoor and outdoor design conditions and
the thermal properties. In this study, an estimate of the heating
load for the model houses was determined by using Newton’s
law of cooling (Q :UA(Tm “Tou )) to calculate the rate of heat

loss from the building through the walls, roof, windows,
doors, floor, and infiltration (Q = pc,V (ACH )(Tin -T )) The

daily consumption of water was calculated by multiplying the
daily consumption per person by the number of people living
in the houses (four people in each house). The total volume
flow rate of consumed water was calculated based on the
fixture unit method [11].

In regards to solar irradiation, for Edmonton, the average
solar radiation is 47.152 Btu/hr-ft> [12]. For the evacuated
tube solar collectors, the average efficiency was as assumed to
be 61% based on work from Ayompe and Duffy [13]. The
useful energy provided by evacuated tube solar collectors is
given as:

out

Qu:ryxAcxl_r (1)
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where Q, is the useful energy provided by the ETSCs, 7 is the
efficiency, Ac is the collector area, and It is the solar radiation
incident on the collector plate.

IV. CALCULATIONS

A. Natural Gas (NG) Consumption

The annual NG consumption can be calculated from the rate
of NG input to the heating plants and the annual heating time.
The annual heating period can be subdivided into the time
required for space heating and that for domestic hot water
(DHW) heating.

For DHW heating, the heating time is the time for “on
demand” heating or to the heating phase of the gas tank water
heater cycle in the traditional system. “On demand” heating
takes place when a high-efficiency heat exchanger is utilized
to supplement hot water instantaneously.

For space heating, the annual heating period can be
determined by using the heating degree-days (HDD) method
which compares the daily mean temperature for every day in
the heating season to a reference temperature, Trr [8]. It
should be noted that only days during which heating is
required and when the daily mean temperature less than the
reference temperature is considered. Therefore,

HDD = i . -T.) )

m=1

where N is the number of days in the heating season and Ty, is
the mean daily temperature on the m® day of the season.
Therefore, the heating period is calculated as:

t ~ DDy 3)
Annual Heating ~ T T ?
indoor — ' outdoor

where the subscript indicates that the reference temperature
was taken as 18.3 °C (65 °F).

In order to calculate the heating time for “on demand” water
usage, the daily consumption of water was estimated by
multiplying the number of people living in the house by the
daily consumption per person. The total volume flow rate of
consumed water was calculated based on the fixture unit
method [11]. The heating time for “on demand” usage can be
determined using the daily water consumption and the
volumetric flow rate obtained by the fixture unit method as:

t _ (365 days/year)xVy,, )

DHW, on dk d — 7
oneemai Demand Factor xV

Hourly

where Vpaily and Vhowly are the daily and hourly flow rate,
respectively. The demand factor is used to obtain the water
demand that is most likely to occur for a given application.
The demand factor was taken as 0.3 for residential
applications [11].

For a gas tank water heater cycle, it was assumed that the
water was heated to a maximum of 54.4 °C (130 °F) in order

to prevent scalding from occurring and the low set point
temperature (the temperature at which the heater turns on) was
46.1 °C (115 °F) to avoid the risk of growth of Legionella
bacteria, where temperatures greater than 45°C (113 °F) are
required [14].

The heating time of the cycle for the gas tank water heater
can be determined using the heating input rate,

pwvtankcp,w (Th B Tl)
) »(5)

thating input

_ Qheating required __
cycle heating — -

Qheating input

where O is water density, Vi is the tank volume, Cp is the
w

specific heat capacity of water, Ty is the final temperature, and
T, is the initial temperature.

The cooling time of the cycle for the gas tank water heater
was determined based on the law of conservation of energy.

The time required to complete the gas tank water heater
cycle is as:

tcycletotal = 1:cycle heating T tcycle cooling (6)

It was assumed that the duration of the cycle was always the
same and that the cycle was repeated continuously throughout
the entire year.

The rate of NG consumption was determined as:

) (N

1kJ ) Quupur
X

kg CH,/hr) =
(kg CH, /) [0.94782Btu HHV,,,

where Qinput is the input heat transfer rate. It should be noted

that the higher heating value (HHV) was used with the
condensing systems and the lower heating value (LHV) was
used with the non-condensing systems. Therefore, the annual
NG consumption can be calculated by multiplying the rate of
NG by the annual heating time for the different floor areas.

In the combined SWHS, the amount of heat provided by the
SWHS was subtracted from the input heat transfer rate in
order to indicate the influence of solar energy on the NG
consumption in all of the heating systems.

B. CO, Emissions
The rate of CO; emission was found as:

CH,(g) + 2(0,(2) + 3.76N, (¢))—*1>C0, (g) + 7.52N, (¢) + 2H,0(¢) (8)

Equation (8) shows the chemical equation for the
stoichiometric combustion of methane (CHs). It was assumed
that NG was 100% CHs due to the fact that the composition
of NG is approximately 95% CH4 [15]. According to (8),
2.743 kg CO; is emitted per kg CHy4. Therefore, the rate of
CO; emission is calculated by multiplying the rate of NG
consumption by 2.743 kg CO»/kg CH,4. Similarly, the annual
CO, emission can be calculated by multiplying the rate of CO,
emission by the annual heating time.
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C.CO:; Mitigation

The annual CO, mitigation can be calculated by multiplying
the difference in the hourly rate of emission of CO, between
the conventional boiler (benchmark system) and the
alternative systems by the annual heating time:

kg CO . .
( iear - J = ((mcoz )Traditional - (mcoz )Allcmalivc) L )

where tanual is the heating time, which is determined by using
the heating degree-days (HDD) method which compares the
daily mean temperature for every day in the heating season to
a reference temperature, Trer [9].
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Fig. 1 Annual Natural gas consumption for 20% solar coverage
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Fig. 2 Annual Natural gas consumption for 100% solar coverage
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V.RESULTS AND DISCUSSION

A. Natural Gas (NG) Consumption

The results of annual NG consumption for 20% and 100%
solar coverage have been shown in Figs. 1 and 2, respectively.
These figures show the annual NG consumption as a function
of floor area. As shown in the figures, as the floor area of the
residential building increases, the annual NG consumption
increases. The largest natural gas consumption rate
corresponds to use of the conventional boiler alone, whereas
the lowest consumption corresponds to the use of the two

No:5, 2016

combined SWHSs, including the condensing boiler with
SWHS and condensing tankless water heater (TWH) with
SWHS. The use of the SWHS has resulted in reduction of the
annual NG consumption. In addition, as can be seen in Figs. 1
and 2, with the increase of solar coverage from 20% to 100%,
the reduction of annual NG consumption is noticeable in all of
the heating systems due to the fact that more solar radiation is
available due to the larger solar coverage. The increased solar
energy provides greater energy required for space and water
heating.
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Fig. 3 Annual CO2 emissions for 20% solar coverage
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Fig. 4 Annual CO; emissions for 100% solar coverage
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B. CO; Emissions

The results of annual CO, emissions for 20% and 100%
solar coverage have been shown in Figs. 3 and 4, respectively.
These figures show the annual CO; emissions as a function of

floor area. As shown in the figures, an increase in the floor
area results in an increase in the annual CO, emissions for the
different heating systems.
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Fig. 5 Annual CO2 mitigation for 20% solar coverage
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Fig. 6 Annual CO2 mitigation for 100% solar coverage

C. CO; Mitigation

The results of annual CO, mitigation for 20% and 100%
solar coverage have been shown in Figs. 5 and 6, respectively.
These figures show the annual CO, mitigation as a function of

floor area. According to (4), the annual CO, mitigation is
calculated by multiplying the annual heating time by the
difference in the hourly rate of emission of CO, between the
conventional boiler (benchmark system) and the alternative
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systems. Thus, by decreasing the annual CO, emissions, the
annual CO, mitigation increases. As it can be seen in Fig. 5
and 6, the condensing boiler with SWHS, and condensing
TWH with SWHS have the highest value of annual CO,
mitigation owing to the fact that they have the lowest value of
CO; emissions as shown in Figs. 3 and 4. A similar trend is
observed for the other systems. The increase of solar coverage
from 20% to 100% resulted in a noticeable increase of the
annual CO, mitigation for all of the heating systems. This was
due to the reduced CO; emissions from the systems that were
coupled with the SWHSs for space and water heating.

VI. CONCLUSION

This study provides a technical examination of a
combination of solar water heating systems with a variety of
alternative heating systems. According to the comparison of
the carbon dioxide (CO») mitigation, emissions, and natural
gas consumption, for the various floor areas, the highest value
of NG consumption refers to conventional boiler whereas the
lowest value refers to the two combined SWHSs including
condensing boiler with SWHS, and condensing TWH with
SWHS. Also, with the increase of solar coverage from 20% to
100%, the reduction of annual NG consumption was more
noticeable in all of the heating systems. Similarly, the same
behavior was observed for CO, emissions. In contrast, for CO,
mitigation, the condensing boiler with SWHS and the
condensing TWH with SWHS had the highest value of annual
CO, mitigation. Moreover, with the increase of solar coverage,
the increase in CO, mitigation was noticeable. The results
suggest that SWHSs are potentially beneficial for residential
heating system applications in terms of energy savings and
increase in CO, mitigation.
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