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ABSTRACT

Dynamic Modeling, Control and Energy Simulation of a Solar-assisted Hydronic Space Heating

System in a Multi-function Building
Xiangyu Cai

A dynamic model of a solar-assisted hydronic space heating system for a multi-function
building has been developed. The system performance under different control strategies and the
model-based energy simulations studies have been conducted. The system consists of several
components including a boiler, heat exchangers, flat-plate solar collectors, a water storage tank,
baseboard heaters and a radiant floor heating system. The model consists of nonlinear differential

equations which were programmed and solved using the MATLAB software.

Two control strategies have been explored to compare the system performance: (i) a
conventional PI control and (i1) a gain-scheduling adaptive (GSA) PI control. The simulation
results indicate that the system performance under GSA PI control is better than the conventional

PI control with respect to disturbance rejection and stability.

An optimization problem was formulated and solved to study the energy performance of
the system. Preliminary simulation results with assumed outdoor temperature profiles showed that
the optimized set-point operating strategy contributes 7% and 14.87% to boiler energy saving in

mild and warm day conditions compared with constant set-point strategy.

One week energy simulations under actual weather conditions based on typical
meteorological year (TMY) data have been conducted to investigate the percent contribution of

solar energy to space heating. The simulation results show that the solar system contributes less
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energy during cold winter conditions such as in the month of December. However, it can reduce
16.94% of boiler energy supplied to the radiant floor heating system in the month of March.
Besides, the implementation of the optimal GSA PI control strategy can result in higher solar
fractions of 5.71% and 30.36% as compared to the base case PI control under cold (December)

and mild (March) weather conditions, respectively.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

Over the years, energy consumption has been a prevalent topic of research interest around
the world. Building energy consumption, as the dominant portion of overall energy consumption,
has drawn more attention in the research field. According to the statistics from the World Business
Council for Sustainable Development, buildings worldwide account for 40% of the global energy
consumption [28]. Available energy use statistics by sector from U.S. and Canada, both indicate
similar percentage about energy use in residential and commercial buildings representing 47.6%

of'the U.S. energy consumption and 27% of total Canadian energy use in 2013[27] [20]. Moreover,

Canadian energy use statistics contained in Energy Use Data Handbook published by Natural
Resources Canada (NRCan) indicates that space heating as the largest end-use, accounting for 59.3%
of total residential and commercial buildings energy consumption [19]. In most buildings,
hydronic space heating systems are the primary source of space heating systems. Therefore, it is
important to develop innovative design and operation strategies for the hydronic space heating

systems such that significant savings in building energy consumption could be achieved.

In recent years, for the majority of the hydronic space heating systems, a gas-fired boiler
is the preferred choice. Even though the high-efficiency boiler heating systems are widely used,
the fact remains that fossil fuel energy systems are not sustainable and environmentally unfriendly.
New and replaceable sustainable energy is becoming a popular research subject. In the last few
years, two active solar technologies are becoming more common around the world. The first one
is solar photovoltaic technology which converts sunlight directly into electric form by using a

semiconductor material. Another one is solar thermal collector which absorbs solar energy and
1



transfer it into usable heat form. Flat-plate and concentrating solar collectors are two available
solar products in the industry. According to NRCan, Canada has tremendous potential for solar
energy use, and it has excellent solar resources. Since 2007, there are an estimated 544,000 m? of
solar collectors operating across Canada. Comparing with other sources of energy, solar has
several distinct advantages, such as its renewability, and affordability. Solar energy applications
related to building HVAC system include domestic water heating, space heating, solar cooling and

so forth.

To this end, an integrated system combining the hydronic heating and solar thermal system
is a preferred option in northern climates. Therefore, a solar-assisted hydronic space heating
system for a multi-functional building is proposed in this thesis. A solar thermal collector system
is integrated into the conventional boiler hydronic heating system. In this manner, the heat load
can be partially or completely fed by solar energy so that the boiler input energy can be decreased.
The interactions of combined systems are examined and evaluated regarding system performance

and temperature control.

1.2 The scope and objectives

The scope of this thesis is to develop a solar-assisted hydronic space heating system model,
to explore appropriate control and operating strategies, and to conduct system energy simulations

over a wide range of operating conditions.

The main objectives of this study are presented as follow:



1) Design a solar-assisted hydronic space heating system for a multi-functional building
located in Montreal based on steady-state design methods.

2) Develop a dynamic model for each component of the hydronic space heating system, and
simulate the integrated system dynamic response under design day load conditions.

3) Explore appropriate adaptive control strategies for the multi-loop system and examine the
overall system dynamic performance of different control strategies under different load
conditions.

4) Develop an optimal operation strategy for the overall system by formulating and solving a
multi-variable constraint optimization problem in order to minimize the energy input to the
system.

5) Conduct simulation runs with the optimal operation and control strategies to evaluate the

potential system energy savings due to the utilization of solar energy.

1.3 The thesis organization

This thesis is organized into seven main chapters. Introduction to the thesis is covered in
Chapter 1, Chapter 2 presents a literature review of previous studies about the hydronic space
heating system modeling and building HVAC system control strategies. Chapter 3 is focused on
the development of a dynamic model for the solar-assisted hydronic space heating system and the
open loop test of the system. The content of next Chapter 4 is about the hydronic space heating
system control strategy studies. Constant gain proportional-integral (PI), on-off and gain
scheduling adaptive gain PI controls are discussed in this chapter. The following Chapter 5 is

regarding the system optimization. By using the fi,incon(J) function in MATLAB program, the



objective is to find the optimized system supply water temperature set-points. The Chapter 6 is
about the system energy simulation and determine the fraction of solar energy utilization. Two real
outdoor conditions are used to investigate the overall system energy consumption and the fraction
of solar energy utilization. Conclusions, contributions and recommendations for future research

are given in Chapter 7.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

The developed solar-assisted hydronic space heating system consists of several
components, such as boiler, heat exchanger, radiant floor heating system, baseboard heater heating
system, solar thermal collector, water storage tank, pipe distribution system and et cetera. A
literature review of the hydronic space heating system models will be discussed initially in this
chapter. After that, a literature review for exploring the hydronic space heating system control and

operation strategies will be presented.

2.2 Literature review

2.2.1 Boiler hydronic space heating system models

Boiler dominant hydronic space heating systems, as the most common space heating
approach, have been widely studied and applied so far. The dynamic models for boiler dominant
hydronic space heating systems related components, such as a gas-fired boiler, radiant floor
heating and baseboard heaters, are developed by many researchers. Huang and Ko (1994)
developed a dynamic model of a fire-tube shell boiler. To simplify the simulation process, a three
nodes-lumped model was derived. The boiler was divided into three distinct phases: solid, liquid,
and gaseous phases. Each phase was assumed to be at uniform temperature. By applying the energy
and mass balance principle to each phase, a linear time-invariant perturbed model around steady-
state operating points was derived. The dynamic response of this derived model was shown to

agree very well with the test results. The study did not include control design for the boiler.



Liao and Parand (2002) proposed a gas-fired boiler model which consists of four major
parts: an inner shell, a water channel, an outer shell and an insulation layer. By using the electrical
circuit analogy, a dynamic model of heat transfer processes was developed. Besides, the dynamic

model was validated with experimental data, which showed good agreement.

L. Li et al. (2010) developed a dynamic model for an indirect district heating system. This
dynamic model consists of several sub-system models, including the boiler, heat exchanger,
terminal heater and zones. The sub-system models, such as the boiler, and the terminal heater were
developed using energy balance principles and data from field tests. Moreover, the log mean
temperature difference (LMTD) method was employed to establish the water-to-water heat
exchanger model. The model simulation results showed that the overall efficiency of the indirect
district heating system is around 79%. Two highest components of heat loss were identified as the

boiler heat losses and secondary water makeup.

S. Li and Zaheeruddin (2013) established a radiant floor slab model to simulate the
dynamic performance of a radiant floor heating system. The hot water circulating inside the water
tubes transfers heat to the surrounding medium by heat conduction. Then, the heat is released to
the zone air through radiation and convection heat transfer between the slab surface and zone
environment. Since the hot water temperature is decreasing in the flow direction the hot water pipe
was divided into several nodes and the temperature of each node is assumed to be at uniform
temperature. By applying the energy balance and mass balance principles for each node, the
dynamic model was developed, and its performance was simulated. The simulated responses were
compared with experimental results which showed good agreement thus validating the

effectiveness of this model.



2.2.2 Solar-assisted hydronic space heating system models

In the past few years, various kinds of solar-assisted hydronic space heating systems
became commercially available. Many studies were conducted to investigate the solar contribution
of hydronic space heating system. Z. Zhang et al. (1988) conducted an experimental study of a
solar-radiant heating system. In the experiment, the solar collectors heat the water in the storage
tank which is then circulated through a heat exchanger to the radiant ceiling panel system. The
experimental results showed that it was feasible to use a solar system integrated into a low-
temperature radiant-panel heating system for space heating. However, such standalone solar

systems are unlikely to provide heating in cold climates.

Haddad et al. (2007) carried out an energy comparison between a forced-air heating system
and a radiant floor heating system. Both systems use a low-temperature tank to store available or
additional solar energy. The results showed that the portion of the heating load that comes from
solar energy is higher in the case of the radiant floor heating system. The authors conclude that the
portion from solar energy increases when the radiant floor system operates with a lower water

temperature.

Zelzouli et al. (2012) investigated the solar system thermal performance for two different
kinds of settings: solar direct hot water and solar indirect hot water. The only difference between
these two systems is an additional external heat exchanger in an indirect solar system. The
simulated results showed that the mass flow rate in the solar system has a significant impact on
the system performance in both systems. Besides, the storage tank volume has a strong impact on
the performance of the system. When the storage volume is bigger, the solar fraction is less

sensitive to the load variation on the performance of the system.



Sobhansarbandi and Atikol (2015) explored the possibility of using compound parabolic
concentrating solar collectors instead of the normally used flat-plate solar collectors in the
underfloor heating system. The system consists of solar thermal collectors, a storage tank, and
water circulation pumps to four underfloor heating systems. The simulation results showed that
this system maintained a higher fluid temperature at the collector outlet. In this manner, the

collector area can be reduced without sacrificing solar performance.

Many researchers have developed dynamic models for solar-related hydronic space heating
system components over the last few years. The models of solar thermal collectors account for a
large proportion. In addition to solar collectors, the heat exchangers and storage tank play an
important role in solar thermal systems. Heat exchangers are often used between solar collector
and storage allowing for the use of antifreeze solution in the collector loop, especially in cold

climates.

Arinze et al. (1992) proposed a dynamic model for the flat-plate solar collector. This
dynamic model describes the fluid, plate and cover temperatures by three different differential
equations. The simulation results showed a reasonable match with the measured experimental data.
However, several assumptions have been made in the simulation model which may have an impact
on the system performance, such as the heat capacity of the air gap between the cover and absorber
is neglected. The temperature gradient in the direction of perpendicular to the fluid flow is also

neglected, and the heat flow through the insulation is assumed to be negligible.

Kazeminejad (2002) conducted a numerical study of flat-plate solar collectors. The authors
stated that the conventional one-dimensional analysis method is accurate enough for most

engineering purposes. However, for optimum design, they recommended two-dimensional
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analysis, especially under lower mass flow rate situations. The results indicated that a large number
of parameters have an impact on the performance of flat-plate solar collectors, such as fluid inlet

temperature, the fluid mass flow rate in the collector and tube spacing.

Cadafalch (2009) developed a basic one-dimensional transient numerical model for a flat-
plate solar collector based on the control volume method. Comparisons between simulated and
experimental data were made to verify the accuracy of the proposed model. However, this model
is limited only for standard flat-plate solar collectors. For other types of solar collectors, this model

cannot be used.

Saleh (2012) developed a detailed five-node flat-plate solar collector model to represent all
layers of the collector. From outer to inner, these layers include a glass cover layer, an air gap
layer, an absorber layer, fluid flow and insulation s, respectively. The governing differential
equations were solved by applying the implicit finite difference method. During the simulating
process, the solar radiation and ambient conditions were considered as time-dependent. The model

predictions showed a good match with experimental data.

Duffie and Backman (2013) proposed a dynamic model for flat-plate solar collectors which
has been broadly used for predicting the solar thermal performance nowadays. They included a
number of critical factors, such as the overall heat loss coefficient and collector heat removal factor,
into governing equations and formulated a simplified mathematical model to describe the thermal
performance of the solar collector. Moreover, Duffie and Backman (2013) also proposed a single
node and multi-node models for the solar water storage tank. In the single node model, the storage
tank was assumed to be at uniform temperature. In the multi-node model, the storage tank was

divided into several nodes or sections. By applying energy balance equations to each node, a set
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of differential equations were established as a function of time. Furthermore, Duffie and Backman
(2013) proposed an effectiveness-NTU (number of transfer units) method to simulate the heat

exchanger performance.

2.2.3 HVAC system control and operation strategies

Zaheeruddin (1991) explored a sub-optimal control strategy for a dual-source heat pump
system for space heating. This dual-source heat pump has an ambient air source as well as a solar
collector source. The control strategy for the heat pump selects the air source mode or collector
mode depending on which one has higher available energy. Simulation results showed that the
adaptive feedback controllers were able to respond effectively to the load changes. It was shown
that the application of this strategy resulted in a significant reduction in purchased energy
requirements. The author concluded that through increasing the size of the solar collector, the
thermal capacity of the storage tank and the building-loop heat transfer coefficient, the space

heating system could achieve higher energy savings.

Zheng et al. (1997) developed an optimal control strategy for an embedded-piping floor
heating system. An optimal operating strategy was designed by formulating and solving a multi-
variable constrained optimization problem. By defining an appropriate objective function, the
energy input to the boiler was minimized while maintaining the zone temperature at the desired
set-point. The simulation results showed energy savings of the order of 15-20% while the zone

temperature was held within 0.5°C of the set-point throughout the day.

Seem (1998) described an adaptive control strategy which can adjust the gain and integral

time of the proportional-integral (PI) controller automatically based on the pattern recognition of
10



the close-loop system response. This method is limited to systems that can be modeled as the first-
order-plus-dead-time system. Application of this adaptive controller to the HVAC system was
shown by showing simulation results. Zaheeruddin et al. (2002) developed a dynamic model of a
radiant floor heating system. This dynamic model consists of a boiler, water distribution e system,
an embedded tube floor slab and building enclosure. The overall model was described by non-
linear differential equations. Two control strategies were investigated in this study: a multistage
on-off control and augmented constant gain control. The results showed that the multistage on-off
controller could have a better set-point regulation compared with the existing on-off control
scheme. The augmented constant gain controller showed a better zone temperature control in

response to changes in outdoor air temperature.

Qu and Zaheeruddin (2004) developed an adaptive PI control strategy for local loop HVAC
processes that can be described by a first-order-plus-dead-time model. The tuning methodology
updated the controller parameters in real-time while the control system remains in the closed-loop.
This adaptive PI control was applied to a discharge air temperature (DAT) HVAC system. The
simulation results indicated that the proposed adaptive PI control strategy works very well in
response to changes in plant parameters, disturbances and external noise acting on the HVAC

system.

Bai and Zhang (2007) proposed a new adaptive PI controller for use in HVAC systems.
The HVAC process was described by a first order plus dead time model. A simple tuning formula
for a PI controller with robustness based on the estimated parameters was applied to modify the

parameters automatically while under the closed loop. The simulation results showed that this new
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adaptive PI control strategy has a faster response, smaller overshoot and higher accuracy than the

other adaptive control methods under load disturbances or set-point changes.

Ning and Zaheeruddin (2010) proposed a neural network based optimal supervisory control
strategy for the efficient operation of a two-zone VAV-HVAC&R system. A dynamic model was
established initially to simulate the overall system response under different scenarios. A multi-
layer feed forward neural network was trained to minimize the objective cost function. After that,
a neural network based optimization algorithm was developed to find out the optimal set-points
for the VAV system. The energy simulation results showed that compared with conventional night
reset operation scheme; this suggested optimal operation scheme can save around 10% energy in

full load and 19% energy in partial load conditions, respectively.

Singh et al. (2000) developed a multivariable adaptive control strategy for a two-zone fan-
coil heating (FCH) system which consists of a hot water boiler, a fan-coil unit for each zone, two
environmental zones and a two pipe distribution system. This multivariable adaptive controller
was designed based on the linear quadratic regulator (LQR) theory. The simulation results showed
that the suggested controller was able to adapt to a wide range of operating conditions and was
also able to maintain the zone air temperature and the boiler supply water temperature close to

their respective set-points.

Haddad (2011) proposed an on-off and outdoor temperature reset control strategies for a
solar-assisted radiant floor heating system. For this system, the radiant loops were fed with water
which was first heated by using solar energy stored in the tank and then using a boiler. Two
independent pumps and heat exchangers were placed between flat-plate solar collector and storage

tank side, between solar storage tank and RFH system return water loop side respectively. Once
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the temperature difference between the tank and collector outlet reach 5.5°C, the pump in the
collector side was turned on, and it was turned off when this temperature difference drops to 1°C.
For another side, the pump was turned on when the temperature of the tank was at least 5°C higher
than the radiant floor return water temperature or a call for heating. This pump was turned off
when this temperature drops to 1°C or no more call for heating. Besides, the solar system and the
boiler share the same supply water set-point. The results indicated that the solar fraction was
increased by 17% when the supply temperature to the radiant loops was varied based on outdoor

reset control strategy as opposed to a constant supply water temperature.

Candanedo et al. (2011) developed a predictive control strategy for a building with large
solar heat gain. The proposed control strategy was based on the system’s model and expected loads,
and was investigated under two different control conditions: (i) a radiant floor heating (RFH)
system and (i1) a dynamic fenestration system with automatically controlled solar transmittance.
The investigation results suggested that a simplified linear model could facilitate the

implementation of control strategies in homes with large solar gains and thermal mass system.

Cho et al. (2013) conducted a study of the energy performance of an optimal predictive
control strategy for multi-zone radiant floor district heating systems. In this predictive control
strategy, the boiler supply water set-point was predicted based on the variation in the zone load.
The control strategy was applied to a four-zone radiant floor heating system. By comparing with
conventional PI control, this optimal predictive control strategy was shown to contribute about 10%
energy saving. Experimental results further confirmed the validity of this optimal predictive

control strategy for the radiant floor district heating system.
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Liu (2014) developed a gain scheduling control strategy for a chilled water cooling system
which consists of a chiller, a cooling coil, a stratified chilled water tank and a cooling tower. Based
on the conventional proportional-integral (PI) controller structure, the proposed gain scheduling
(GS) control scheme was designed and implemented. The dynamic system performance was
compared with the constant gain PI controller subjected to sudden zone set-point changes and load
disturbances. The simulation results indicated that the proposed GS controller had better
temperature regulation performance. Also, a near-optimal strategy combined with the GS control
was designed. The system energy consumption was determined under various load conditions. The
results showed that energy savings ranging from 21% to 36% could be achieved by using the

optimal-GS controller in full and partial load conditions.

Li and Karava (2014) explored a methodology to develop a deterministic model predictive
control (MPC) strategy for a solar integrated hydronic space heating system. This integrated solar
system includes a BIPV/T panel, an air source heat pump, a thermal storage tank and a radiant
floor heating system. By establishing the detailed prediction model in TRNSYS program, and
simulating under the typical meteorological year condition, it was shown that the implantation of

this MPC control algorithm could result in significant savings in building energy consumption.

Kang et al. (2015) proposed an advanced on-off control strategy based on a fuzzy logic
methodology for a hydronic radiant floor heating (HRFH) system. The proposed controller was
implemented based on a conventional on-off controller and combined with a fuzzy algorithm. A
novel modeling program for thermal analysis of the radiant floor heating system was developed to
include consideration of the solar impact on the system. By comparing with the traditional on-off

controller, the proposed fuzzy logic based on-off controller showed a better regulation
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performance in terms of reducing overheating and underheating. Also, the experimental results

showed that the advanced on-off control strategy works more effectively with proper on-off timing.

Hu and Karava (2015) proposed a model-predictive control strategy for an office building
integrated with solar collectors, radiant floor heating and active thermal storage tank system.
Through building up the detailed model in TRNSYS and using system identification technique, a
simplified model was implemented within the predictive controller. The simulation results

indicated that this proposed control strategy could contribute up to 35% energy saving.

Ma and Zaheeruddin (2017) developed an adaptive control strategy for a hybrid hydronic
space heating system. In this system, the water returning from the radiant floor heating system was
first heated by using a geothermal source heat pump system and then increased to supply water
set-point by using boiler energy. An adaptive gain PI controller was designed, and it was shown
that it gives better set-point tracking performance than the conventional PI controller in disturbance
rejection. Daily system energy simulations under three different operating strategies were
compared as well. The results showed that the optimal adaptive PI controller could contribute 22%
higher energy savings in mild outdoor conditions compared with conventional fixed set-point PI

control and outdoor air temperature reset control strategies.

In summary, it is noted that the majority of studies on hydronic space heating systems and
solar-assisted heating systems have focused their attention on model development of components
such as boilers and solar collectors. Furthermore, on a system level basis, the previous studies have
dealt with stand-alone systems mostly dealing with radiant heating systems. In other words, they
did not consider the integration of solar and boiler heating system in a multi-functional building.

This entails the use of different water supply temperatures as opposed to single source supply water
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temperature in the heating system. This adds to a new complexity in designing control strategies

for such systems which are not addressed in the literature.

From the viewpoint of control studies, it is noted that PI control, adaptive control and
optimal control techniques have been proposed for space heating systems. However, the
application is limited to single zone buildings as opposed to multi-zone buildings. Furthermore,
the hybrid nature of controls involving both on-off controls and adaptive controls in a multiple
control loop system environments has not been studied. In addition, much less work is done on
operation and control of systems involving the integration of the solar system into a conventional
boiler heating system. This study addresses the limitation noted above. To this end, the primary
objective of this thesis is to model a hydronic space heating system integrated with a sustainable
solar energy system for a multi-zone multi-functional building, and also to develop improved
control and operation strategies for this multiple control loop system and optimize the energy

efficiency of the overall system.
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CHAPTER 3 DYNAMIC MODEL OF A SOLAR-

ASSISTED HYDRONIC SPACE HEATING SYSTEM

3.1 Introduction

In this chapter, the dynamic modeling and open loop tests of the hydronic space heating
system are explored. First of all, the physical model of the system is described with a schematic
diagram. After that, the dynamic models of each component are developed in sequence. These are
the commercial and residential zones models, the building enclosure model, the terminal baseboard
heater model, the radiant floor heating system model, the flat-plate solar collector model, the solar
storage water tank model, the water-to-water heat exchanger model and the gas-fired boiler model.
At the end of this chapter, the open loop test is conducted to simulate the dynamic responses of

the integrated system under design day conditions.

3.2 The physical model of the system

A typical two-storey multi-functional building located in Montreal is considered in this
thesis. Figure 3.2.1 shows the building orientation, size and zone layout for each floor. The first
floor consists of two individual commercial zones, and each zone is heated by using the terminal
baseboard heater heating system. For the second floor, it has four residential zones; the radiant
floor heating system is installed in each residential zone. In total, six individual zones are

considered in this thesis.
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Figure 3.2.1 Commercial and residential floor zone layout

The schematic diagram of two kinds of heating systems is shown in Figure 3.2.2 and Figure
3.2.3, respectively. The base case system is a conventional gas-fuel boiler which can supply hot
water to the baseboard heater for the first commercial floor and also to the radiant floor heating
system of the second residential floor as shown in Figure 3.2.2. However, from the design aspect
of view, the radiant floor heating system requires relatively-lower supply water temperature
compared with the baseboard heater heating system. Therefore, a water-to-water boiler heat

exchanger is designed to regulate the supply water temperature to the radiant floor system.

18



=5

Tsb

Boiler (B) p_Trb

Boiler Heat
Exchanger (BHX)
T, b oy
! )

! Ts,rz

&

Residential Zones (RZ) )

Tr,bhx o ]—|_© ) C )

Tz Radiant Floor (RF)

== —

N Commerical Zones (CZ)

Baseboard Heater (BH)
=1

Ts,cz

Figure 3.2.2 All boiler hydronic space heating system schematic diagram

On the other hand, from the energy efficiency point of view, it is not desirable to use high-
quality heat (boiler heat source) for low-quality energy demand system (radiant floor heating
system). In order to improve the overall system energy efficiency and to make the building more
sustainable, free solar energy is considered as an appropriate heat resource for low-quality energy
demand system (radiant floor system). Therefore, a more advanced system is proposed which adds
in the liquid flat-plate solar collector, two heat exchangers and one water tank and working together
with the conventional boiler heating system as shown in Figure 3.2.3. In this way, the radiant floor
system return water can be heated first by using solar heat from the solar tank and then the boiler
in case further heating is required. The detailed solar and entire system operation and control
strategies will discuss in the next chapter.
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Figure 3.2.3 Solar-assisted hydronic space heating system schematic diagram

The overall system design and equipment selection consist of six main components: 1, zone
heating load calculation. 2, commercial zones (CZ) baseboard heater (BH) sizing. 3, residential
zones (RZ) radiant floor heating (RFH) system sizing. 4, flat-plate solar collector (FSC), solar tank
(ST) and solar heat exchanger (SHX) sizing. 5, boiler heat exchanger (BHX) sizing. 6, gas-fired
boiler (B) selection. The steady-state design method is applied to determine the capacity of each
component. The summary of the calculation is presented in Appendix-A. The flat-plate solar
collector was sized based on steady-state design calculations. The appropriate size of flat-plate
solar collector modules was then selected from the manufacturer’s catalogue data which is attached

in Appendix-B.
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3.3 The formulation of dynamic models

3.3.1 Building enclosure model
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Figure 3.3.1 Sectional view of the wall assembly

A sectional view of the exterior wall section is shown in Figure 3.3.1. The exterior wall
consists of four main layers: a face brick, an air gap, an insulation and a gypsum board from
exterior to interior. In order to simplify the model, the temperature distribution in each layer is
assumed as uniform. Therefore, the heat transfer analysis of the exterior wall can be simply
regarded as a one-dimensional situation. A two-node heat transfer model is developed for the

exterior walls. One node is in the face bricklayer; another one is located on its exterior surface as
21



shown in Figure 3.3.1. By applying the energy conservation method for each node, the heat balance
equations of the brick node and the temperature equation of brick surface node were expressed as

below:

d(Tyrici)
Crick % = AwantUwz Torick — T;) — AwauUwi(Tprick — Tosy) 3.1

leTbrick + hoTo + Qsol,inci

Tbsf -

All mentioned symbols in the above equations, corresponding definitions and values are

listed in the following Table 3.3.1.

Definition Symbol Value or Formula Unit
Density of the face brick Aprick 2002.3 kg/m3
Specific heat of the face

Corick 750 J/kg °C
brick
Thickness of the face brick | Hpick 0.1016 m
Thickness of the air gap Hyg 0.0254 m
Thickness of the insulation Hips 0.1016 m
Thickness of the gypsum
Hgp 0.019 m
board
Thermal conductivity of the
Kyrick 1.31 W/m °C
face brick
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Thermal conductivity of the

Kag 0.024 W/m °C
air gap
Thermal conductivity of the
Kins 0.0975 W/m °C
insulation
Thermal conductivity of the
Kgp 0.17 W/m °C
gypsum board
Exterior surface film W/m?
h, 17.1955
conductance °C
Interior surface film W/m?
h; 8.23
conductance °C
Heat transfer coefficient
1 W/m2
from brick node to surface U U, =
i "1 0.5 % Hyricr/Korick oC
node
Heat transfer coefficient U2
W/m?
from brick node to the Uw2 | _ 1
0.5 * Hprick , Hag | Hins , Hgp °C
: + oL ins 292 4 1/hy
indoor KbTiCk Kag Kins Kgb / t

Table 3.3.1 Physical properties of the exterior wall assembly
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3.3.2 Commercial zones model
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Figure 3.3.2 Schematic diagram of the reversed return hot water heating system in

commercial zones

Figure 3.3.2 provides a schematic diagram of the reversed return hot water space heating
system for two commercial zones. A mathematic model for simulating each commercial zone air
temperature is developed by assuming the zone air temperature distribution is uniform. The rate
of heat stored in the commercial zone air mass equals to the net heat transferred from the baseboard
heater to zone air, the heat transferred between zone air and the outside environment through
building enclosure and the infiltration. The heat balance equations and the water flow rates of two

commercial zones indoor air are expressed as below:

24



d (Tz,czl) _

Ccz,l T - Cwmw,czl(Ts,czl - Thtr,3) - Awin,czluwin(Tz,czl - To)
- Awall,czl UWZ (Tz,czl - Tbrick) (3-3)
. ACchl * VOlczl * Cq * da * (Tz,czl - To) + Q + Q
3600 int,cz1 sol,cz1
d(T;cz2)
Ccz,z % = CwMy cz2 (Ts,czz - Thtr,6) - Awin,czz Uwin(Tz,czz - To)
- Awall,czz UWZ (TZ,CZZ - Tbrick) (3'4)
_ ACHCZZ * VOlczZ * Cq * da * (TZ,CZZ - To) + Q + Q
3600 int,cz2 sol,cz2
My cz1 = Uw,cz1Mw cz1,d (3.5)
My cz2 = Uw,cz2My cz2,d (3.6)

3.3.3 Baseboard heaters model

The baseboard heater heating system is designed for the first-floor commercial zones.

Following the approach described in [14], the model equations were derived. The rate of energy

stored in the baseboard heater water tube is equal to the heat supply

from the boiler hot water

minus the heat transferred from the hot water and the zone environment. Equation 3.7 to 3.12

describe the heat transfer process for each baseboard heater.

d(Thtr 1) Ts cz1 + Thtr 1

hriT o = Cwmw,cz1(Ts,cz1 - Thtr,l) — Untra (f
d(Thtr,Z) _ Thtr,l + Thtr,z
Cher,2 —dr Cwmw,cz1(Thtr,1 - Thtr,z) — Untr,2 - 2
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Chir3 % = CwMu,cz1 (Ther2
Chera % = cwMu,cz2(Tsczz
hers % = CwmMcz2(Ther.a
htr,6 % = CwMy cz2 (Thtr,s

Also, the commercial zone mixed return water temperature can be described as:

- Thtr,S) - Uhtr 3

- Thtr,4) - Uhtr4

- Thtr,s) - Uhtr 5

Thtr 2 + Thtr 3

Thtr 4 + Thtr 5

( s,cz2 + Thtr4

Thirs + Thire
- Thtr,6) — Untre (f -

mw,clehtr,B + mw,czZThtr,6

Tr,cz =

mw,czl + mw,czz
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3.3.4 Residential zones model
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Figure 3.3.3 Schematic diagram of the radiant floor heating system in residential zones

Figure 3.3.3 shows the schematic diagram of the radiant floor heating system in residential
zones. A model for simulating each residential zone air temperature is established by assuming the
zone air temperature distribution is uniform. Therefore, the rate of heat stored in the residential
zone air mass equals to the net heat transferred by the radiant floor through radiation and

convection, the heat transferred between zone air and the outside environment through building

enclosure and the air infiltration.
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d(Tyrz1)
Crz,l % = Qrad,conv,l - Awin,rzl Uwin (Tz,rzl - To)

- Awall,rzl Uwz (Tz,rzl - Tbrick) - Arf,rzl Urf (Tz,rzl - To)

. ACHer * VOlrzl * Cq * da * (Tz,rzl - To)

+ Qint,rzl + Qsol,rzl

3600
d(Tz rzZ)
rz,2 T = Qrad,conv,z - Awin,rzz Uwin (Tz,rzz - To)
- Awall,rzz Uw2 (Tz,rzz - Tbrick) - Arf,rzz Urf (Tz,rzz - To)
ACHrzZ * VOlrzZ *¥Cq * Pg * (Tz,rzz - To)
- 3600 + Qint,rzz + Qsol,rzz
d(TZ rz3)
rz,3 T = Urad,conv,3 — Awin,rz3 Uwin (Tz,r23 - To)
- Awall,rz3 Uw2 (Tz,rz3 - Tbrick) - Arf,rz3 Urf (Tz,rz3 - To)
ACH, 33 * Vol,z3 * cq * pg * (Tz,r23 - To)
- 3600 + Qint,rzS + Qsol,rzS
d(Tz rz4)
rz,4 T = Urad,conv,a — Awin,rz4Uwin (Tz,rz4 - To)
- Awall,rz4 UWZ (Tz,rz4 - Tbrick) - Arf,rz4Urf (Tz,rz4 - To)
ACHrz4 * VOlrz4 *Cq * Pg * (Tz,rz4 - To)
- 3600 + Qint,rz4- + Qsol,rz4-
T _ uw,rzlmw,rzl,dTr,rfhl + (1 - uw,rzl)mw,rzl,de,rzl
rz1 —
nre uw,rzlmw,rzl,d + (1 - uw,rzl)mw,rzl,d
T _ uw,rzme,rZZ,dTr,rth + (1 - uw,rzz)mw,rzz,de,rzz
Tz2 —
nre uw,rzzmw,rzz,d + (1 - uw,rzz)mw,rzz,d
uw,rszw,rZ3,dTr,rfh3 + (1 - uW,‘l"Z3)mW,1"Z3,dTS,TZ3
Tr,rz3 =

Uy rz3Myw rz3,d + (1 - uw,rzB)mw,rZB,d
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(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)



uw,rz4mw,rz4,dTr,rfh4 + (1 - uw,rz4)mw,rz4,de,rz4

(3.21)

Tyrza =
' Uy rzaMy rza.d + (1 - uw,rz4)mw,rz4,d

mw,cler,rzl + mw,czZTr,rZZ + mw,cz3Tr,r23 + mw,cz4Tr,rz4
Tryz = (3.22)

mw,czl,d + mw,czz,d + mw,cz4,d + mw,cz4,d

3.3.5 Radiant floor heating system model

A plan view of the radiant floor heating panel is shown in Figure 3.3.4. Hot water
circulating inside the tube transfers heat to the tube wall by convection, and then the tube wall
transfers heat to its surrounding concrete through conduction in both horizontal and vertical
directions. Besides, the hot water serpentine pipes are equally spaced, so it can be assumed that
the same unit section is symmetrically repeated. Furthermore, the temperature gradient in the
direction of the hot water pipes is considered as negligible. The temperature gradient in the

direction of perpendicular to the panel is considered.

Ts

TN N

Tr

Figure 3.3.4 Plan view of an embedded tube for the radiant floor system
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A sectional view of the radiant floor structure is shown in Figure 3.3.5. The radiant floor
consists of three main layers: finish flooring layer, concrete slab layer and insulation layer. Besides,
the serpentine tubes are embedded at the center of the concrete layer. The properties of each

material are provided in Table 3.3.2.

Finish flooring
Slab concrete
Water tube

Slab insulation

= = A N - = a ]
i k] @ d, " 4 a L -
—— a et adl o Lo
4 4 -« < A a < :
a o a -
- a Fi - q & 2 &
da — a E . F. a
4 T & s a o ) Bl
- a il d 4, . i
a a a - - | 4 a P
T & o 4

Figure 3.3.5 Sectional view of the concrete slab

A sectional view of the radiant floor nodes diagram is presented in Figure 3.3.6. The heat
transfer analysis for the radiant floor system is considered as a two-dimensional situation [18]:
heat flux from the water tube node to its nearby horizontal concrete nodes, and heat flux from the
water tube node to its nearby vertical concrete nodes. It is also assumed that the nearby concrete
nodes are at the same condition. Furthermore, it is assumed that the slab is well insulated. The heat
transfer from the tube wall and the concrete to the insulation is considered as negligible. The

governing equations of each node are described as below:
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Tsf2,i Tsf1.i Tsf2.i Tsf2,i+1 Tsf1,i+1 Tsf2,i+1
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Figure 3.3.6 Radiant floor nodes diagram for two adjacent pipe sections
Where,
T,, ; represents the water tube node temperature, °C
T, ; represents the concrete node temperature around the tube in the water tube layer, °C
T, ; represents the concrete node temperature above the tube in the concrete layer, °C

T,s3,; represents the concrete node temperature around the T;q ; and T,,; in the concrete

layer, °C

Tf101,; represents the flooring node temperature above the tube in the flooring layer, °C
Tf102,; represents the flooring node temperature above the concrete in the flooring layer, °C
Tsf1,; represents the surface node temperature above the tube, °C

Tsf,,i represents the surface node temperature above the concrete, °C
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The energy balance equation of the circulating water node can be described as:

(T, ;
(dvtv,l) = CothraiMurzia(Tors — Twi) + 2Ucona we (Teri — Tws)

Cuwe *

(3.23)

+ Ucond_wcz (Tcz,i - Tw,i)
The energy balance equation of the concrete temperature around the tube in water tube
layer can be described as:

d(Tcl,i)

C
cl * dt

= 2Ucond_wcl (Tw,i - Tcl,i) + Ucond_clc3 (Tc3,i - Tcl,i) (3'24)

The energy balance equation of the concrete temperature above tube in concrete tube layer

can be described as:

d(T,,;
%&J = Ucond_wcz (Tw,i - TcZ,i) + 2Ucond_c2c3 (Tc3,i - Tcz,i) (3 25)

+ Ucond_czfl (Tflol,i - Tcz,i)

Cep *

The energy balance equation of the concrete temperature in the concrete layer can be

described as:

d(T.3;
(d(.:,l) = ZUCOnd_CZC3 (TCZ,i - TC3,i) + Ucond_clc3 (Tcl,i — TC3,i)
(3.26)

+ Ucond_c3f2 (Tfloz,i - Tc3,i)

Cc3 *

The energy balance equation of flooring temperature above tube in flooring layer can be

described as:
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d(T, i
Cflol * —( g;l'l)

3.27
= Ucond c2r1(Teai — Trio1i) + 2Ucona r1r2(Tri02,: — Trioni) (3-27)

+ Ucond_flsfl (Tsfl,i - Tflol,i)
The energy balance equation of flooring temperature above concrete in flooring layer can

be described as:

3.28
= Ucondc3f2 (Tc3,i - Tfloz,i) + ZUcondf1f2 (Tflol,i - Tfloz,i) ( )

+ Ucond_stfZ(Tszi - TfloZ,i)

The energy balance equation of surface temperature above the tube can be described as:

Tsp1i = Trio1,i — < i > - < Jevt ) (3.29)
Ucond_flsfl Ucond_flsfl

The energy balance equation of surface temperature above concrete can be described as:

Tsfz,i:Tfloz,i_< fra. >—< den ) (3.30)
Ucond_stfZ Ucond_stfZ

Heat transfer due to the radiation and convention between the floor surface and zone

environment on the top of tube node can be described as:

Grii = 5% 10°Fon Ay (Topa +273)" = (Tenra + 273)") (3.31)

)1.31

qc1,i = 2-17A1(Tsf1,i — Ty rzi (3.32)

Heat transfer due to the radiation and convention between the floor surface and zone
environment on the top of a concrete node can be described as:
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Grai = 5 X 10°Fdy ((Typzi + 273)" = (Tenrai + 273)") (3.33)

)1.31

Qezi = 21745 (Tsp2i — Torai (3.34)

So the total radiative and convective heat transfer from the radiant floor to the zone air can

be expressed as:

n
Qrad,conv,i = Z 1(Qr1,i + QCl,i + qrz,i + qcz,i) (3-35)
1=

All mentioned symbols in the above equations, corresponding definitions and values are

listed in the following Table 3.3.1 and in Appendix A.

Definition Symbol Value or Formula Unit
Thermal conductivity of the tube K, 0.38 W/m °C
Thermal conductivity of the concrete K, 2.4 W/m °C
Thermal conductivity of the flooring K10 0.17 W/m °C
Density of the concrete d. 2242 kg/m3
Density of the flooring drio 70 kg/m3
Specific heat of the concrete Ce 750 J/kg °C
Specific heat of the flooring Cflo 120 J/kg °C
Prandtl number of water P. 3.91 -
Dynamic viscosity VS 0.596*%1073 kg/m s
Nusselt number N, N, = 0.023Re%8p.%3 -
| In(2e
Thermal resistance of the tube wall Reona ¢ Reond ¢ = 215(1; m °C /W
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Thermal resistance between water and

1
Rconv_wt Rconv_wt = N1tk m °C /W
tube wall due to convection u™tw
. R
Thermal resistance between tube wall cond_tel
Reona_te1 0.25(S — D,) m °C /W
and its horizontal concrete node T, ; L
DO kC
. R
Thermal resistance between tube wall cond_tez
Rcond tc2 0.5 m °C /W
. . - S5(H.—D
and its vertical concrete node T, ; = (C—O)
DO kC
Thermal conductance between water Rcond wet
node T, ; and its horizontal concrete Reona wer | = Reona t + Reonv wt m °C /W
node T,q ; + Reond_tet
Thermal conductance between water Rconda wez
node T, ; and its vertical concrete node | Riong wez | = Reona ¢ + Reonv we m °C /W
Tcz,i + Rcond_tcz
Thermal conductance between water U
cond_wcl
node T, ; and its horizontal concrete Ucond we1 1 W/ m °C
node Tcl,i Rcond_wcl
Thermal conductance between water U
cond_wc2
node T, ; and its vertical concrete node | Ugpng wez 1 W/ m °C
"R
Tcz,i cond_wc2
. R
Thermal resistance between concrete cond_clc3
Rcond_c1c3 0_5HC m °C /W
nodes Ty ; and T3 ; =
0.5(S — D)k,
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Thermal resistance between concrete

Rcond_chB

Rcond_ch3 0_25(5 +D ) m °C /W
nOdeS TCZ,i and TC3,i = Wko
. c'vc
Ucond_clc3
Thermal conductance between concrete
Ucond_clc3 1 W/ m °C
nodes Ty ; and T¢3; =
cond_c1c3
Ucond_ch3
Thermal conductance between concrete
Ucond_c2c3 1 W/ m°C
nodes T, ; and T3 ; =
cond_c2c3
Rcond_cz f1
Thermal resistance between concrete _ 0.5(H. — D,)
Rcond_czfl Dokc m °C /W
node T, ; and floor node Ty ;
0.5Hg,
Do kf lo
Rcond_c3 f2
Thermal resistance between concrete _ 0.5(H; — D,)
Rcond_c3f2 0-5(5 - Do)kc m °C /W
node T3 ; and floor node Tf;47
N 0.5Hg,
0.5(5 — Dy)ks10
Thermal conductance between concrete U ;
cond_c2f1
node T, ; and its vertical floor node Ucond c2f1 1 W/ m °C
a Rcond_cz f1

Tr101,i
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Thermal conductance between concrete

Ucond_c3 f2
node T3 ; and its vertical floor node Ucond_caf2 1 W/ m °C
Tfloz,i Rcond_c3f2
R
Thermal resistance between floor nodes cond_fif2
Reona_rif2 0.25(S + D) m °C /W
Tri01,; and T2 ; AT —
flo™flo
U
Thermal conductance between floor cond_f1f2
Ucond_flfz 1 W/ m °C
nodes Tflol,i and TflOZ,i = m
conda_
Thermal resistance between floor node
) ) 0.5H
Tf101,; and its vertical surface node Reona_fisf1| Reond f1sf1 = Wflo m °C /W
otflo
Tsp1,i
Thermal resistance between floor node R
cond_f2sf2
Tf102, and its vertical surface node Reond rasf2 0.5H,, m °C /W
" (0]
~0.5(S-D,)k
Tsfz,i ( o) flo
Thermal conductance between floor U
cond_f1sf1
node Tfy51,; and its vertical surface node | Ugong f15f1 1 W/ m °C
TSfl,i RCOTld_flel
Thermal conductance between floor U
cond_f2sf2
node T2, and its vertical surface node | Ugong f2552 W/ m °C

Tsfz,i

1

Rcond_szfZ
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Thermal capacity of the water inside the 2
Cwt Cwt = —ln;dwcw J/Cm
tube node T, ; 4
Thermal capacity of the concrete node Cet
CCl J/Cm
Tea = 0.5(S — D,)D,d.cc.
Cez
Thermal capacity of the concrete node
Ceo = 0.5(H, J/ICm
Tc2,i
- Do)Do dccc
Cc3
Thermal capacity of the concrete node
Ce3 =0.5(5—-D,)0.5(H, J/ICm
Tc3,i
- Do)dccc
Thermal capacity of the floor node Crio1
Crio1 J/Cm
Tri01,i = Hf1oDods16C510
Cfloz
Thermal capacity of the floor node
Crio2 = 0.5(S J/C m
Tfloz,i
- Do)Hflodflonlo

Table 3.3.2 Physical properties of the radiant floor heating system

3.3.6 Solar system model

A sectional view of the collector module is shown in Figure 3.3.7. This flat-plate solar
collector consists of seven main parts: an outer glass cover, an air gap between two glass covers,
an inner glass cover, another air gap between the inner glass and absorber plate, an absorber coating

plate, water circulating tube and insulation.
38



Outer Glass Cover
Air gap

Inner Glass Cover
Air gap

Absorber plate
Tube

Insulation

=—15.00 cm—=

0 0 0 @
AN <

Figure 3.3.7 Sectional view of the flat-plate solar collector

The rate of heat loss from a flat-plate solar collector to surrounding environment depends
on the overall heat loss transfer coefficient Ug.. An empirical equation for calculating the flat-plate

solar collector overall heat loss coefficient is described as [6]:

-1
N 1 w
Use =

clmm—nT+mm7

(N +1)

Tpm (3.36)

o (Tym + To) (Tom” + T,°)
1 2N+ f-T+01335
gp + 0.00591 « N * hy,ing &g

+

In order to calculate the actual useful energy gain of a solar collector, except determining

the overall heat loss coefficient, several related factors need to be defined as well. The fin
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efficiency factor F is related with collector geometry shown in Figure 3.3.7. The equation for

calculating fin efficiency factor can be expressed as:

_ USC
ne e (3.37)
_ tanh[M (W, — Do,c)/2] (3.38)

M(M/sc - Do,sc)/2
After determining the collector overall heat loss coefficient U, and fin efficiency factor F,
the collector efficiency factor F' is described as below which is related with internal heat transfer
coefficient:
1/Usc

1 L1, 1 (3.39)
Use[Dsc + (Wee = Do sc)F] * Cpona = Dischy

F' =
|

Furthermore, the actual useful energy gain of a solar collector is affected by the mass flow

rate. The equation for determining the collector heat removal factor Fy is described as:

mg.C A U F'
FR — SC™p [1 _ exp <_ scYsc >l (340)
ASCUSC msccf

Therefore, the actual useful energy gain g, in a flat-plate solar collector can be written as
below which is a widely used relationship for simulating collector useful energy gain and is
generally known as the “Hottel-Whillier-Bliss” equation [6]. The actual useful energy gain is a
function of the collector heat removal factor, the inlet fluid temperature of the collector and the

ambient temperature. The equation is expressed as below:

qsc = AscFr [IT(Z - Usc(Tsci - To)] (3.41)
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Tsco
1 2 Nsc

Tsci

Figure 3.3.8 Collectors’ array in parallel connection

Figure 3.3.8 shows arrays of Ny, modules with parallel connection. Assume for all flat-
plate collector modules are identical, the performance of each module will be the same. Therefore,
for flat-plate collector modules in parallel connection, the total useful energy gain g4 can be

determined from:

Qsct = AscNscFr [ITa - Usc(Tsci - To)] (3.42)
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Figure 3.3.9 Flat-plate solar collector with a heat exchanger coil in the tank

Therefore, the dynamic equation of flat-plate solar collector outlet temperature can be

expressed as:

d(TSCO) _

Csct T = qsct — Cfmsct(Tsco - Tsci) (3'43)

There is very often a collector heat exchanger between the solar collector and the thermal
storage tank when antifreeze is used in the collector. The schematic diagram of a collector with
coil heat exchanger and storage tank is shown in Figure 3.3.9. The combination of a collector and
a coil heat exchanger performs exactly like a collector alone but with a reduced value of Fg'. The

equation for calculating Fg' is expressed as below:
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-1
Fr' A U F 1
Fe' _ [1 ' <_R> (2- 1)] (3.44)
Fr Myer Cr £
Then, the solar collector equation and the coil heat exchanger equation are combined into
a single equation that has the same form as the collector expression alone. The rewritten useful

energy gain in a flat-plate solar collector combining with a heat exchanger can be expressed as:

Quseful = AschcFRI[ITa - Usc(Ttank - To)] (3-45)
The solar tank which located between the collector and zone plays an essential role in the
entire hydronic heating system. The volume for the solar tank is based on a recommendation from

Duffie and Beckman (2013). The dynamic equation of unstratified solar tank is expressed as:

d (Ttank)
tank dt

3.46
= Quseful — Mw shxpw (Ttank - Tshxpr) - UtankAtank (Ttank ( )

- a)
All mentioned symbols in the above equations, corresponding definitions and values are

listed in the following Table 3.3.3 and Appendix A.

Definition Symbol Value or Formula Unit

Number of glass covers N 2 -

f = (14 0.08%,nq
- f — 0.1166hinq€p) -

* (14 0.07866N)

_ C C = 520(1 — 0.0000518?) -
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0.430 (1 100)
e=0. e
Tom

- e -
Emittance of absorber plate &p 0.95 -
Emittance of glass cover &g 0.88 -
Mean plate temperature Tom 50 °C
Wind heat transfer coefficient | hying 10 W/m? °C
Absorber plate thermal
k, 385 W/m °C
conductivity
Absorber plate thickness &, 0.5 mm
Bond conductance Chona o -
Heat transfer coefficient
: : Nu kf 20
between the working fluid and hs hs = ) W/m*~ °C
Sc
tube wall
Nu
D, 166
Nusselt number Nu 0.00236 (Repr _h) -
— L
=44+ DT
1+0.00857 (RePr 1)
dr *vg x D
Reynold number Re Re=2L1—71_"% -
Ky
Density of working fluid dr 1055 kg/m’
4A,;
Hydraulic diameter Dy D, = —= m
Priser
Dynamic viscosity Us 2.32%107 kg/m s
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Perimeter of riser tube Priser Driser = TDg, m

Prandtl number Pr 4.83 -

Solar radiation intensity I - W/m?

Transmission coefficient of

T 0.895 -
glass cover
Absorption coefficient of
a 0.95 -
absorber plate
Specific heat of antifreeze o 3850 J/kg K
Specific heat of water Cw 4187 JkgK

Table 3.3.3 Physical properties of the flat-plate solar collector

3.3.7 Heat exchanger model

Two water to water tube heat exchangers are installed in the entire system. The first one is
located between the boiler and residential zones which is used for heating the radiant floor system
return water in case of the solar system is completely off, or the solar energy is not sufficient. The
next heat exchanger is placed between the solar tank and residential zones. The purpose of
installing this solar heat exchanger is to heat the radiant floor system return water by using hot

water in the solar tank.

The dynamic equations of two water-to-water heat exchangers primary (hot) and secondary
side (cold) temperatures are described in below. The rate of heat stored in the primary side is equal

to heat supplied from hot source minus the heat transferred to the secondary side. On the other
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hand, the rate of heat stored in the secondary side is equal to heat transferred from the primary side

minus the heat absorbed by the cold source.

d (To,hxp ) _

hxp T = Cwmw,hxp (Ti,hxp — To,hxp) — Qnx (347)
d(Tonxs)
Chxs % =qhx — Cwmwjth(To’th — Ti,hxs) (3.48)

The working equation of the heat exchanger heat transfer rate gy, is defined in below
equation, where Ty, and Tjpys are the hot fluid inlet and cold fluid inlet temperatures

respectively, and my,, Cpml_nis the lower of two capacitance rates [6].

Ghx = 6-(rnhxcp)mm(Ti,hxp - Ti,hxs) (3.49)

For a counter-flow exchanger, the effectiveness € is given by

IfC* # 1
_ ,—NTU(1-C")
fo_17¢ (3.50)
1 —C* % e~NTUQ-C")
IfC* =
NTU
€ =TT NTU 331

Where NTU is the number of transfer units, it is defined in below equation. UA is the

overall heat transfer coefficient-area.

NTU = ——% (3.52)

Besides, the dimensionless capacitance rate is calculated by
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_ (mhx Cp)min

C*=
(mhx Cp)max

(3.53)

3.3.8 Boiler model
A gas-fired condensing boiler is considered in this thesis. The supply water temperature of
a boiler is a function of boiler capacity, boiler efficiency, supply and return water flow rate and

the rate of fuel consumption. The energy balance equation of the boiler can be expressed as [14]:

d(T
Cy ( s’b) = UpMpmay * HV * €) — mw,wa(Ts,b — Tr,b) — aj(TS,b — Ta) (3.54)

dt

The boiler return water temperature can be described as:

—— mwr,hxpTr,bhxb + mwr,czTr,czb
rb —

(3.55)
mwr,hxp + mwr,cz

3.3.9 Heat losses from pipes in the distribution system

The heat losses due to the water distribution system are evaluated based on the boiler
supply water temperature, ground temperature, supply and return water flow rate, pipe insulation
and the total pipe length. The pipe segments related with pipe heat losses are from the boiler to the
commercial zones, from the commercial zones back to the boiler, from the boiler to boiler heat
exchanger and from boiler heat exchanger back to the boiler. For the rest of the pipe segments, the

heat losses are considered as negligible.

C d(Ts,cz) .

pipebez™ g T CWmW,CZ(TS,b - TS,CZ) - Upipe,loss,bcz(Ts,b - Tground) (3.56)
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d (Tr,czb) _

Cpipe,czb T - Cwmw,cz (Tr,cz - Tr,czb) - Upipe,loss,czb (Tr,cz - Tground) (3'57)
C d(Ts,bhx)
pipe,bbhx T
(3.58)
= CwMy bhx (Ts,b - Ts,bhx) - Upipe,loss,bbhx(Ts,b - Tground)
d(Typnxp)
Cpipe,bhxb d—t
(3.59)

= Cwmw,cz(Tr,bhx - r,bhxb)

- Upipe,loss,bhxb (Tr,bhx - ground)

3.4 Open loop test simulation

All individual components described above are integrated to build the overall system model.
The open loop test is conducted to study the dynamic responses of the entire system by using the
MATLAB program. The simulated results at design condition are presented in Figure 3.4.1 and

3.4.2 respectively. All design condition parameters are provided in Appendix-A Table.
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Figure 3.4.1 Open-loop test of supply water and zone temperatures at design condition

The simulation process starts from assumed initial conditions. As shown in the Figure 3.4.1
(a) and (b), the boiler and boiler heat exchanger (BHX) supply water temperatures can reach their
steady state temperature at 83°C and 45°C respectively. Based on Figure 3.4.1 (c) and (d), the
residential zone (RZ) and commercial zone (CZ) indoor air temperatures reach their steady state
temperature of about 23°C and 22°C respectively. However, it is noted that the residential zones
air temperature takes longer to reach steady state compared with commercial zones air
temperatures. This is because the response time is affected by the thermal capacity of the system

components. The main reason causing the slow response time is the radiant floor heating system
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in the residential zones which has a larger thermal mass compared to the baseboard heater heating

system in the commercial zones.
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Figure 3.4.2 Open-loop test of solar system temperature at design condition

At the design condition, Figure 3.4.2 (a) shows the effect of solar incident energy on the

flat-plate solar collectors. The flat-plate solar collector antifreeze outlet temperature can reach

nearly 42°C. Besides, Figure 3.4.2 (b) shows the water temperature inside the solar storage tank.

This temperature is approaching nearly 40°C which is two degrees lower than the collector outlet

temperature. The reason is due to heat losses and the effectiveness of the heat exchanger. In the

tank. Also, Figure 3.4.2 (c) indicates the solar heat exchanger (SHX) secondary (cold) side outlet
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water temperature. As can be noticed the residential zones return water temperature is increased
to 36.8°C by the energy transferred from the solar system. Taken together, the open-loop responses
show expected trends from a space heating system. And the magnitude of temperatures indicates
that the overall system is properly sized. Also, it can be noted that the overall system responses
show a multi-time scale property. In other words, the solar tank temperature response is the slowest,
followed by the residential zone air temperature responses and the boiler and the commercial zone
temperature responses. The overall system consists of coupled heat transfer processes with energy

interactions taking place among the sub-systems.
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CHAPTER 4 CONTROL STRATEGIES FOR THE

HYDRONIC SPACE HEATING SYSTEM

4.1 Introduction

In this chapter, the design, tuning and control performance of the hydronic space heating
system under different control strategies will be explored. First of all, the control structures of the
integrated system are discussed. After that, the entire system dynamic responses subjected to
various disturbances are investigated. Then, the controller performance under conventional on-off
and PI control strategy will be examined. In the end, a gain scheduling adaptive control strategy is
developed. The objective is to find an appropriate control strategy in order to improve the control

performance of the system.

4.2 Overall system control loops

In total, this solar-assisted hydronic space heating system has ten individual control loops
as such this system is characterized as a multiple loop control system. The first control loop is the
boiler control loop (C1) as shown in Figure 4.2.1, it regulates the boiler fuel supply rate in order
to keep the boiler supply water temperature at its set-point. The second control loop is the boiler
heat exchanger (BHX) control loop (C2) as shown in Figure 4.2.2, which governs the boiler heat
exchanger secondary (cold) side outlet water temperature which is inlet temperature to the radiant
floor heating system, by regulating the primary (hot) side mixed water temperature. The third
controller (C3) is in the flat-plate solar collector circulating loop as shown in Figure 4.2.3 on the

left side. This controller turns on-off the circulating water pump to charge or not charge the storage
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tank with solar energy. The fourth controller (C4) is in the solar tank and solar heat exchanger
(SHX) control loop as shown in Figure 4.2.3 on the right side. The controller C4 controls the solar
heat exchanger pump on or off in deciding whether or not to use solar tank energy to offset the
residential zones load. Next group of control loops (C5-C6) are for the commercial zones water
loops as shown in Figure 4.2.4. They regulate the supply water flow rate to the baseboard heaters
of two commercial zones through two-way valves. The last group of control loops (C7-C10) are
the residential zones water loops as shown in Figure 4.2.5. These group of controllers control the
supply water flow rate to the radiant floor heating system supplying hot water to four residential
zones via three-way mixing valves. An integrated solar-assisted hydronic space heating system
with all control loops is depicted in Figure 4.2.6. For simplicity, only one control loop for each of
the residential and commercial zones is depicted in Figure 4.2.6. The overall control system is a
mixed mode control system involving both modulating controls and on-off controls. This adds
complexity in designing control strategies for the overall systems due not only to the interacting
thermal processes of the physical system but also due to interactions between the multiple control

loops of the system.
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4.3 The impact of load disturbances on zones

Three main disturbances have an impact on zone air temperature responses which include
the outdoor air temperature, solar heat gain and internal heat gain. Besides, the initial condition
itself may also affect the zone air temperature responses. Most of building HVAC systems are
designed for the worst case scenario. In other words, in the case of space heating system design,
the worst case condition means the lowest outdoor air temperature and without any solar heat gains
and internal heat gains. However, in practice, the building HVAC systems operate under relatively
mild environment compared with the design condition, which means the hydronic space heating
system usually works at a higher outdoor air temperature conditions and with some internal heat
gains. Therefore, the proper design of HVAC control system and appropriate HVAC control
strategies are essential to maintain desired indoor air temperature and to optimize the energy

consumption.

To investigate the impact of load disturbances, a typical day outdoor air temperature profile
is assumed as shown in Figure 4.3.1. This typical day outdoor air temperature follows a sinusoidal
profile with a 10°C daily range. The lowest temperature -23°C occurs at midnight around 3:00,
and the highest temperature -13°C occur in the afternoon around 15:00. In addition, the hourly
solar radiation profile, as shown in Figure 4.2.1, is modeled based on the Hottel’s clear sky model
[6]. It can be seen from Figure 4.3.1 that the peak solar radiation occurs at noon, and the daytime
starts from 7:00 and ends at 17:00. By applying this solar irradiance profile, the indoor solar heat
gain can be calculated for each zone. Furthermore, internal heat gains are also considered in this
study. The commercial zones have higher internal heat gain during the operation hours between

8:00 to 19:00. For the residential zones, the internal heat gain is usually small as such it is neglected.
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Figure 4.3.1 Typical day outdoor air temperature and solar irradiance

The dynamic response of both zones indoor air temperatures subjected to above load

disturbances and without any controls are presented in Figure 4.3.3.
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Figure 4.3.2 Residential and commercial zones indoor air temperature responses with no

control

A seven days simulation was conducted to investigate the impact of load disturbances on
both zone temperatures. It can be seen that with no controls the residential zone indoor air
temperature fluctuates between 23 °C to 26°C, and the commercial zone temperature fluctuates
between 22°C to 30°C. The commercial zones indoor air temperature has larger oscillations
compared with residential zone temperature. This is because of the commercial zones have higher

solar heat gains and extra internal heat gains. On the other hand, the internal heat gains are not

considered in the residential zones.

4.4 The overall system control structure

As stated before, the overall system consists of multiple control loops. Here the design of
control strategies for each control loops is presented. The overall control system was designed to
be comprised of on-off controls and modulating controls. The on-off control was used to control
the operation of the solar system, and modulating controls were designed to control the boiler,

59



boiler heat exchanger, residential and commercial zones. This mixed mode control structure was
selected in consideration of the practical operation of the system and to achieve good temperature

control performance of the system.

The conventional on-off control strategy is designed for the solar system. Figure 4.4.1
shows the on-off control working strategy for the controller (C3) which is placed in the flat-plate
solar collector side, and also for the controller (C4) which is located between the solar tank and

the solar heat exchanger side.

Measure Measure
Tsco & Ttank Ttank & Trzr
AT1= AT2=
Tsco - Ttank Ttank - Trzr

Figure 4.4.1 On-off control block diagrams
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The pump in the flat-plate solar collector water circulating loop controlled by the controller
C3 is turned on when the temperature difference between the flat-plate solar collector outlet
temperature Ty., and solar tank temperature T,k reach the turning on differential point AT},
which is set at 5.5°C, and it is turned off when this temperature difference drops below AT;,zf
which is set as 1°C [8]. The operation strategy of controller C4 which is located between the solar
tank and the solar heat exchanger is similar that of controller C3. It turns on the pump when the
temperature difference between the solar tank temperature Ty, and residential zones return water
temperature T, ., greater than AT,,, which is set to 5°C, and the pump is turned off when this
temperature difference drops below AT, s which is set at 1°C [8]. The differential temperature

limits were chosen to prevent frequent on-off switching of the pump.

4.5 Conventional PI control strategy for the boiler, boiler heat exchanger,

residential and commercial zones

Except for the solar system which is on-off controlled, a conventional proportional-integral
(PD) control strategy will be designed for all the remaining control loops in this section. Figure
4.5.1 shows a typical closed-loop PI control block diagram for the boiler control loop (C1), the
boiler heat exchanger control loop (C2), the commercial (C5-C6) and residential (C7-C10) zones
control loops. These controllers are designed to regulate the boiler supply water temperature, boiler
heat exchanger secondary side supply water temperature and zone indoor air temperatures,

respectively.
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Figure 4.5.1 PI control block diagram
The PI control equations for the above block diagram are described below:
e(t) =Tsee =T 4.1)

U = kye(t) + k; f te(t)dt 4.2)

Where e(t) is the error, T, is the set-point temperature, T is the current temperature. k,,
is the proportional gain, k; is the integral gain and U(t) is the control signal. Both gains are
obtained by applying Ziegler-Nichols tuning rules. These were further fine-tuned to achieve better
control performance. By using the residential zone 1 as an example, the closed-loop PI control
response of indoor air temperature under design outdoor temperature of -23°C and design supply
water temperature of 50°C were obtained. These are depicted in Figure 4.5.2. The indoor
temperature set-point was set at 22°C. The PI controller gains were as follows: proportional
gain k,, =1, and the integral gain k; =0.001 respectively. The simulated result shows that the
residential zone 1 indoor air temperature has an acceptable set-point tracking response. The larger

thermal mass of radiant floor heating system is the main reason for small initial oscillations.
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Figure 4.5.2 Conventional PI controller responses of residential zone indoor air temperature

However, when the zone is subjected to different outdoor conditions or a sudden set-point
change, this conventional constant gain PI control strategy does not provide an acceptable
temperature tracking performance. Below Figure 4.5.3 (a) and (b) show the residential zone indoor
air temperature responses subjected to a less cold outdoor air temperature of -13°C. Figure 4.5.3
(c) and (d) shows the impact of a sudden change in zone temperature set-point. All other

parameters were kept the same as in the above simulations.
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Figure 4.5.3 Temperature response subjected to low outdoor temperature and a 2°C set-point

change

From Figure 4.5.3(a) and (b) it can be noted that the residential zone temperature shows
oscillatory response around the set-point. Longer settling time is also one of the outcomes when
subjected to outdoor temperatures warmer than the design outdoor temperature. In addition, when
a 2°C set-point change is applied, as can be seen in Figure 4.5.3(c) and (d), more noticeable
overshoots and oscillations set-in. This is due to the fact that the controller gains were designed
for design outdoor conditions (Full-load condition). When the same gains are used for the
controller for low-load conditions, the control responses will be sluggish and as shown above,
which could lead to significant oscillations. Furthermore, being a system with multiple control
loops, interactions among the control loops also contribute to oscillations. Under these
circumstances, a control strategy which attenuates the effects of interactions and compensates for
changes in loads and operating conditions is needed. To address these issues, a gain scheduling
adaptive (GSA) PI control strategy is proposed to improve the controller performance under all

operating conditions.
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4.6 Gain scheduling adaptive PI control strategy

Due to the nonlinear characteristics of the system and unknown disturbances acting on the
system, the conventional constant gain PI controller cannot give good temperature control
responses. In addition, frequent tunings of each control loop for different situations are very time-
consuming. For the above reasons, a gain scheduling adaptive (GSA) PI control strategy is
proposed to improve the control performance and achieve good set-point tracking. The gains in
GSA PI controller are variable within a predetermined range, and the change rate is adaptive with

the error and system load. The GSA PI control equations are shown below:

t
Ut) = ky(t)e(t) + ki(t)f e(t)dt 4.3)

Where k,,(t) and k;(t), both are followed as a function of the error e(t), the proportional

gain k, (t) is expressed as below:

kp (t) = kp(max) - (kp(max) - kp(min))exp_(kle(t)D (4-4)

a, (Tz - To)
Cwmw (Tzs - Tzr)

k=le(t)]* (4.5)

A larger proportional gain value is used to speed the system response when e(t) is large,
and a small proportional gain value is used to eliminate overshoots and oscillation once e(t)
become small. From the equation, it can be noted that, when the error e(t) is large, the exponential
term will approach zero, therefore the proportional gain will reach ky(mqyx). Likewise, when the
e(t) becomes small, the exponential term will approach 1, and so the proportional gain will equal
t0 kp(min). Moreover, k is the adaptive parameter which takes over the rate of change of gains

between its maximum and minimum value. a, is the zone heat loss coefficient, T, and T, are the
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zone air and outdoor air temperatures. T,; and T, are the zone supply and return water temperature
respectively. Figure 4.5.1 shows the effect of different k values on the proportional gain when the
error is increasing. When a larger error occurs, a higher k value can speed up the rate of increase

in the proportional gain to approach its maximum value and vice versa.
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Figure 4.6.1 Effect of different k values work on the proportional gain changing

The integral gain k;(t) can be expressed as a function of error as below:

ki(t) = kigmaxyexp™ k16D (4.6)
Under steady-state conditions, when e(t) becomes small, a lager integral gain is used to
eliminate the steady-state error and vice versa. A smaller integral gain can eliminate the
undesirable oscillations and overshoots. Still using the residential zone 1 as an analysis example,
the dynamic response of its indoor air temperature subjected to design outdoor condition (-23°C)
and design supply water temperature (60°C) was simulated. The responses are shown in Figure

4.6.2. The gains of GSA PI controller used in this simulation are updated based on previous
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constant gain values, setting Ky max) = 2kp = 2, and kymin) = kp = 1. The value of k;nay) 18
selected as a small value. The results show that the controller has a better performance compared
with the constant gain PI control. Below Figure 4.6.2 and 4.6.3 show the zone temperature

responses and the corresponding evolution of gains.
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Figure 4.6.2 GSA PI control responses of residential zone indoor air temperature
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Figure 4.6.3 Variation of k,,(t), k;(t) and k

The dynamic responses of the zone temperature under GSA control with the zone subjected
to low outdoor air temperature (-13°C) or a sudden 2°C indoor set-point change, are shown in

Figure 4.6.4.
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Figure 4.6.4 GSA control temperature response under low outdoor temperature or 2°C

set-point change

Comparing the GSA PI control responses with constant gain PI controller responses, it can
be stated that the GSA PI controller responses show obviously better control performance under
low load condition or due to a 2°C set-point change. Therefore, it is apparent from the above results
that the GSA PI controller gives superior and stable responses under different load conditions. In
the next section, the GSA PI controller will be applied to the other control loops in the integrated

system, and its performance will be studied,
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4.7 Integrated system dynamic response under on-off and GSA PI control

The GSA PI control was applied to all control loops except for the solar system which was
controlled by two on-off controllers. The integrated solar-assisted hydronic space heating system
responses under two different situations are simulated in this section. The first simulated case is
full load condition, and the second case is partial load condition and also subjected to a 2°C change

in zone temperature set-point.
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Figure 4.7.1 Residential and commercial zone temperature responses under GSA PI control in

full load case
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Figure 4.7.2 Residential and commercial zone temperature responses under GSA PI control in

partial load case and subjected to 2°C set-point change

Figure 4.7.1 shows the indoor air temperature responses and water flowrate control signals
for residential and commercial zones respectively. It can be seen that the indoor air temperatures
for both zones are well regulated by using GSA PI control under full load conditions. Both
temperatures reached their respective set-points 22°C and 21°C. Figure 4.7.2 shows the zone
temperature response under partial load conditions together with a change in zone temperature set-
point. During partial load the outdoor temperature is warmer which varies between -13°C and -
3°C as opposed to full load case in which the outdoor air temperature was -23°C. In addition, the

solar irradiance level is 1.25 times higher under partial load conditions than the full load condition.
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A sudden 2°C set-point changes in both residential and commercial zone temperatures have also
added to the severity of the multiple disturbances acting on the system. Under these load conditions,
the overall system performance with multiple control loops was simulated. The results are
presented in Figures 4.7.1, and 4.7.2 show that the GSA PI controllers are responding faster when
subjected to a sudden set-point change. Also, under partial load conditions, the water flowrate

control signals for both zones have decreased compared to the full load conditions.
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Figure 4.7.3 Adaptive proportional and integral gains for zone temperature controllers in full

load condition

72



RZ1 Controller Proportional Gain X 10‘4 RZ1 Controller Integral Gain

1.2
Kprz1 Kirz1
1.5 1 JV\/ (\/v
0.8
il |
N4 ¢ 06
0.4
0.5
0.2
0 0
0 5 10 15 20 25 0 5 10 15 20 25
(a) Time (hr) (b) Time (hr)
CZ1 Controller Proportional Gain X 10'3 CZ1 Controller Integral Gain
25
Kpcz1 Kicz1
15 “[
2 ’
15
1
s : |
1
0.5
0.5
0 0
0 5 10 15 20 25 0 5 10 15 20 25
(c) Time (hr) (d) Time (hr)

Figure 4.7.4 Adaptive proportional and integral gains for zone temperature controllers in partial

load case and subjected to 2°C set-point change

Figure 4.7.3 and Figure 4.7.4 show the adaptive proportional and integral gains of the zone
temperature controllers. It should be noted that, when the system is subjected to a sudden load
change, the controller gains adapt to this change which confirms the adaptation process is working
efficiently. The proportional gains are increasing when a larger error occurs and vice versa. A large
proportional gain can accelerate the system response. Contrary to proportional gains, the integral
gains start to decrease when a larger error occurs. Because a smaller integral gain can make the

controller work in a more stable manner with less oscillations.
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Figure 4.7.5 Tank temperature response and solar system on-off control signal in full load

condition
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Figure 4.7.6 Tank temperature response and solar system on-off control signal in partial load

case and subjected to 2°C set-point change
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Figures 4.7.5 and 4.7.6 show the responses of the conventional on-off control strategy
applied to the solar system. The on-off cycles of the controller and solar tank temperature are
depicted in Figure 4.7.5 and Figure 4.7.6 respectively. The available solar energy is dependent on
ambient air condition and the solar radiation intensity. As can be seen from Figure 4.7.5, under
full load condition, the pump controller C3 turns on around 09:00 in the morning and turns off
after 15:00 in the afternoon. However, from Figure 4.2.1, the simulated daytime starts from 7:00
and ends at 17:00. It means the collector system needs about 2 hours to reach the pump turn-on
temperature differential (ATy,, ). For the solar heat exchanger side controller C4, when the
temperature difference between the tank and radiant floor return water temperature reaches AT,,,, ,
the pump controller C4 is tuned on. During the solar system working period, the solar tank water
temperature increases. However, in the partial load condition, due to higher solar intensity level
and outdoor temperature, the controller operation cycle shows a longer working period than full

load case. Moreover, the water temperature in the tank can reach to a higher level.
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Figure 4.7.7 Temperature responses of the boiler and BHX control loops under GSA PI control

in full load condition
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Boiler Supply Water Temperature Boiler Control Signal
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Figure 4.7.8 Temperature responses of the boiler and BHX control loops under GSA PI control

in partial load case and subjected to 2°C set-point change

Figure 4.7.7 and Figure 4.7.8 show the GSA PI controller responses of the boiler supply
water temperature and boiler heat exchanger under full-load and partial-load conditions. The boiler
supply water temperature in both cases is maintained close to their set-point 83°C and 60°C,
respectively. However, it can be noticed that starting from around 11:00 clock, both water flowrate
control signals show a slightly declining trend. This due to the fact that energy is being added by
the solar system which is used via the solar storage tank to preheat the return water temperature
from the radiant floor system. To improve the overall system energy efficiency, it is important to

reset the boiler and boiler heat exchanger supply water temperatures as a function of the load so
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that more and more solar energy can be utilized by the radiant floor heating system for space
heating of the residential zones. To study this aspect, a system optimization problem is formulated

and solved as discussed in next Changer 5.
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CHAPTER 5 SYSTEM OPTIMIZATION

5.1 Introduction

In the last Chapter 4, the supply water set-points for boiler and boiler heat exchanger are
somewhat arbitrary as they were selected by carrying out open loop tests under full-load and partial
conditions. However, it is important to explore energy savings through resetting of the supply
water temperature set-points based on system optimization techniques. To this end, an
optimization problem was formulated and solved to determine optimal set-points. Based on this
an optimal set-point operation strategy for the overall system is proposed in this chapter. The
objective is to minimize the system energy consumption and maintain good control of indoor air

temperature in the zones.

5.2 Aggregated model versus the full-order model

The overall detailed model of the system developed in Chapter 3, which is referred to here
as the full-order model, consists of 275 differential equations. As such it is too large and complex
to do the system optimization. Therefore, a simplified aggregated model of the system is developed
in this chapter for the optimization study. The simplified aggregated model consisting of 24

equations is presented below:
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Residential zone air aggregated model:

d (Tz,rz,agg)
Crz,agg T

= Qradfloor,agg - Arzwin,agg Uwin(Tz,rZ,agg - To)
- Arzwall,agg Uwall(Tz,rz,agg - To) (5- 1)
- Arzroof,agg Uroof (Tz,rz,agg - To)

ACH,., * VOlrz,agg *¥Cq * Pg * (Tz,rz,agg - TO)
3600 + Qagg,sol,rz

Radiant floor heating system ageregated model:

d(TW.agg)
Cwtags ™ qr

= Cwmw,rz,agg (Ts,rz,agg - Tr,rz,agg) (5 2)
+ 2Ucond_wcl,agg (Tcl,agg - Tr,rz,agg)

+ Ucond_wcz,agg (Tcz,agg - Tr,rz,agg)

d (Tcl,agg)
cl,agg T

= 2Weonawer.ago(Trrsags = Terag) )
+ Ucona_cicz,agg(Tezagg — Teragg)
d(Tez,ag9)
c2,agg dt
= Ucona wezagg(Trrzagg — Tez.agg) (5.4)

+ 2Ucond_c2c3,agg (Tc3,agg - Tcz,agg)

+ Ucond_chl,agg (Tflol,agg - Tcz,agg)
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A(Tes a90)

c3,agg dt

d(TSf 1,agg)

dt

d(TSf 2,agg)

dt

= 2Ucond_ch3,agg (Tcz,agg - Tcs,agg)

+ Ucond_clc3,agg (Tcl,agg - Tc3,agg)

+ Ucond_chZ,agg (Tfloz,agg - Tc3,agg)

c d(Tf101,0g9)
flol,agg T

= Ucond_c2f1,agg (Tcz,agg - Tflol,agg)

+ 2Ucond_f1f2,agg (Tfloz,agg - Tflol,agg)

+ Ucond_flsfl,agg (Tsfl,agg - Tflol.agg)

d(Tri02,0g9)
Cfloz,agg T

= Ucond_c3f2,agg (Tc3,agg - Tfloz,agg)

+ ZUcond_fle,agg (Tflol,agg - Tfloz,agg)

+ Ucond_fZSfZ,agg(Tsz,agg - Tfloz,agg)

= Tflol,agg -

— Iflo2,agg —

qu,agg

qcl,agg

v

cond_f1sf1,agg

qu,agg

)-(z

ond_f1sfl,agg

qcz,agg

v

cond_f2sf2,agg

)-(z
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Commercial zone air aggregated model:

d(Tz,cz,agg)
Ccz,agg T

= CwMycz,agg (Ts,cz,agg - Tr,cz,agg)
- Aczwin,agg Uwin (Tz,cz,agg - To)
- Aczwall,agg Uwall(Tz,cz,agg - To)

ACH_, * VOlcz,agg *¥Cq * Pg * (Tz,cz,agg - TO)
3600 - Qagg,int,cz

+ Qagg,sol,cz

Baseboard heater aggregated model:

C d (Thtr,agg)
htr,agg T

= CwMycz,agg (Ts,cz,agg - Tr,cz,agg)

1+n
Ts,cz,agg + Tr,cz,agg
- Uhtr,agg 2 - Tz,cz,agg
Boiler heat exchanger aggregated model:
d(Tr,bhxp,agg) _
Cbhxp,agg dt = CwMy bhxp,agyg (Tbhxmix,agg - Tr,bhxp,agg) — qbnx
d(Ts,bhxs,agg) _
Cbhxs,agg dt = Gbhx — CwMy rzr.agg (Ts,bhxs,agg - shx,agg)

Aphx = gbhx(mw,bhx,aggcp) (Tbhxmix,agg - Tshx,agg)

min

d(Tbhxmix,agg)
dt

_ ubhxmw,bhx,aggTs,bhx,agg + (1 - ubhx)mw,bhx,aggTr,bhxp,agg

UphxMw,bhx,agg + (1 - ubhx)mw,bhx,agg
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Solar system aggregated model:

d(Tsco a )
,agg
Csc,agg T = qsct — ¢fMf scagg (Tsco,agg - Ttank,agg)

d (Ttank,agg)
Ctank,agg T

= QSoalr,useful - Cwmw,shxp,agg (Ttank,agg - Tr,shxp,agg)

- UtankAtank (Ttank,agg - Ta)

d(Tr.shxp) _
shxp,agg dt = CwMy shxp (Ttank,agg - r,shxp,agg) — Qshx
d(Tshx,agg) _ T T
shxs,agg = Qshx — Cwmw,shxs( shx,agg ~— r,rz,agg)
dt

dshx = Eshx (mw,shx,agg Cp) (Ttank,agg - Tr,rz,agg)

min

Boiler aggregated model:

d (Ts,b,agg)
b,agg T

= ufmfmavaeb — My br,aggw (Ts,b,agg - Tr,b,agg)
-4 (TS,b.agg - Tambient)

d(Tr,b,agg) _ mw,bhx,aggTr,bhxb,agg + mw,cz,aggTr,czb,agg

dt mw,bhx,agg + mw,cz,agg

Pipe distribution system aggregated model:

d (Ts,cz,agg)
Cpipe,bcz,agg T

= CwMy cz,agg (Ts,b,agg - Ts,cz,agg)

- Upipe,lossl (Ts,b,agg - Tground)
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d (Tr,czb,agg)
Cpipe,czb,agg dt

5.24
= CywMy cz,agg (Tr,cz,agg - Tr,czb,agg) ( )

- Upipe,lossz (Tr,cz,agg - Tground)

d(Ts,bhx,agg)
Cpipe,bbhx,agg dt

5.25
= Cwmw,bhx,agg (Ts,b,agg - Ts,bhx,agg) ( )

- Upipe,lossl(Ts,b,agg - Tground)

d(Tybrxbagg)
Cpipe,bhxb,agg dt

(5.26)
= Cwmw,bhx,agg (Tr,bhxp,agg - r,bhxb,agg)

- Upipe,lossz (Tr,bhxb,agg - Tground)

To validate the substitutability of the above reduced-order model, open loop tests were
conducted, and the results were compared with the responses from the full-order model. Open loop
test results are plotted in Figures 5.2.1 and 5.2.2. As can be seen from the figures, both the zone
temperatures and supply water temperatures from the aggregated model match reasonably well
with the full-order model responses. The discrepancy is negligible. The aggregated model mimics

the full order model well as such it was used in the energy optimization study.
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Figure 5.2.1 Open-loop test comparison between the simplified aggregated model and the full-

order detailed model in supply water and zone temperatures
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Figure 5.2.2 Open-loop test comparison between the simplified aggregated model and the full-

order detailed model in solar system temperatures

5.3 Optimization method

The simplified aggregated model of solar-assisted hydronic space heating system in steady

state condition can be written as below:

f(xr Us, Uphxr Uw,cz Uw,rzs Tos G) =0 (5.27)

Xo = X|¢=0 (5.28)
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Where x is the state vector, x = [T, Ty.czr Tw Ter, Tezs Tes ™ Teanto Tster Tonao Tspr Trp ]
and x, is the initial conditions of each variable. The minimized objective function is setup based
on three main considerations: (1) both zone’s (commercial and residential zones) indoor air
temperatures should be maintained around their corresponding set-points, (2) the state vector x
cannot exceed their upper and lower limits, (3) the boiler energy input should be minimized. To

this end, the objective function J was expressed as below:

2 2
] = ufmfmavaeb + a(Tz,rz,agg - Tz,rz,set) + ﬁ(Tz,cz,agg - Tz,cz,set) (5'29)
The optimization problem is solved by using the function f,,incon(J) in MATLAB. The
relationships of the optimized boiler, boiler heat exchanger and solar heat exchanger supply water

temperatures versus the outdoor air temperature and solar irradiance are plotted in Figure 5.3.1.
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Figure 5.3.1 Optimized supply water temperature profile for boiler, BHX and SHX at different

solar irradiance levels

Figure 5.3.1 shows the optimal supply water temperature profile for the boiler, boiler heat
exchanger (BHX) and solar heat exchanger (SHX) as a function of outdoor air temperature at three
different solar irradiance levels. In general, the simulation results indicate that the set-point
temperatures decrease as the outdoor air temperature increases. Figure 5.3.1 (a) shows the
optimized supply water temperatures with no solar irradiance. It can be seen that the temperature
curves show a decreasing trend with the rising outdoor air temperature. However, the SHX supply
water temperature curve is absent in this figure, because there is no available solar energy to use.

The entire solar system is turned off in this case. All the return water from the radiant floors will
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pass through the BHX heat exchanger. The sub-figures (b) and (c¢), show three optimized supply
water temperatures under different solar irradiance levels. When the simulated solar radiation level
is increased, the SHX supply water temperature shows an upward trend which means higher
outdoor solar irradiance level can contribute more energy to the system. From sub-figure (d) it can
be noted that, when the simulated solar irradiance and the outdoor air temperature reach a certain
point, the two supply water temperature curves of the SHX and BHX intersect. It is the balance
point which means under this condition, the solar system can work independently to feed the
residential zones load without drawing any energy from the boiler. All radiant floor return water

can be heated to its set-point by passing it through the SHX heat exchanger.
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Figure 5.3.2 Optimized supply water control signal profile for boiler, BHX and SHX at different

solar irradiance levels

Figure 5.3.2 shows the control signal of the boiler and BHX controllers under different
solar irradiance levels. It can be noticed that the control signals decrease as the outdoor air
temperature increases. Also, the control signals decrease as the solar irradiance level increases. In
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chapter 6, these optimal set-points will be implemented on the full-order system using GSA PI
controllers and energy simulations will be performed to determine energy savings due to optimal
set-points compared to constant set-points. Here in this chapter, the optimal set-points will be
implemented on the aggregated model with PI controllers to get preliminary energy savings
obtained through the use of optimal set-points on two typical days with assumed outdoor air

temperature profiles.

5.4 Aggregated model simulation

In order to study the impact of optimal set-points on the energy performance of the system,
simulation runs were conducted by implementing the PI controllers on the aggregate model. Being
simple, the aggregate model gives quick estimates of energy savings. To this end, two different
load conditions are considered in the simulation: a mild and a warm day conditions. In mild day
condition, the assumed outdoor temperatures range between -13°C to -3°C. For the warm day
condition, the simulated outdoor temperature varies between -3°C to 7°C. The system responses
under mild day condition are plotted in Figures 5.4.1 and 5.4.2. Moreover, the energy simulations
under two different operation strategies are conducted: an optimal set-point PI control versus

constant set-point PI control. The energy comparisons are presented in Table 5.4.1.
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Figure 5.4.1 System responses of optimal PI control for residential and commercial zones under

mild day condition
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Figure 5.4.2 System responses of optimal PI control for boiler and BHX under mild day

condition

As can be seen from Figure 5.4.1 and 5.4.2, all PI controllers are working well when
subjected to diurnal load changes. The residential and commercial zone temperatures remained at
their respective set-points throughout the day. Besides, the boiler and BHX supply water

temperatures are tracking their optimal set-points well.
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Control and Conventional constant set- Optimal set-point Boiler energy

operation strategy point PI control PI control saving (%)

Simulated condition: mild day condition

Boiler demand (MJ) 1031.1 958.83 7.01

Simulated condition: warm day condition

Boiler demand (MJ) 689.19 586.74 14.87

Table 5.4.1 Boiler demand comparisons between conventional PI and optimal PI control in two

different load conditions

It can be seen from Table 5.4.1 the boiler energy consumption is decreased by around 7%
during the mild day condition. However, in the warm day, the boiler saving can rise up to 14.87%.
This is because on a warm day the optimal boiler supply water temperature is lower thus resulting
in lower energy consumption. A lower supply water temperature can contribute to less boiler heat
loss, less heat loss from the piping system, and improved boiler efficiency. In summary,
preliminary results with the aggregate model show that by implementing optimal set-points energy
savings of the order of 7 to 15% can be achieved. This will be further investigated in the next
chapter by conducting weekly energy simulation runs using TMY weather data as input to the full-

order system model operated by GSA PI controllers.
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CHAPTER 6 SYSTEM ENERGY SIMULATION AND

SOLAR ENERGY UTILIZATION

6.1 Introduction

As shown in Chapter 5, the aggregate model energy simulations predicted between 7% to
15% energy savings due to the implementation of optimal set-points versus constant set-point.
Furthermore, these simulations were done with PI control on a day with an assumed outdoor air
temperature profiles. It is of interest to verify the energy savings potential of optimal set-points
implemented on the full-order model with GSA PI controllers. The simulation runs will be
conducted over a period of one week using the measured (TMY') weather data [7] as described in
this chapter. To this end, the solar-assisted hydronic space heating system energy consumption and
solar utilization factor were determined by carrying out simulation runs under two different
outdoor conditions. The objective is to compare the energy performance of the overall system, and

the energy contribution of the solar system under different control strategies.

6.2 TMY energy simulation

To explore the solar energy contribution to the energy consumption of the overall system,
simulation runs were conducted with the full-order model over a period of one week using
measured data. The outdoor temperatures and solar irradiance are based on field collected data,
which are extracted from the source “Engineering Climate Dataset, Canadian Weather Year for

Energy Calculation.”
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Table 6.2.1 One-week outdoor air temperature and solar irradiance in December based on TMY

from December 21 to 27", Another Figure 6.2.2 is the warm week conditions starting from March
21% to 27", Based on the data from the typical meteorological year (TMY), the lowest outdoor
temperature in December is nearly approaching to -30°C and the highest temperature is around

0°C. The temperature fluctuation is large and the weekly average temperature is around -17°C.



However, the recorded data of March based on TMY shows that the temperature range is much
smaller than in December. The weekly average outdoor air temperature is about 2°C. In addition,
when comparing the weekly solar radiation for both months, it is obvious that the peak solar
intensity and the weekly average solar intensity in TMY-March is much higher than in TMY-
December. The peak solar radiation is about 900 watts per square meter in March. However, in

December, the peak solar radiation intensity is only around 500 watts per square meter.
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Table 6.2.2 One-week outdoor air temperature and solar irradiance in March based on TMY
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For making energy comparisons, a base case system was established. In this base case
system, the boiler supplies heat to the entire building consisting of residential and commercial
zones. The energy consumption of the all boiler base case system controlled by conventional
constant gain PI controllers for a period of one week each in the month of December and March
are shown in the second column in Table 6.2.3. As expected the weekly boiler energy consumption
is much less in the month of March compared with the month of December. By comparing the
weekly energy consumption of the solar-assisted hydronic space heating system with the all boiler
base case system, using the same fixed set-point constant gain PI control strategy, it can be noted
that the solar-assisted hydronic system saves 0.73% and 16.94% (fourth column in Table 6.2.3) of
the boiler energy in the months of December and March, respectively. The results indicate that the
solar-assisted hydronic space heating system is more energy efficient in warmer weather
conditions. During the cold week conditions, due to colder outdoor air temperature, relatively

lower and uncertain solar irradiance level, the solar system provides lower energy savings.

The last set of energy comparisons consisted of energy savings obtained from the solar-
assisted hydronic heating system operated with GSA PI controllers using the optimal set-points
versus the energy consumption of all boiler base case system. The results are presented in the last
column in Table 6.2.3. It can be noted from the results that by implementing the gain scheduling
adaptive (GSA) PI control strategy, the solar contribution shows a noticeable improvement in both
cold and warm weather conditions. Especially in the month of March. The optimal set-point for
BHX, which is the residential zone supply water temperature heat exchanger, contributes to lower
supply water temperatures to the radiant floor heating system which helps lower the solar tank
water temperature, This can improve the efficiency of the flat-plate solar collector resulting in

more solar utilization of 5.71% in the month of December and 30.36% in the month of March,
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respectively. By comparing the energy savings obtained with optimal set-point GSA PI control
with the constant set-point PI control it can be noted that higher energy savings were obtained with
optimal set-point GSA PI control strategy. This is not only due to the use of optimal set-points but

also due to good set-point tracking property of GSA PI control strategy.

Solar-
Conventional Solar-assisted

System assisted
boiler heating heating Solar Solar

heating

fraction fraction
Control and Optimal
Conventional PI | Conventional PI (%) (%)
operation GSAPI
control control
strategy control

Simulated condition: one week in TMY December condition

Boiler
energy
3239.1 3215.6 0.73 3054.7 5.71
supplied to

rzs (MJ)

Simulated condition: one week in TMY March condition

Boiler
energy
1769.6 1469.9 16.94 1232.3 30.36
supplied to

rzs (MJ)

Table 6.2.3 Solar fraction comparisons among conventional PI, optimal PI and optimal GSA PI

control strategies in two different load conditions
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CHAPTER 7 CONCLUSIONS, CONTRIBUTIONS AND

RECOMMENDATIONS FOR FUTURE RESEARCH

7.1 Conclusions and contributions

The development of a dynamic model, design of control strategies, model-based
optimization and energy performance simulations for the solar-assisted hydronic space heating
system have been presented in this study. The conclusions and contributions are presented in the
following sections: dynamic modelling, design of control strategies, optimization and energy

performance simulations.

7.1.1 Dynamic modeling

A dynamic model of a solar-assisted hydronic space heating system is developed. The
integrated model consists of individual models of components which include a boiler, heat
exchangers, a flat-plate solar collector, a water storage tank, baseboard heaters and radiant floor

heating system. The following specific conclusions are drawn from the model development study.

1. The solar-assisted hydronic space heating system model developed in this study shows
a design method of integrating a high temperature baseboard heating system, a medium
temperature solar-storage system and a low temperature radiant floor system to meet
the space heating needs of a multi-functional building by incorporating a sustainable

solar energy system in a conventional gas-fired boiler hydronic space heating system.
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2. The integrated system responses show multiple time scale processes. The solar storage

tank system responses are the slowest in the overall system, followed by the residential
zone radiant floor system, and the boiler and the commercial zone baseboard system.

The overall system dynamic responses include substantial coupling effects among the
sub-system heat transfer processes. The multi-time scale system dynamics could

contribute significant interactions among the closed control loops of the system.

7.1.2  Design of control strategies

A conventional PI control and a gain-scheduling adaptive PI control strategies are

developed for the overall system and the control performance of the control strategies are

compared. Some specific conclusion includes:

1.

An overall hybrid control structure is designed for the system. It consists of on-off
controls for the solar system and modulating controls for the boiler, boiler heat
exchanger, residential and commercial zone control loops.

A well-tuned conventional PI controller is able to provide acceptable temperature
regulation under a limited range of load changes acting on the system.

However, under unknown and large variations in disturbances, it is shown that a
constant gain PI controller shows large oscillations in temperature responses and poor
tracking of set-point temperature.

To avoid interactions among the multiple control loops, minimize frequent controller
tuning and achieve good control performance over a wide range of variations in space

heating loads, a gain-scheduling adaptive gain PI control strategy is proposed.
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5. The simulation results show that the GSA PI controllers give a better set-point tracking
performance compared to the constant gain PI control in the aspect of disturbance

rejection or maintaining stable operation of the system.

7.1.3 Optimization and energy performance simulations

An aggregated model was developed for optimizing the system energy performance. A
model based multi-variable constraint optimization problem was formulated and solved to
determine optimal supply water temperature set-points. The aggregated model was used to
determine preliminary daily energy savings with assumed outdoor air temperature profiles and
optimal set-points. The results showed that between 7 to 15% of energy could be saved under mild
and warm weather conditions, respectively. To get better estimates of energy savings, the optimal
set-points were implemented on the full-order model using GSA PI control strategy. Weekly
energy consumption using TMY weather data were compared with an all boiler heating system

which was used as a base case system. The results show that:

1. Weekly energy simulations based on typical meteorological year (TMY) data for
Montreal were conducted during cold weather (December) and mild weather (March)
conditions. The simulation results with the constant set-point PI control strategy
showed that the solar system does not contribute greatly to energy savings under cold
weather conditions. However, the solar system contributed 16.94% to the boiler energy
savings in mild weather (March) conditions.

2. By implementing the optimal set-point GSA PI control strategy, it was shown that

higher energy savings can be achieved. The results showed that solar fractions of 5.71%
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and 30.36% as compared to the all boiler base case system can be achieved in the month
of December and March, respectively.

3. The difference between the energy consumptions with optimal set-point GSA PI
control and constant set-point PI control is due to the use of optimal set-points and as
well as due to good tracking property of GSA PI control compared to constant gain PI
control.

4. The results show that that the GSA PI control is an effective control strategy well suited

for systems with multiple control loops and in systems with a hybrid control structure.

7.2 Recommendations for future research

1) Solar energy utilization fraction is dependent on outdoor temperatures and solar irradiance
levels. Unlike other available sources such as geothermal energy, the available solar energy
is uncertain. To this end, it is important to design a long-term solar energy storage system
to improve the useful solar fraction in hydronic space heating systems.

2) Dynamic optimization method should be studied and implemented into the current system

to develop more advanced control and operation strategies.
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APPENDICES

Building Loads and System Design Summary

The building space heating loads, under design day conditions for Montreal, were calculated
using ASHRAE steady state design methods. These calculations were done on a zone-by-zone
basis. A summary of design day loads for each zone are given in the table in Appendix-A. A gas-
fired boiler of 23 kW capacity was selected to provide space heating loads for the entire building
as the base case all boiler system. For the residential zones, a radiant floor system was designed
based on methods described in reference [18] which corresponds to a typical RFH system design.
Due to relatively lower outdoor air temperature and uncertain solar irradiation level in cold months,
the solar system was designed to cover 30% of the residential building space heating load. The
appropriate size of flat-plate solar collector modules was selected from the manufacturer’s
catalogue data which is attached in Appendix-B. The total area of the solar collector was 14.3 m?.
The size of solar storage tank was based on the guidelines provided in reference [6]. For the
designed system, the storage tank volume was 1071 liters. A summary of design parameters are

listed in the table in Appendix-A.
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Appendix-A: Design Parameters

residential zone 1

Definition Symbol Value or Formula Unit
Design day outdoor condition
Outdoor design day
T, -23 °C
temperature
Outdoor design day solar
Gq 400 W/m?
irradiance
Design day heating load calculation
Commercial zone indoor design
Tera 22 °C
temperature
Residential zones indoor design
Ty 23 °C
temperature
Design heating load of total
Qczt 9220.3 4
commercial zones
Design heating load of
Qcz1 4610.1 W
commercial zone 1
Design heating load of
Qcz2 4610.1 W
commercial zone 2
Design heating load of total
Qrzt 6523.7 W
residential zones
Design heating load of
Qrzl 1630.9 A\
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Design heating load of

Qrz2 1630.9 Y
residential zone 2
Design heating load of
Qrz3 1630.9 Y
residential zone 3
Design heating load of
Qrza 1630.9 Y
residential zone 4
Boiler sizing
Boiler design capacity Qpa 23000 4
Baseboard heater heating system sizing
Commercial zone design
Tczspd 83 °C
supply water temperature
Commercial zone design return
Tyzra 63 °C
water temperature
Heat transfer factor n 0.3 -
Heat transfer coefficient of U _ 0.4 * Qcz1
htrl =
Untr1 o Tczspd + Trzra e W/K
baseboard heater 1 - 2 Teza
Heat transfer coefficient of U _ 0.3 * Qcz1
htr2 =
Untra o Tczspd + Trzra e W/K
baseboard heater 2 - 2 Teza
Heat transfer coefficient of U . 0.3*Qcxn
htr3 =
Untrs i Tczspd + Trzra b W/K
baseboard heater 3 — 5 " Tea
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Heat transfer coefficient of

0.4 * chZ

Upirs =
Untra nerd Tczspd + Trzra T W/K
baseboard heater 4 — 5 T
Heat transfer coefficient of U _ 0.3 * Qcz2
Untrs s Tczspd + Trzra T W/K
baseboard heater 5 — 5 Tczd)
Heat transfer coefficient of U . 0.3 * Qcz2
e =
Untre e Tczspd + Trzra tn W/K
baseboard heater 6 2 — Teza
Radiant floor heating system sizing
Residential zone design supply
Trzspd 45 °C
water temperature
Residential zone design return
y 35 °C
water temperature
Interval between tubes of
Srz 0.4 m
residential zones
Radiant floor pipe length for
Ly, 25 m
each control segment
Outer diameter of the tube D, 0.0185 m
Inner diameter of the tube D; 0.0145 m
Thickness of the concrete H, 0.0381 m
Thickness of the flooring Hgy, 0.0105 m

Boiler heat exchanger sizing
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BHX primary side design
Tbhxpsd 83 °C
supply water temperature
BHX primary side design
Tbhxprd 73 °C
return water temperature
BHX heat transfer coefficient-
UApnx 3500 w/eC
area
Flat-plate solar collector and collector heat exchanger sizing
Number of flat-plate solar
N, 5 -
collectors
Distance between risers W 0.15 m
Riser diameter Dg. 0.01 m
Each solar collector module
Mg, 0.03 kg/s
mass flow rate
Length of each solar collector
L. 2.38 m
module
Width of each solar collector
Wy 1.20 m
module
Collector heat exchanger heat
UAcnx 3500 w/eC
transfer coefficient-area
Solar tank and solar heat exchanger sizing
m?/
Volume of solar tank Viank 0.075
2
m
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Thermal resistance of solar

m2°K

Riank 1.2
tank wall /W
Surface area of solar tank Atank 15 m?
Solar heat exchanger
UAgny 3500 W/°C
heat transfer coefficient-area
Solar heat exchanger primary
Mshxp 0.06 kg/s

side mass flowrate
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Appendix-B: Flat-plate solar collector data

G SERIES Solar Collectors

Glazed Liquid Flat Plate Collectors

Technical Specifications

THERMO

Thermo Dymamice Ltd.

101 Frazes Avenus

Drartmouth, Nova Scotia

Canada, B3B-124

Tel: {902) 468-1001 Fax: (802) 468-1002
Email: solarinfo tharmo-dynamics.com

SRCC Cenification # 100-2006-0054 weenw thermo-dynamics.com
0.086m A. General Information
{(3-3/87
| 1.0 Product Description:
o n Thetmo Dynamics G Seriss flat plats liquid
5 collactors are single glazed with low-ion
1.27m (50-1/8
- ! tampered glass. The absorber is an ar-
1.20m (47-2/8 rangement of parallel riser fins connected
| ¢ ! | o top and botiom headers. The fins ars
E . aluminum with integral copper riser tubes,
d which are completely surrounded by the
aluminum and are mataliurgically bondaed
togsther.  The cooper riser tubes are
soiderad to internal manifolds (headers),
which ars available in sithar 18 mm {3/4")
or 25 mm {1%) diameter copper pips. The
back and sides are msulated with 2 25 mm
{1%) layer of compressed fberglass. The
collactor frame &= sxtneded alurminam with a
= & baked-enamal finish, (dark brown). Gollsc-
% RES = tor mountng i by way of o sliding bodt-track.
E': > ] Flushand racked colisctor mounting formats
E g are sasily accommodated.
= 2
.| 7 g 1.1 Options:
Loy Factory mstalled termperature sensors; 18
. mm (347 and 25 mm (1") headers; 12
7 mm {1/2%) niser tubss; absorber coatings:
| Ealactive paint suriscs.
: 1.2 Dimensions:
1.205 mx 2475 m = 0.0B6 m
47-38inx97-38mx 3B
Gross ansa: 2982 m? (32,10 #)
Aparturs area: 2 783 m* (28.98 fr')
Absoriper area: 2.870m* (30,80 1)
o b Volurma (18 mm {3/4"} headsr):
= 2.3 liter (051 1G)
Gaz2 Volumea (25 mm {1") header):
3.0 liter (0.66 1G)
1.3 Weight:
low-iron temperad glass Mat: 435 kg (96 Ib)
Shipping: 64 kg (140 Ib)
EPDM glazing gazhst {includes woodan crate)
snamed {dark brown) 20 Product Use
alumanem strippi WA
it 21 Product Applications:
baked enamsi {dark brown) RAssidential and commercial domestic hot
alurmimum frame water, procass hot water, space heating,
pool heating
fibreglass msulation
22 Geographic and Climatic Limita-
copper header 52:55
.
salactive bliack alurmnum-copper 23 Cerlifications:
i cber Solar Rating & Cerfriication Gorporation
- . (SRCC) #100-2008-0054
Sl Rl hitpzliwew.solar-rating org
aluminum backing sheat Listed by MNatural Assources Canada
{MRCan]} as an accaptable solar colector.
hitp2wwscomction ge.ca

T 204 06 JANITG:
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G SERIES Solar Collectors

Glazed Liguid Flat Plate Collectors

Technical Specifications
SRCC Cerification # 100-2006-005A

30
i

32

33

Manufaciurer's Experience

Background:

Thermo Dynamics Ltd. (TDL) is & Cana-
dign company engaged in the research,
development, production, distibution and
installation of solar thermad equipment.
Tha company has besn involvad in the
solar thermal industry since 1981 and
operatas from its head office and factory in
Dartmouth, Nova Scotia, Canada, the sister
city of Halfax situated on the Atlantic comst.
The company's specialization is the glazed
Bguid-fiat-plate (LFP) colisctors with metal
absorbars. TOL is a fully integratsd solar
tharmial company with the ability to comert
raw alurminum and coppern into a high tech-
nology solar water heating system.

Thermo Dynamics Lid., as & world leader
in solar technology, manufactures and
markats solar heating squipment from
compiste systems to basic selactive surface
components for 0.E M. censsss, dsalsrs.
amd distribuiors throwgh out North America,
Europs, Africa, Mew Zealand, sz well 2s 10
other countries around the workd.

Production:
3000 par year for 532 collectors.

Projects:

Mount Saint Vincant Motherhouse, Halfa,
Mova Scotia, Canada. Largest SDHW
system in Canada.

Collactor type and numiber: 224 - G32
GCollector area: 675 mf (7,205 fi')

1.758 Glm? ipear (154 MBrusM? iyaar)

Top of the Mountain Apartments, Haffa,
Mowa Scotia, Canada.

Collector type and numbsr: 48 - G32;
40 - G40

GCollector area: 328 mf (3,531 )

1.78 GNm? lyear (156 MBuus/fi® fyear)

Somarsst Placs Aparments, Halifas, Nova
Scotia, Canads

Gollector typa and number: 120 - G32
Collactor area: 356 mf (3,332 ft7)
2.10 GNm? iyear (185 MBrusf? iyoar)

Thermo Dynamics Lid. has nstalled thou-
sandsof solar residential domestic hot watar

and pool heating systems.

1.0

11

12

13

14

135

16

1.7

20
21

22

23

. Glazing System

General Description:

Glazing is 2 3.2 mm (1/8") single shaset of
low-iron tempered glass with an EPDM
rubter seal around the edges. Glazing
s sacured by an aluminum capping fas-
tenad by stanless steel screws around
the permatar

Trade Names:
Sofite

Chemical Composition:
Iron oxtide content of 0,033

Physical Treatment:

All glazing is tempeanad with swiped edgss
and has ashallow stipple pattern toreduce
specular rsflactancs.

Thickness:
318mm (1/8%

Spacing:
Glgzing o absorber: 20 o0 25 mm (34"
o 17)

Weight-
7.8 kgim® (1.6 1bf)

Appearance:
Transiucent; the inner surface is emboessad
with a stipple paftern which produces a
frosted efisct.

Optical Performance

Speciral Transmittance:

Visible hight 89.82%: ASTM E424-T1A
Uttra wiolst light 512 150 B050

Solar Bght'snergy 88.5% ASTM E424-
TiA

Solite

Ao mac a86  LOGW 3398 l4s0 LACA DA

¥ avwmbrgs nm

Energy Transmission:

Saolar spactrum (0-3 micromestres)
89.5%

Infransd spectrum (=3 micrometres)
No data available

Refractive Index:
1.525

30
3

32

33

4.0
41

42

43

50

6.0

Structural Performance

Tensile Strength:

Diesign Pressure is 2.87 kPa {416 psij for
1/8 inch glass with a design factor of 2.5
Tensile strength is 152 MPa (22,000 psi)
with a 2.5 safety factor.

Impact Resistance:

Glazing can withstand 542 J (400 fi-Ib)
soft-body impact, 3 o5 times stronger than
anneadsd glass.

Uniform Load Resistance:

Unifonm logd testing was conducted at the
Mationa! Solar Test Facility in January 2007
a5 part of CSA-F378-BT.

Positive loed: 1.5 kPa (0.22 psi)
Megatve load: 1.0kPa (0.28 psi)

Thermal Performance

Coefficient of Thermal Expansion:
809 x 107 17C (48.9 . 107 1°F)

Operaling Temperature Range:
Min: below -48°C (-531°F). max: 260°C
(500°F)

Thermal Conductivity-
Mo data available

Fire Behawvior:
MNon-combustible. Doses not produce toxic
fumes in a fire situation.

Durability:

Glass is chemically inert to most chami-
cal solvents and staining agents, and is
resistant to surface weathering, ultraviolst
and themal degradstion, and moésture
damage.

TC. 201 DELIANDD
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G SERIES Solar Collectors

Glazed Liquid Flat Plate Collectors

Tharmo Dynamice Ltd.
101 Frazes Avenus
Drantrmowth, Mova Scotia
Canada, B38-124

Tel: (902) 468-1001 Faoo: [D02) 483-1002

Technical Specifications THERMO Email: solarinfo@therme-dynamics.com
BRCC Cerificaton # 100-2006-0054 wnw_thermo-dynamics.com

C. Absorber System

1.0 General Description: 32 Coefficient of Thermal Expansion: | 4.0 Exposure Test:

The absorber consists of eight paralla!
aluminum fins with integral coppsr risar
tuibes, which are bonded to and complatelhy
surcundsd by the aluminum by means of
high-pressure cold-roling process.  The
absorber coating is slective black paint.
Thea riserhamder connection has two parts,
a shorn copper nipple brazed to the headser
with the absorber fin soldersd to the cop-
per nippis.

1.1 Generic/Trade Mames:
Absoroer fins: “Sunstrip™”
Tubss: copper
Haaders: Typa M copper
Coating: SOLEG
SoldetBrazing: BS'S tin andmony/Silios

1.2 Chemical Composition:
Absorber fing:  aleminum (AA 135000 al-
loy)
Tubes: copper (CDA 122000 alloy)
H=aders: copper
Coating: sslective biack paint
SolderBrazing: no data available

1.3 Physical Treatment:

Noms.

1.4 Dimensions:
Tube diarmster: rhombic shapewith an opsn
areq of about 120 mm? (0,19 n®)
Tube spacing: 143 mm (5.63")
Hander diameter: 18 or mm (34" or 17)
nominal
Absorer thickness: 0.5 mm (0.027)
Cioating thickness: no data available.

2.0 Optical Performance

2.1 Absorplivity of Solar Radiation:
Painted surface: = =95%

22

Emissivity of Infrared Radiation:
Painted surface: = =25%

3.0 Thermal Performance

3.1 Thermal Transfer:
Good thermal fransfer dus to the high con-
ductivity of aluminwm and the bond betwesn
the alurminum fins and cooper tubes.

Absoroer: no data availabls
Tubses: no data avasisbls
Toadow for thermal sxpansion, the absorber
i fre= 1o float within the collector containar.
EFPDM gasksts prevent contact batwasn
the copper headers and the aluminum
container.
3.3 Thermal Capacity of Absorber
System:
Mo data availsble.
3.4 Operating Temperature Range:
Absorber: mox. 160°C (320°F)
Tubses: mae 160°C (320°F)
Solder'Brazing: min. -50°C (-58°F); max.
160°C [320°F)
Coating: max. 160°C (320°F)

The colisctor has complated & 30-day
outdeor no-fiow sxposure &5t ot The
Mational Solar Test Facility (NSTF), Mis-
sissauga, Canada, June 2006. The test
was in accordance to CANACEA F378-87.
Tha test includss a preconditioning rain
panstration test, 30 days exposurs with &
minirmum of 17 M.J (18 MBtu) of incident
enargy per sguare matre of collector sur-
face arsa, and a cold fil (themal shock)
tast. There was no sign of degradation or
loes in performancs.

5.0 Durability:

The absorber and the salective suriass are

not affected by normal agueous solutions.

Stagnation testing has shown no themal

degradation.

20 mm _

Sunstrip™ solar fin
Alurminum strip metahungecally
bonded to a copper tubs

55148M2:

= 143 mim wids

= 12 mm coppsr s
» selactive surface

8 mm

Sunstrip™ solar fin cross saction
5514812
Scale: 41 mm

TC20H 06 JANTS
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G SERIES Solar Collectors

Glazed Liguid Flat Plate Collectors

Technical Specifications
SRCC Certification # 100-2008-0054

D.
1.0

1.1

1.2

13

14

20
21

22

Insulation

General Description:

Collectors are insulated around the sides
amvd back with fiberglass board. Gompliss
with ASTM-C-612 Glasses 1and 2.

Trade Mames:
Sides: Fiberglas AFS30
Back: Fiberglas AF530

Chemical Composition:
Fibrous glass bondsd by a thermosstiing
resin. Inorganic, wall not rot.

Density:
48 kg/m? (3.0 BAY

Thickness:
Side: 25 mm {17)
Back: 25 mm (1)

Thermal Performance

Thermal Conductivity:
0.033 Wim-"C (0.25 B -mhe-ft™="F) at
24°C (7T5°F)

Thermal Resistance:
AS1 0.7 "C-mi'W (A 4 “F-fi*-hr'Bu) at
24°C (T5°F)

23

24

30
31

4.0

Coefficient of Thermal Expansion:
Mo data availabls

(Operating Temperature Range:
Masimum continuous opsrating tsmpera-
ture is Z32°C (450°F).

Fire Behavior

Surface Buming Characteristics:
Fibarglas AFE30isinherantlyfirs safe. ULC
Flame Spread rating of 15. (comparad o
untreated Red Oak as 100 - test method
ULG 5-102)

Durability:

Mo changes should eccur to the insulation
when subjected to chemicals nomally
ancountered i usse conditions. Mo thermal
degradation has been found after prolonged
stagnation testing. Moisture sdsorption s
tass than 0,29 by wolume, 96 hours at 48°C
[120°F) and 852 B H. Inorganic therafore
does not bresd or promote bacteria and
fungus. Essentially cdorless.

Collector Assembly

1.0 General Description:

11

12

13

The collector is assambled i four stages.
First, the collector frame and backing shest
ars assambled. Second, the back and side
msulation are instafled. Third, the tested
absorbar assembly is inserted, and finally,
the giazing, seal and cap are installed.

Container:

The container consists of sections of alumi-
num axirusion assembled into arectangular
frame, with anauminum backing sheet fitted
into slots and pop-riveted in place.

Insulation:
Insutation is placed on the aluminum back
and along the sides.

Absorber Assembly:

The pre-sssamiblad absorber s fittadintothe
msulated container with the inlet and outlst
connection pipes protruding through the
sides. Ahigh-ternperaturs EPDM gasketis
thenfitted ontothe pipes and lockedinto the
afuminum frame. The absorber is free to
expand or contract inside the containg:.

G32 solar collactor
« Gross arsa: 2.96m” (31.9 1)
« Nat: 45 kg (29 )

L R B o e e i s |
T 201 05.1ANN0D
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Thearmo Dynamice Ltd.
101 Frazes Avenus

G SERIES Solar Collectors

Drartrmouth, Mova Scotia
i Cangda, B3B-174
Glazed I_thur_d Flat Plate Collectors ol (802) 4881001 Fax: (302) 4881002
Technical Specifications THERMO Email: solarinfo@ thermo-dynamics.com
SRCC Cerification # 100-2006-0054A wenw thermo-dynamics.com
1.4 Glazing Assembly: 3.0 Moisture Conftrol System: 4.3 Physical Properties:

Four holes in the back shest allow sufficiant
air flow through the collector to remove any
condensation of moisture.

The pra—cut glass is cleaned and fitted onto
thea retainer ladgs in the collector containes
with & high-temperaturs confinuous EPDM
gasket. Aremovable aluminum cap stripoemg

iz then sacured 1o the container with black | 4.0 Sealant and Gaskets 4 4 Coefficient of Thermal Expansion:
made cooted stainless stesl soreaws. no data available

EPDM gasket has a tensile strangth of
13800k Pa (2000 psi). Saalants andgasksts
do not corrods other collector materials.

41 General Description:

2.0 Collector Container: inlst and outlet pipes are seaked with high- | 4.5

Operating Ranges:

21

Coollector container sides ars fabricatsd from
aluminurm estrusionswith an ntegralmount-
ing channel. The bottom is an aluminum
shaat which fits into & slot in the frame and
is pop-rivetad to the sides.

Materials:
Extrudad framework is aluminum 8061-Ta
alloy. The back sheet is aluminum utility

42

tamparature round EPDM gaskste. The
continuous glazing gaskst is a U-shapad
EPDM neoprane. Silcons caulking iswsad
for the container comesr ssatant.

Chemical Composition:

Hemder and glazing gaskst: sthylsne pro-
pylene disns monomer ruboer (EPDM)
Cauking: silicons rubbsr

no data available.

grade sheset with a thickness of 0.51 mm
(.0207)

2.2 Fimizh:
Aluminam frame comes in a standard dark
brown baked enamel finish.

outlet

Typical doutda tisr solar collector amay.
24 G32 (3m") solar collectors
Total gross anes of 72 m*

T 2H 1065 UNN 3 Saries Collacior Tachnical Spec cationa: paga & ol &
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G SERIES Solar Collectors

Glazed Liquid Flat Plate Collectors

Technical Specifications
SRCC Certification # 100-2006-005A

F.
10
1.1

12

2.0

30

40

50

Installation
Handling and Transportation

Packaging:

Collectors are shippad mdividually in dou-
oée-strength cardboard bowss. Perimstar
wooden crates are also svailable.

Labour and Equipment:
Two people can move and mount cofsc-
iofs.

Mounting Procedure:

Collector mounting channsl allows precise
spacing betwean colleciors. Two adjiacent
collsctors can be fastenad to the sub-struc-
tura usang bolts poestionsd anywhers along
the bolt track in the collector frame.

Coliector Interconnection:
Connection of up to six collectors in a
singhes array.

Collectors use standard copper couplings
sweat-soldarad with 85/5 solder to con-
mect tha imtemal manifolds of adacent
collectons.

System Connection:

Piping connections are sweat-soldered
1o the ends of the collsctor arrays using
standard plumbing fitings.

Start-up Tests:
i) Air ar water pressure tast.
5 Visual check for leaks.

G.

1.0

20
AP

-4 BEBEEEREE

Operation

Method of operation and Control:
Colleciors can b= wsed in closed or open
loop systams with water or antifresza.

Pressure Drop vs. Collector Flow:
{Pa}

21

3.0

4.0

5.0

6.0

70

8.0

Testing Information:
Agency: Bodycote Testing Group
Date: January 18, 2007

Fluid: watsr

Recommendead Flow Hate:
0.8 1o 1.5 Limin (018 w 0,33 1GPM)

Maximum Operating Pressure:
Factory tested to 1724 kPa (250 psi).

Recommended Operating Pres-
sure:

Below 200 kPa (30 psi) for drainback
systems and 135-270 kPa (20-40 psi) for
closad loop systems.

Maximum Operating Temperature:
200°C (392°F)

Stagnation Temperature:
Stagnation tsmperature of the collector is
approximataly 170°C (338°F).

Recommended Heat Transfer Flu-
ids:

Propylens glycol USP, food grads antifreaze
solution for closed loop systems, and waser
for drainbeck and saasonal pool systams.
The use of inhibited glycols is not recom-
mendad. D0 NOT use sthylens glycal.

Rseommended solar collactor
mounting methods.

GCollector connection using
copper coupling. Collector

mounting using aluminum
angle brackst.

Cofiscior connection using
brass union. Collector mount-
ing wsing aluminwem pinch down
cip.

TC30 05 JAMIG
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G SERIES Solar Collectors

Glazed Liquid Flat Plate Collectors
Technical Specifications
SRCC Cenification # 100-2006-0054

Tharmo Dynamice Ltd.

101 Frazes Avenus

Danmouth, Nova Scotia

Canada, B3B-124

Tal: {902) 468-1001 Fax: (902) 468-1002

Email: solarinfofthemmo-dynamics.com
wnw_thermo-dynamics.com

H. Malntenance and Warranty

1.0 Cleaning and Maintenance:
Glazing should ba salff-cleaning, depend-
ing on local conditions. Dirt accumulation
on the glass cover will be washed away
by the rain.  cleaning is required, uss a
stndard window cleaning agent. The glycol
antifreazs solution should be checkad an-
riually and renewed if necsssany. Mo other
mantenance is nomally required.

2.0 Manufacturer Servicing:

A trouble-shooting guids o help the homs-

WSl maintain and senics the squipmant

is included in the installaton mameal. A

sarvice and repair is readily available from

the manufacturar or destributor.

3.0 Awvailability of Parts:

All parts are available from the manuisctursr

and distrinutors.

40

5.0

Replacement of Parts:

Tha glazing may be replacedinthe installad
systam without remaoving the collector from
the array by removing the screws holding
the glazing cap stripping. Tots! replacsment
time is a maximum of filtesn minues and
requires only @ screw driver. Ssnsors are
clamped on outlet piping using screw-typse
pipe clamps. Asplacement ime is aporog-
mataly ten minutes.

[ thea recommended installation proceduras
are followed, cne collector may bereplacad
inthe array without ramoving another collec-
tor. Colisctons are connacted together with
a standard copper couplings [mechanical
or solderad).

Warranty:

The solar collectorabsorber is warmanted for
a period of ton years. Rspair allowances
may also spply. The manulactursr may
repair or replace the absorber as required
at his discration.

. Durabllity

1.0 Operating Experience:

The G32 has been installed worldwide
sinca 1985

2.0 Accelerated Aging Tests:

The cofisctor has been subjectsd fo 30
day phes high temperare (204°C400°F)
stagnation tests &t the Canadian Mational
Solar Test Facility with no evidence of
deterioration (CSA F-378). One year of
stagnation &t DSET laboratonss in Anizona
ware also conductad in 1882 with no sign
of detenoration.

CFB Gagetown, Mew Brunswick, Canads
40 - 531-P Solar cofectors
Solar Domestic Hot Water

Thermo Dynamics Lid, Cartmouth, Nova Scotia, Canada
30 - G3Z-F Solar colectors
Solar Radiant Floor Heating

YMOCA, Yarmowth, Nova Sootla, Canada
40 332-F Solar collectors
Solar Pool Heating

H’

Residence, Halfax, Nova Scotia, Canada
& - 32-F Solar colksctors
ZSplar Radiant Roor Heating, Solar Domestic Hot Waiber

T2 06 JANIDG
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G SERIES Solar Collectors

Glazed Liquid Flat Plate Collectors

Technical Specifications
SRCC Cerification # 100-2006-005A

The time eonstant, thermal sficiency and
Incidant angls modifisr were detsrminad in

2 A0
Angle of Incidence [degress)

J. Collector Efficlency
1.0 General Description 3.0 Time Constant: 5.0 Incident Angle Modifier:
95 sac at 0,050 kgis (0,130 b/'s) watar K _,=1-0.154]licosa - 1)
1.1 Test Method: inlet temperature: 22.8°C (T3.0°F)
Tested in mecordance with SRCC (Solar Ambient temperature: 20.1 (B8.2°F) 6.0 FSEC Standard Day Tests:
Rating and Cedtification Corporation) 100- Tha fofiowing standard day tests were par-
105, " Test Methods and Minimum Standards | 4.0 Efficiency: formed by the Solar Rating & Certification
for Certifying Solar Collectors” with refer- First order afficiency squation: Corporation, (SRCGC).
encs 10 ANSKVASHRAAE Standard 83 and 7 = 0,700 - 4.933(Ti - Ta)'G
150 - SRCC Standard Day Tests, {SRCC Standard 100-81)
12 Testing Information:
Locamng' ) mﬁmﬁmw (71~ Ta) f;-m.'m ':"1‘:1..»“!.5 Ti Fay [T1-Ta) ﬂTﬂL mm 1006 Bl
Lat, 4353°N A {-5°C) aL8 ILE 214 A (-97F) 16 2009 0.3
w T!iﬂ‘i;ﬁf (525 B (5°C) 7.3 7.0 16.9 B (9°F) 353 256 160
ation: m
Date: January 18, 2007 C (z0°C) 0.4 0.4 10.4 C (36°F) 8 19.3 9.9
Web: www.bodycote.com o (S0°C) 17.2 a1 1.1 o (90°F) 16.3 .7 L1
E (#0°C) 5.8 oz E (144°F) 5.5 0.2
1.3 Details of Tested collector:
Modsl: G32-P 1
Glazing: low-iron temperad Solite 10
Absorber material: aluminum fin and tuba 0
Absorber coating: SOLEGC paint :'_:
Insulation: fbsrglass 3 e
Gross assa: 2.082 P (32.10 ft7) incident Angle Modifier 22
Aperture area: 2.783 m? (20,96 £7) o4
Absorber area- 2870 m® (308D i) g
o1
14 Comments: P
[ ]

the solar simulator.
20 Test Conditions

2.1 Collector Tilt and Orientation:
Mommal to the dirsction of iradiation.

22 Heat Transfer Fluid:
Watar

2.3 Liquid Flow Rate:
0,059 kg's (013 Ibis)

2.4 Mean Ambient Air Temperature:
20.3°C (B8.5°F)

2.5 Wind Velocity:
3.2 mizse (105 ftssc)

26 insolation:
808 Wim?
256 Bwff® h

Caollector Thermal Efficiency

10
09
0.8

1stordar: o=
2nd ordernn =

0.700 - 4.8334Ti - Ta)iG
0.689 - 3.834(Ti - TalVG - D.0176(T - Taj®'G

-‘q‘-‘.‘"‘*—-_‘

-\__‘_‘\

0.02

004
(T-Tall G (*G-mAW)

0.06 0.08 0.10

SoLar RATING AMD

Cepminicarion CorPoRATION

The G Series Collechons described by this beochure, when properly installsd and maintained, mesl the minimum sandards sslablehed by the SRCC, (Soksr Aaling &
Certificaian Corporation). This cedification does nol imply sndorsemenl or wastanty of this produs by SROC

cote

ESTING GROUP

TCR0. 05 JANS
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